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Preface

The first decade of the 21* century has been labeled by some as the “Sensor Decade.”
With a dramatic increase in sensor R&D and applications over the past 15 years, sen-
sors are certainly poised on the brink of a revolution similar to that experienced in
microcomputers in the 1980s. Just in automobiles alone, sensing needs are growing
by leaps and bounds, and the sensing technologies used are as varied as the applica-
tions. Tremendous advances have been made in sensor technology and many more are
on the horizon.

In this volume, we attempted to balance breadth and depth in a single, practical and
up-to-date resource. Understanding sensor design and operation typically requires a
cross-disciplinary background, as it draws from electrical engineering, mechanical
engineering, physics, chemistry, biology, etc. This reference pulls together the most
crucial information needed by those who design sensor systems and work with sen-
sors of all types, written by experts from industry and academia. While it would be
impossible to cover each and every sensor in use today, we attempted to provide as
broad a range of sensor types and applications as possible. The latest technologies,
from piezo materials to micro and nano sensors to wireless networks, are discussed,
as well as the tried and true methodologies. In addition, information on design, inter-
facing and signal conditioning is given for each sensor type.

Organized primarily by sensor application, the book is cross-referenced with indices
of sensor technology. Manufacturers are listed by sensor type. The other contributors
and I have attempted to provide a useful handbook with technical explanations that
are clear, simple and thorough. We will also attempt to keep it updated as the technol-
ogy advances.

Jon S. Wilson
Chandler, Arizona
October, 2004
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CHAPTER 1

Sensor Fundamentals

1.1 Basic Sensor Technology

Dr. Tom Kenny, Department of Mechanical Engineering,
Stanford University

A sensor is a device that converts a physical phenomenon into an electrical signal. As
such, sensors represent part of the interface between the physical world and the world
of electrical devices, such as computers. The other part of this interface is represented
by actuators, which convert electrical signals into physical phenomena.

Why do we care so much about this interface? In recent years, enormous capability
for information processing has been developed within the electronics industry. The
most significant example of this capability is the personal computer. In addition, the
availability of inexpensive microprocessors is having a tremendous impact on the
design of embedded computing products ranging from automobiles to microwave
ovens to toys. In recent years, versions of these products that use microprocessors for
control of functionality are becoming widely available. In automobiles, such capabil-
ity is necessary to achieve compliance with pollution restrictions. In other cases, such
capability simply offers an inexpensive performance advantage.

All of these microprocessors need electrical input voltages in order to receive instruc-
tions and information. So, along with the availability of inexpensive microprocessors
has grown an opportunity for the use of sensors in a wide variety of products. In
addition, since the output of the sensor is an electrical signal, sensors tend to be char-
acterized in the same way as electronic devices. The data sheets for many sensors are
formatted just like electronic product data sheets.

However, there are many formats in existence, and there is nothing close to an in-
ternational standard for sensor specifications. The system designer will encounter a
variety of interpretations of sensor performance parameters, and it can be confusing.
It is important to realize that this confusion is not due to an inability to explain the
meaning of the terms—rather it is a result of the fact that different parts of the sensor
community have grown comfortable using these terms differently.
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Sensor Data Sheets

It is important to understand the function of the data sheet in order to deal with this
variability. The data sheet is primarily a marketing document. It is typically designed
to highlight the positive attributes of a particular sensor and emphasize some of the
potential uses of the sensor, and might neglect to comment on some of the negative
characteristics of the sensor. In many cases, the sensor has been designed to meet a
particular performance specification for a specific customer, and the data sheet will
concentrate on the performance parameters of greatest interest to this customer. In
this case, the vendor and customer might have grown accustomed to unusual defini-
tions for certain sensor performance parameters. Potential new users of such a sensor
must recognize this situation and interpret things reasonably. Odd definitions may be
encountered here and there, and most sensor data sheets are missing some pieces of
information that are of interest to particular applications.

Sensor Performance Characteristics Definitions

The following are some of the more important sensor characteristics:

Transfer Function
The transfer function shows the functional relationship between physical input
signal and electrical output signal. Usually, this relationship is represented as
a graph showing the relationship between the input and output signal, and the
details of this relationship may constitute a complete description of the sen-
sor characteristics. For expensive sensors that are individually calibrated, this
might take the form of the certified calibration curve.

Sensitivity
The sensitivity is defined in terms of the relationship between input physical
signal and output electrical signal. It is generally the ratio between a small
change in electrical signal to a small change in physical signal. As such, it
may be expressed as the derivative of the transfer function with respect to
physical signal. Typical units are volts/kelvin, millivolts/kilopascal, etc.. A
thermometer would have “high sensitivity” if a small temperature change
resulted in a large voltage change.

Span or Dynamic Range
The range of input physical signals that may be converted to electrical sig-
nals by the sensor is the dynamic range or span. Signals outside of this range
are expected to cause unacceptably large inaccuracy. This span or dynamic
range is usually specified by the sensor supplier as the range over which other
performance characteristics described in the data sheets are expected to apply.
Typical units are kelvin, pascal, newtons, etc.

2
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Accuracy or Uncertainty
Uncertainty is generally defined as the largest expected error between actual
and 1deal output signals. Typical units are kelvin. Sometimes this is quoted as
a fraction of the full-scale output or a fraction of the reading. For example, a
thermometer might be guaranteed accurate to within 5% of FSO (Full Scale
Output). “Accuracy” is generally considered by metrologists to be a qualitative
term, while “uncertainty” is quantitative. For example one sensor might have
better accuracy than another if its uncertainty is 1% compared to the other
with an uncertainty of 3%.

Hysteresis
Some sensors do not return to the same output value when the input stimulus
is cycled up or down. The width of the expected error in terms of the measured
quantity is defined as the hysteresis. Typical units are kelvin or percent of FSO.

Nonlinearity (often called Linearity)
The maximum deviation from a linear transfer function over the specified
dynamic range. There are several measures of this error. The most common
compares the actual transfer function with the “best straight line,” which lies
midway between the two parallel lines that encompass the entire transfer func-
tion over the specified dynamic range of the device. This choice of comparison
method is popular because it makes most sensors look the best. Other refer-
ence lines may be used, so the user should be careful to compare using the
same reference.

Noise
All sensors produce some output noise in addition to the output signal. In
some cases, the noise of the sensor is less than the noise of the next element
in the electronics, or less than the fluctuations in the physical signal, in which
case it is not important. Many other cases exist in which the noise of the
sensor limits the performance of the system based on the sensor. Noise is gen-
erally distributed across the frequency spectrum. Many common noise sources
produce a white noise distribution, which is to say that the spectral noise
density is the same at all frequencies. Johnson noise in a resistor is a good ex-
ample of such a noise distribution. For white noise, the spectral noise density
is characterized in units of volts/Root (Hz). A distribution of this nature adds
noise to a measurement with amplitude proportional to the square root of the
measurement bandwidth. Since there is an inverse relationship between the
bandwidth and measurement time, it can be said that the noise decreases with
the square root of the measurement time.
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Resolution
The resolution of a sensor is defined as the minimum detectable signal fluctua-
tion. Since fluctuations are temporal phenomena, there is some relationship
between the timescale for the fluctuation and the minimum detectable ampli-
tude. Therefore, the definition of resolution must include some information
about the nature of the measurement being carried out. Many sensors are
limited by noise with a white spectral distribution. In these cases, the resolu-
tion may be specified in units of physical signal/root (Hz). Then, the actual
resolution for a particular measurement may be obtained by multiplying this
quantity by the square root of the measurement bandwidth. Sensor data sheets
generally quote resolution in units of signal/root (Hz) or they give a mini-
mum detectable signal for a specific measurement. If the shape of the noise
distribution is also specified, it is possible to generalize these results to any
measurement.

Bandwidth
All sensors have finite response times to an instantaneous change in physical
signal. In addition, many sensors have decay times, which would represent the
time after a step change in physical signal for the sensor output to decay to its
original value. The reciprocal of these times correspond to the upper and lower
cutoff frequencies, respectively. The bandwidth of a sensor is the frequency
range between these two frequencies.

Sensor Performance Characteristics of an Example Device

To add substance to these definitions, we will identify the numerical values of these
parameters for an off-the-shelf accelerometer, Analog Devices’s ADXL150.

Transfer Function
The functional relationship between voltage and acceleration is stated as

V(Acc)=1.5V +(Acc x 167 m_V)
g

This expression may be used to predict the behavior of the sensor, and con-
tains information about the sensitivity and the offset at the output of the
Sensor.

Sensitivity
The sensitivity of the sensor is given by the derivative of the voltage with
respect to acceleration at the initial operating point. For this device, the sensi-
tivity is 167 mV/g.
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Dynamic Range
The stated dynamic range for the ADXL322 is +2g. For signals outside this
range, the signal will continue to rise or fall, but the sensitivity is not guaran-
teed to match 167 mV/g by the manufacturer. The sensor can withstand up to
3500g.

Hysteresis
There is no fundamental source of hysteresis in this device. There is no men-
tion of hysteresis in the data sheets.

Temperature Coefficient
The sensitivity changes with temperature in this sensor, and this change is
guaranteed to be less than 0.025%/C. The offset voltage for no acceleration
(nominally 1.5 V) also changes by as much as 2 mg/C. Expressed in voltage,
this offset change is no larger than 0.3 mV/C.

Linearity
In this case, the linearity is the difference between the actual transfer function
and the best straight line over the specified operating range. For this device,
this is stated as less than 0.2% of the full-scale output. The data sheets show
the expected deviation from linearity.

Noise
Noise is expressed as a noise density and is no more than 300 microg/root Hz.
To express this in voltage, we multiply by the sensitivity (167 mV/g) to get 0.5
microV/Rt Hz. Then, in a 10 Hz low-pass-filtered application, we’d have noise
of about 1.5 microV RMS, and an acceleration error of about 1 milli g.

Resolution
Resolution is 300 microG/RtHz as stated in the data sheet.

Bandwidth
The bandwidth of this sensor depends on choices of external capacitors and
resistors.

Introduction to Sensor Electronics

The electronics that go along with the physical sensor element are often very impor-

tant to the overall device. The sensor electronics can limit the performance, cost, and
range of applicability. If carried out properly, the design of the sensor electronics can
allow the optimal extraction of information from a noisy signal.
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Most sensors do not directly produce voltages but rather act like passive devices, such
as resistors, whose values change in response to external stimuli. In order to produce
voltages suitable for input to microprocessors and their analog-to-digital converters,
the resistor must be “biased” and the output signal needs to be “amplified.”

Types of Sensors

Resistive sensor circuits

Figure 1.1.1: Voltage divider.

R

S

s - ‘/in
" R +R,

iR >> RV, =2,
Rl

Resistive devices obey Ohm’s law, which states that the voltage across a resistor
is equal to the product of the current flowing through it and the resistance value of
the resistor. It is also required that all of the current entering a node in the circuit
leave that same node. Taken together, these two rules are called Kirchhoft’s Rules
for Circuit Analysis, and these may be used to determine the currents and voltages
throughout a circuit.

For the example shown in Figure 1.1.1, this analysis is straightforward. First, we
recognize that the voltage across the sense resistor is equal to the resistance value
times the current. Second, we note that the voltage drop across both resistors (Vin-0)
is equal to the sum of the resistances times the current. Taken together, we can solve
these two equations for the voltage at the output. This general procedure applies to
simple and complicated circuits; for each such circuit, there is an equation for the
voltage between each pair of nodes, and another equation that sets the current into a
node equal to the current leaving the node. Taken all together, it is always possibly
to solve this set of linear equations for all the voltages and currents. So, one way to
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measure resistance is to force a current to flow and measure the voltage drop. Current
sources can be built in number of ways. One of the easiest current sources to build
consists of a voltage source and a stable resistor whose resistance is much larger than
the one to be measured. The reference resistor is called a load resistor. Analyzing the
connected load and sense resistors as shown in Figure 1.1.1, we can see that the cur-
rent flowing through the circuit is nearly constant, since most of the resistance in the
circuit is constant. Therefore, the voltage across the sense resistor is nearly propor-
tional to the resistance of the sense resistor.

As stated, the load resistor must be much larger than the sense resistor for this circuit
to offer good linearity. As a result, the output voltage will be much smaller than the
input voltage. Therefore, some amplification will be needed.

A Wheatstone bridge circuit is a very common improvement on the simple voltage
divider. It consists simply of the same voltage divider in Figure 1.1.1, combined with
a second divider composed of fixed resistors only. The point of this additional di-
vider is to make a reference voltage that is the same as the output of the sense voltage
divider at some nominal value of the sense
resistance. There are many complicated ad-
ditional features that can be added to bridge Ri R
circuits to more accurately compensate for

particular effects, but for this discussion, A c O
we’ll concentrate on the simplest designs—
the ones with a single sense resistor, and
three other bridge resistors that have resis-
tance values that match the sense resistor at D
some nominal operating point.

B

/N

The output of the sense divider and the ||||||
reference divider are the same when the

sense resistance is at its starting value,

and changes in the sense resistance lead to ~ figure 1.1.2: Wheatstone bridge circuit.
small differences between these two volt-

ages. A differential amplifier (such as an instrumentation amplifier) is used to produce
the difference between these two voltages and amplify the result. The primary ad-
vantages are that there is very little offset voltage at the output of this differential
amplifier, and that temperature or other effects that are common to all the resistors are
automatically compensated out of the resulting signal. Eliminating the offset means
that the small differential signal at the output can be amplified without also amplify-
ing an offset voltage, which makes the design of the rest of the circuit easier.

Vin
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Capacitance measuring circuits

Many sensors respond to physical signals by producing a change in capacitance. How
is capacitance measured? Essentially, all capacitors have an impedance given by

1
ioC  i2nfC

impedance =

where fis the oscillation frequency in Hz, w is in rad/sec, and C is the capacitance
in farads. The i in this equation is the square root of —1, and signifies the phase shift
between the current through a capacitor and the voltage across the capacitor.

Now, ideal capacitors cannot pass current at DC, since there is a physical separation
between the conductive elements. However, oscillating voltages induce charge oscil-
lations on the plates of the capacitor, which act as if there is physical charge flowing
through the circuit. Since the oscillation reverses direction before substantial charges
accumulate, there are no problems. The effective resistance of the capacitor is a mean-
ingful characteristic, as long as we are talking about oscillating voltages.

With this in mind, the capacitor looks very much like a resistor. Therefore, we may
measure capacitance by building voltage divider circuits as in Figure 1.1.1, and we
may use either a resistor or a capacitor as the load resistance. It is generally easiest

to use a resistor, since inexpensive resistors are available which have much smaller
temperature coefficients than any reference capacitor. Following this analogy, we

may build capacitance bridges as well. The only substantial difference is that these
circuits must be biased with oscillating voltages. Since the “resistance” of the capaci-
tor depends on the frequency of the AC bias, it is important to select this frequency
carefully. By doing so, all of the advantages of bridges for resistance measurement are
also available for capacitance measurement.

However, providing an AC bias can be problematic. Moreover, converting the AC
signal to a DC signal for a microprocessor interface can be a substantial issue. On
the other hand, the availability of a modulated signal creates an opportunity for use
of some advanced sampling and processing techniques. Generally speaking, voltage
oscillations must be used to bias the sensor. They can also be used to trigger voltage
sampling circuits in a way that automatically subtracts the voltages from opposite
clock phases. Such a technique is very valuable, because signals that oscillate at the
correct frequency are added up, while any noise signals at all other frequencies are
subtracted away. One reason these circuits have become popular in recent years is that
they can be easily designed and fabricated using ordinary digital VLSI fabrication
tools. Clocks and switches are easily made from transistors in CMOS circuits. There-
fore, such designs can be included at very small additional cost—remember that the
oscillator circuit has to be there to bias the sensor anyway.
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Capacitance measuring circuits are increasingly implemented as integrated clock/
sample circuits of various kinds. Such circuits are capable of good capacitance mea-
surement, but not of very high performance measurement, since the clocked switches
inject noise charges into the circuit. These injected charges result in voltage offsets
and errors that are very difficult to eliminate entirely. Therefore, very accurate capaci-
tance measurement still requires expensive precision circuitry.

Since most sensor capacitances are relatively small (100 pF is typical), and the mea-
surement frequencies are in the 1-100 kHz range, these capacitors have impedances
that are large (> 1 megohm is common). With these high impedances, it is easy for
parasitic signals to enter the circuit before the amplifiers and create problems for
extracting the measured signal. For capacitive measuring circuits, it is therefore
important to minimize the physical separation between the capacitor and the first
amplifier. For microsensors made from silicon, this problem can be solved by inte-
grating the measuring circuit and the capacitance element on the same chip, as is done
for the ADXL311 mentioned above.

Inductance measurement circuits

Inductances are also essentially resistive elements. The “resistance” of an inductor is
given by X, = 2nfL, and this resistance may be compared with the resistance of any
other passive element in a divider circuit or in a bridge circuit as shown in Figure
1.1.1. Inductive sensors generally require expensive techniques for the fabrication

of the sensor mechanical structure, so inexpensive circuits are not generally of much
use. In large part, this is because inductors are generally three-dimensional devices,
consisting of a wire coiled around a form. As a result, inductive measuring circuits are
most often of the traditional variety, relying on resistance divider approaches.

Sensor Limitations

Limitations in resistance measurement

m Lead resistance — The wires leading from the resistive sensor element have a
resistance of their own. These resistances may be large enough to add errors
to the measurement, and they may have temperature dependencies that are
large enough to matter. One useful solution to the problem is the use of the
so-called 4-wire resistance approach (Figure 1.1.3). In this case, current (from
a current source as in Figure 1.1.1) is passed through the leads and through the
sensor element. A second pair of wires is independently attached to the sensor
leads, and a voltage reading is made across these two wires alone.
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Figure 1.1.3: Lead compensation.

It is assumed that the voltage-measuring instrument does not draw significant
current (see next point), so it simply measures the voltage drop across the sen-
sor element alone. Such a 4-wire configuration is especially important when
the sensor resistance is small, and the lead resistance is most likely to be a
significant problem.

Output impedance — The measuring network has a characteristic resistance
which, simply put, places a lower limit on the value of a resistance which may
be connected across the output terminals without changing the output volt-
age. For example, if the thermistor resistance is 10 kQ and the load resistor
resistance is 1 MQ, the output impedance of this circuit is approximately 10
kQ. If a 1 kQ resistor is connected across the output leads, the output voltage
would be reduced by about 90%. This is because the load applied to the circuit
(1 kQ) is much smaller than the output impedance of the circuit (10 kQ), and
the output is “loaded down.” So, we must be concerned with the effective
resistance of any measuring instrument that we might attach to the output of
such a circuit. This is a well-known problem, so measuring instruments are
often designed to offer maximum input impedance, so as to minimize loading
effects. In our discussions we must be careful to arrange for instrument input
impedance to be much greater than sensor output impedance.

Limitations to measurement of capacitance

Stray capacitance — Any wire in a real-world environment has a finite capaci-
tance with respect to ground. If we have a sensor with an output that looks like
a capacitor, we must be careful with the wires that run from the sensor to the
rest of the circuit. These stray capacitances appear as additional capacitances
in the measuring circuit, and can cause errors. One source of error is the
changes in capacitance that result from these wires moving about with respect

10
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to ground, causing capacitance fluctuations which might be confused with

the signal. Since these effects can be due to acoustic pressure-induced vibra-
tions in the positions of objects, they are often referred to as microphonics. An
important way to minimize stray capacitances is to minimize the separation
between the sensor element and the rest of the circuit. Another way to mini-
mize the effects of stray capacitances is mentioned later—the virtual ground
amplifier.

Filters

Electronic filters are important for separating signals from noise in a measurement.
The following sections contain descriptions of several simple filters used in sensor-
based systems.

m  Low pass — A low-pass filter (Figure 1.1.4) uses a resistor and a capacitor in
a voltage divider configuration. In this case, the “resistance” of the capaci-
tor decreases at high frequency, so the output voltage decreases as the input
frequency increases. So, this circuit effectively filters out the high frequencies
and “passes” the low frequencies.

Vin Vout
O

Figure 1.1.4: Low-pass filter.

The mathematical analysis is as follows:

Using the complex notation for the impedance, let

1
Z,=RZ,=—
ioC
Using the voltage divider equation in Figure 1.1.1
Z
‘/()Hl = 2 ‘/il1
Z,+7Z,

1
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Substituting for Z, and Z,

1
i 1
=GV, =Y,
R4 1 iORC +1
ioC
The magnitude of V,, is
_ 1
out ((DRC)Z +1 in
and the phase of V,, is
¢ =tan™"’ (—Q)RC)

m High-pass — The high-pass filter is exactly analogous to the low-pass filter,
except that the roles of the resistor and capacitor are reversed. The analysis of
a high-pass filter is as follows:

Vin | | Vout
O || O

Figure 1.1.5: High-pass filter.

Similar to a low-pass filter,

The magnitude is

12
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and the phase is

-1
=t Ll
¢=tan (u)RC )
Bandpass — By combining low-pass and high-pass filters together, we can
create a bandpass filter that allows signals between two preset oscillation fre-

quencies. Its diagram and the derivations are as follows:

Ro
C4q - Vout

Co
) I

Figure 1.1.6: Band-pass filter.

Let the high-pass filter have the oscillation frequency ®, and the low-pass
filter have the frequency ®, such that

1

(DIC(J = ’ 0‘)2(’0 = ’ 0)1 < (/0
R1C1 chz

2

Then the relation between V.

out

v - 1 ioRC ),
“ \io,R,C,+1 )\ io,RC,+1) "

The operational amplifier in the middle of the circuit was added in this circuit
to isolate the high-pass from the low-pass filter so that they do not effectively
load each other. The op-amp simply works as a buffer in this case. In the fol-

lowing section, the role of the op-amps will be discussed more in detail.

and V, is

Operational amplifiers

Operational amplifiers (op-amps) are electronic devices that are of enormous generic
use for signal processing. The use of op-amps can be complicated, but there are a
few simple rules and a few simple circuit building blocks which designers need to be
familiar with to understand many common sensors and the circuits used with them.

13
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An op-amp is essentially a simple 2-input, 1-output device. The output voltage is
equal to the difference between the non-inverting input and the inverting input mul-
tiplied by some extremely large value (10°). Use of op-amps as simple amplifiers is
uncommon.

Vout

Figure 1.1.7: Non-inverting unity gain amplifier.

Feedback is a particularly valuable concept in op-amp applications. For instance,
consider the circuit shown in Figure 1.1.6, called the follower configuration. Notice
that the inverting input is tied directly to the output. In this case, if the output is less
than the input, the difference between the inputs is a positive quantity, and the output
voltage will be increased. This adjustment process continues, until the output is at the
same voltage as the non-inverting input. Then, everything stays fixed, and the output
will follow the voltage of the non-inverting input. This circuit appears to be useless
until you consider that the input impedance of the op-amp can be as high as 10° ohms,
while the output can be many orders of magnitude smaller. Therefore, this follower
circuit is a good way to isolate circuit stages with high output impedance from stages
with low input impedance.

This op-amp circuit can be analyzed very easily, using the op-amp golden rules:
1. No current flows into the inputs of the op-amp.

2. When configured for negative feedback, the output will be at whatever value
makes the input voltages equal.

Even though these golden rules only apply to ideal operational amplifiers, op-amps
can in most cases be treated as ideal. Let’s use these rules to analyze more circuits:

R

- Vout

Figure 1.1.8: Inverting amplifier.

Figure 1.1.8 shows an example of an inverting amplifier. We can derive the equation
by taking the following steps.

14
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1. Point B is ground. Therefore, point A is also ground. (Rule 2)
is constant (Rule 1), V /R, =-V, /R,

mn

2. Since the current flowing from V,, to V,

out
3. Therefore, voltage gain=1V, /V, = -R,/R,
Ro

R1

- Vout
Vin
oL

+

Figure 1.1.9: Non-inverting amplifier.

Figure 1.1.9 illustrates another useful configuration of an op-amp. This is a non-in-
verting amplifier, which is a slightly different expression than the inverting amplifier.
Taking it step-by-step,

1. V.=V, (Rule 2)

2. Since V, comes from a voltage divider, V,= (R/(R, +R,)) V,

3. Therefore, V,, = (R/(R, +Ry)) V.,

4. VIV, =R, +R)/R,=1+R,/R,

The following section provides more details on sensor systems and signal conditioning.

1.2 Sensor Systems

Analog Devices Technical Staff
Walt Kester, Editor

This section deals with sensors and associated signal conditioning circuits. The topic is
broad, but the focus here is to concentrate on the sensors with just enough coverage of sig-
nal conditioning to introduce it and to at least imply its importance in the overall system.

Strictly speaking, a sensor is a device that receives a signal or stimulus and responds
with an electrical signal, while a transducer is a converter of one type of energy into
another. In practice, however, the terms are often used interchangeably.

Sensors and their associated circuits are used to measure various physical proper-
ties such as temperature, force, pressure, flow, position, light intensity, etc. These
properties act as the stimulus to the sensor, and the sensor output is conditioned and
processed to provide the corresponding measurement of the physical property. We
will not cover all possible types of sensors here, only the most popular ones, and spe-
cifically, those that lend themselves to process control and data acquisition systems.

Excerpted from Practical Design Techniques for Sensor Signal Conditioning, Analog Devices, Inc., www.analog.com.
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Sensors do not operate by themselves. They are generally part of a larger system
consisting of signal conditioners and various analog or digital signal processing cir-
cuits. The system could be a measurement system, data acquisition system, or process
control system, for example.

Sensors may be classified in a number of ways. From a signal conditioning viewpoint
it is useful to classify sensors as either active or passive. An active sensor requires

an external source of excitation. Resistor-based sensors such as thermistors, RTDs
(Resistance Temperature Detectors), and strain gages are examples of active sensors,
because a current must be passed through them and the corresponding voltage mea-
sured in order to determine the resistance value. An alternative would be to place the
devices in a bridge circuit; however, in either case, an external current or voltage is
required.

On the other hand, passive (or self-generating) sensors generate their own electrical
output signal without requiring external voltages or currents. Examples of passive
sensors are thermocouples and photodiodes which generate thermoelectric voltages
and photocurrents, respectively, which are independent of external circuits. It should
be noted that these definitions (active vs. passive) refer to the need (or lack thereof)
of external active circuitry to produce the electrical output signal from the sensor. It
would seem equally logical to consider a thermocouple to be active in the sense that
it produces an output voltage with no external circuitry. However, the convention in
the industry is to classify the sensor with respect to the external circuit requirement as
defined above.

SENSORS:

Convert a Signal or Stimulus (Representing a Physical Property) into an Electrical Output
TRANSDUCERS:

Convert One Type of Energy into Another

The Terms are often Interchanged

Active Sensors Require an External Source of Excitation: RTDs, Strain-Gages

Passive (Self-Generating) Sensors do not: Thermocouples, Photodiodes, Piezoelectrics

Figure 1.2.1: Sensor overview.
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PROPERTY SENSOR ACTIVE/PASSIVE OuTPUT
Temperature Thermocouple Passive Voltage
Silicon Active Voltage/Current
RTD Active Resistance
Thermistor Active Resistance
Force/Pressure Strain Gage Active Resistance
Piezoelectric Passive Voltage
Acceleration Accelerometer Active Capacitance
Position LvVvDT Active AC Voltage
Light Intensity Photodiode Passive Current

Figure 1.2.2: Typical sensors and their outputs

A logical way to classify sensors—and the method used throughout the remainder of
this book—is with respect to the physical property the sensor is designed to measure.
Thus, we have temperature sensors, force sensors, pressure sensors, motion sensors,
etc. However, sensors which measure different properties may have the same type of
electrical output. For instance, a resistance temperature detector (RTD) is a variable
resistance, as is a resistive strain gage. Both RTDs and strain gages are often placed
in bridge circuits, and the conditioning circuits are therefore quite similar. In fact,
bridges and their conditioning circuits deserve a detailed discussion.

The full-scale outputs of most sensors (passive or active) are relatively small voltages,
currents, or resistance changes, and therefore their outputs must be properly condi-
tioned before further analog or digital processing can occur. Because of this, an entire
class of circuits have evolved, generally referred to as signal conditioning circuits.
Amplification, level translation, galvanic isolation, impedance transformation, lin-
earization, and filtering are fundamental signal conditioning functions that may be
required.

Whatever form the conditioning takes, however, the circuitry and performance will

be governed by the electrical character of the sensor and its output. Accurate char-
acterization of the sensor in terms of parameters appropriate to the application, e.g.,
sensitivity, voltage and current levels, linearity, impedances, gain, offset, drift, time
constants, maximum electrical ratings, and stray impedances and other important con-
siderations can spell the difference between substandard and successful application
of the device, especially in cases where high resolution and precision, or low-level
measurements are involved.
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Higher levels of integration now allow ICs to play a significant role in both analog
and digital signal conditioning. ADCs (analog-to-digital converters) specifically
designed for measurement applications often contain on-chip programmable-gain
amplifiers (PGAs) and other useful circuits, such as current sources for driving RTDs,
thereby minimizing the external conditioning circuit requirements.

Most sensor outputs are nonlinear with respect to the stimulus, and their outputs must
be linearized in order to yield correct measurements. Analog techniques may be used

to perform this function. However, the recent introduction of high performance ADCs
now allows linearization to be done much more efficiently and accurately in software
and eliminates the need for tedious manual calibration using multiple and sometimes

interactive trimpots.

The application of sensors in a typical process control system is shown in Figure
1.2.3. Assume the physical property to be controlled is the temperature. The output of
the temperature sensor is conditioned and then digitized by an ADC. The microcon-
troller or host computer determines if the temperature is above or below the desired
value, and outputs a digital word to the digital-to-analog converter (DAC). The DAC
output is conditioned and drives the actuator, in this case a heater. Notice that the in-
terface between the control center and the remote process is via the industry-standard
4-20mA loop.

REMOTE CONTROL ROOM
SIGNAL | .| 4T020mA | i | 47O20mA | | SIGNAL
CONDITIONING| | TRANSMITTER [ RECEIVER CONDITIONING
f | !
TEMP |
SENSOR ! ADC
| i
l HOST MICRO
PROCESS ' | coMPUTER |~ | CONTROLLER
1
: }
HEATER I DAC
1
t : !
SIGNAL || 4TO20mA | 4T020mA | | SIGNAL
CONDITIONING RECEIVER | | | TRANSMITTER| |CONDITIONING
1

Figure 1.2.3: Typical industrial process control loop.
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Digital techniques have become increasingly popular in processing sensor outputs in
data acquisition, process control, and measurement. Generally, 8-bit microcontrollers
(8051-based, for example) have sufficient speed and processing capability for most
applications. By including the A/D conversion and the microcontroller programma-
bility on the sensor itself, a “smart sensor” can be implemented with self-contained
calibration and linearization features, among others. A smart sensor can then interface
directly to an industrial network as shown in Figure 1.2.4.

The basic building blocks of a “smart sensor” are shown in Figure 1.2.5, constructed
with multiple ICs. The Analog Devices MicroConverter™-series of products includes
on-chip high performance multiplexers, analog-to-digital converters (ADCs) and
digital-to-analog converters (DACs), coupled with Flash memory and an industry-
standard 8052 microcontroller core, as well as support circuitry and several standard
serial port configurations. These are the first integrated circuits which are truly smart
sensor data acquisition systems (high-performance data conversion circuits, micro-
controller, Flash memory) on a single chip (see Figure 1.2.6).

IZ(BRANCHI FIELD NETWORK [ NODE | [ NODE>:|

[2] 2]
< <
> >
T T
T — 3
@ i
5| 4 5 5
Q| 8 |J SWART SENsOR o 8
s by
L2
z
3]
> SMART SENSORS OFFER:
A w B Self-Calibration
8 |] SMART SENSOR B Linearization
> B nterchangeability
\D_/ B Standard Digital Interfaces

N

Figure 1.2.4: Standardization at the digital interface using smart sensors.
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:

0 1 E Pressure Sensor,
1 E°] Eg S RTD,

= E E E j E Thermocouple,
j -1 F 5 Strain Gage,

DL _F © 4 etc.

Microcontroller

Precision Amplifier
High Resolution ADC

Sensor

Figure 1.2.5: Basic elements in a smart sensor.

MicroConverter™ '

Pressure Sensor,
RTD,
Thermocouple,
Strain Gage,

etc.

Sensor

Figure 1.2.6: The even smarter sensor.

20



CHAPTER 2

Application Considerations

Jon Wilson, Technical Editor

The highest quality, most up-to-date, most accurately calibrated and most carefully
selected sensor can still give totally erroneous data if it is not correctly applied. This
section will address some of the issues that need to be considered to assure correct
application of any sensor.

The following check list is derived from a list originally assembled by Applications
Engineering at Endevco® in the late 1970s. It has been sporadically updated as ad-
ditional issues were encountered. It is generally applicable to all sensor applications,
but many of the items mentioned will not apply to any given specific application.
However, it provides a reminder of questions that need to be asked and answered dur-
ing selection and application of any sensor.

Often one of the most difficult tasks facing an instrumentation engineer is the selec-
tion of the proper measuring system. Economic realities and the pressing need for
safe, properly functioning hardware create an ever-increasing demand to obtain ac-
curate, reliable data on each and every measurement.

On the other hand, each application will have different characteristics from the next
and will probably be subjected to different environments with different data require-
ments. As test or measurement programs progress, data are usually subjected to
increasing manipulation, analysis and scrutiny. In this environment, the instrumenta-
tion engineer can no longer depend on his general-purpose measurement systems and
expect to obtain acceptable data. Indeed, he must carefully analyze every aspect of the
test to be performed, the test article, the environmental conditions, and, if available,
the analytical predictions. In most cases, this process will indicate a clear choice of
acceptable system components. In some cases, this analysis will identify unavoidable
compromises or trade-offs and alert the instrumentation engineer and his customer to
possible deficiencies in the results.

The intent of this chapter is to assist in the process of selecting an acceptable measur-
ing system. While we hope it will be an aid, we understand it cannot totally address
the wide variety of situations likely to arise.
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Let’s look at a few hypothetical cases where instrument selection was made with care,
but where the tests were failures.

1. A test requires that low g, low-frequency information be measured on the axle
bearings of railroad cars to assess the state of the roadbed. After considerable
evaluation of the range of conditions to be measured, a high-sensitivity, low-
resonance piezoelectric accelerometer is selected. The shocks generated when
the wheels hit the gaps between track sections saturate the amplifier, making it
impossible to gather any meaningful data.

2. A test article must be exposed to a combined environment of vibration and a
rapidly changing temperature. The engineer selects an accelerometer for its
high temperature rating without consulting the manufacturer. Thermal tran-
sient output swamps the vibration data.

3. Concern over ground loops prompts the selection of an isolated accelerometer.
The test structure is made partially from lightweight composites, and the cases
of some accelerometers are not referenced to ground. Capacitive coupling of
radiated interference to the signal line overwhelms the data.

From these examples, we hope to make the point that, for all measurement systems, it
is not adequate to consider only that which we wish to measure. In fact, every physi-
cal and electrical phenomenon that is present needs to be considered lest it overwhelm
or, perhaps worse, subtly contaminate our data. The user must remember that every
measurement system responds to its total environment.

2.1 Sensor Characteristics

The prospective user is generally forced to make a selection based on the characteris-
tics available on the product data sheet. Many performance characteristics are shown
on a typical data sheet. Many manufacturers feel that the data sheet should provide as
much information as possible. Unfortunately, this abundance of data may create some
confusion for a potential user, particularly the new user. Therefore the instrumentation
engineer must be sure he or she understands the pertinent characteristics and how they
will affect the measurement. If there is any doubt, the manufacturer should be con-
tacted for clarification.

2.2 System Characteristics

The sensor and signal conditioners must be selected to work together as a system.
Moreover, the system must be selected to perform well in the intended applications.
Overall system accuracy is usually affected most by sensor characteristics such as
environmental effects and dynamic characteristics. Amplifier characteristics such as
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nonlinearity, harmonic distortion and flatness of the frequency response curve are usu-

ally negligible when compared to sensor errors.

2.3 Instrument Selection

Selecting a sensor/signal conditioner system for highly accurate measurements
requires very skillful and careful measurement engineering. All environmental,

mechanical, and measurement conditions must be considered. Installation must be
carefully planned and carried out. The following guidelines are offered as an aid to

selecting and installing measurement systems for the best possible accuracy.

Sensor

The most important element in a measurement system is the sensor. If the data is dis-
torted or corrupted by the sensor, there is often little that can be done to correct it.

Will the sensor operate satisfactorily in the measurement environment?

Check:
Temperature Range
Maximum Shock and Vibration
Humidity
Pressure
Acoustic Level
Corrosive Gases
Magnetic and RF Fields
Nuclear Radiation
Salt Spray
Transient Temperatures
Strain in the Mounting Surface

Will the sensor characteristics provide the desired data accuracy?

Check:

Sensitivity
Frequency Response

Resonance Frequency

Minor Resonances

Internal Capacitance
Transverse Sensitivity
Amplitude Linearity and Hysteresis
Temperature Deviation
Weight and size
Internal Resistance at Maximum Temperature
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Calibration Accuracy

Strain Sensitivity

Damping at Temperature Extremes
Zero Measurand Output

Thermal Zero Shift

Thermal Transient Response

Is the proper mounting being used for this application?
Check:
Is Insulating Stud Required?
Ground Loops
Calibration Simulation
Is Adhesive Mounting Required?
Thread Size, Depth and Class

Cable

Cables and connectors are usually the weakest link in the measurement system chain.

Will the cable operate satisfactorily in the measurement environment?

Check:
Temperature Range
Humidity Conditions

Will the cable characteristics provide the desired data accuracy?

Check:
Low Noise
Size and Weight
Flexibility
Is Sealed Connection Required?

Power Supply

Will the power supply operate satisfactorily in the measurement environment?

Check:
Temperature Range
Maximum Shock and Vibration
Humidity
Pressure
Acoustic Level
Corrosive Gases
Magnetic and RF Fields
Nuclear Radiation
Salt Spray
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Is this the proper power supply for the application?

Check:
Voltage Regulation
Current Regulation
Compliance Voltage
Output Voltage Adjustable?
Output Current Adjustable?
Long Output Lines?
Need for External Sensing
Isolation
Mode Card, if Required

Will the power supply characteristics provide the desired data accuracy?

Check:
Load Regulation
Line Regulation
Temperature Stability
Time Stability
Ripple and Noise
Output Impedance
Line-Transient Response
Noise to Ground
DC Isolation

Amplifier

The amplifier must provide gain, impedance matching, output drive current, and other
signal processing.

Will the amplifier operate satisfactorily in the measurement environment?

Check:
Temperature Range
Maximum Shock and Vibration
Humidity
Pressure
Acoustic Level
Corrosive Gases
Magnetic and RF Fields
Nuclear Radiation
Salt Spray
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Is this the proper amplifier for the application?

Check:

Long Input Lines?

Need for Charge Amplifier

Need for Remote Charge Amplifier
Long Output Lines

Need for Power Amplifier
Airborne

Size, Weight, Power Limitations

Will the amplifier characteristics provide the desired data accuracy?

Check:
Gain and Gain Stability
Frequency Response
Linearity
Stability
Phase Shift
Output Current and Voltage
Residual Noise
Input Impedance
Transient Response
Overload Capability
Common Mode Rejection
Zero-Temperature Coefficient
Gain-Temperature Coefficient

2.4 Data Acquisition and Readout

Does the remainder of the system, including any additional amplifiers, filters, data
acquisition and readout devices, introduce any limitation that will tend to degrade the
sensor-amplifier characteristics?

Check: ALL of previous check items, plus Adequate Resolution.

2.5 Installation

Even the most carefully and thoughtfully selected and calibrated system can produce
bad data if carelessly or ignorantly installed.
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Sensor

Is the unit in good condition and ready to use?
Check:
Up-to-Date Calibration
Physical Condition
Case
Mounting Surface
Connector
Mounting Hardware
Inspect for Clean Connector
Internal Resistance

Is the mounting hardware in good condition and ready to use?
Check:
Mounting Surface Condition
Thread Condition
Burred End Slots
Insulated Stud
Insulation Resistance
Stud Damage by Over Torquing
Mounting Surface Clean and Flat
Sensor Base Surface Clean and Flat
Hole Drilled and Tapped Deep Enough
Correct Tap Size
Hole Properly Aligned Perpendicular to Mounting Surface
Stud Threads Lubricated
Sensor Mounted with Recommended Torque

Cement Mounting

Check:
Mounting Surface Clean and Flat
Dental Cement for Uneven Surfaces
Cement Cured Properly
Sensor Mounted to Cementing Stud with Recommended Torque
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Cable

Is the cable in good condition and ready for use?
Check:
Physical Condition
Cable Kinked, Crushed
Connector Threads, Pins
Inspect for Clean Connectors
Continuity
Insulation Resistance
Capacitance
All Cable Connections Secure
Cable Properly restrained
Excess Cable Coiled and Tied Down
Drip Loop Provided
Connectors Sealed and Potted, if Required

Power Supply, Amplifier, and Readout

Are the units in good condition and ready to use?
Check:
Up-to-Date Calibration
Physical Condition
Connectors
Case
Output Cables
Inspect for Clean Connectors
Mounted Securely
All Cable Connections Secure
Gain Hole Cover Sealed, if Required
Recommended Grounding in Use

When the above questions have been answered to the user’s satisfaction, the measure-
ment system has a high probability of providing accurate data.
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Measurement Issues and Criteria

Jon Wilson, Technical Editor

Sensors are most commonly used to make quantifiable measurements, as opposed
to qualitative detection or presence sensing. Therefore, it should be obvious that the
requirements of the measurement will determine the selection and application of the
sensor. How then can we quantify the requirements of the measurement?

First, we must consider what it is we want to measure. Sensors are available to mea-
sure almost anything you can think of, and many things you would never think of
(but someone has!). Pressure, temperature and flow are probably the most common
measurements as they are involved in monitoring and controlling many industrial
processes and material transfers. A brief tour of a Sensors Expo exhibition or a quick
look at the internet will yield hundreds, if not thousands, of quantities, characteristics
or phenomena that can be measured with sensors.

Second, we must consider the environment of the sensor. Environmental effects are
perhaps the biggest contributor to measurement errors in most measurement systems.
Sensors, and indeed whole measurement systems, respond to their total environ-
ment, not just to the measurand. In extreme cases, the response to the combination of
environments may be greater than the response to the desired measurand. One of the
sensor designer’s greatest challenges is to minimize the response to the environment
and maximize the response to the desired measurand. Assessing the environment and
estimating its effect on the measurement system is an extremely important part of the
selection and application process.

The environment includes not only such parameters as temperature, pressure and
vibration, but also the mounting or attachment of the sensor, electromagnetic and
electrostatic effects, and the rates of change of the various environments. For ex-
ample, a sensor may be little affected by extreme temperatures, but may produce huge
errors in a rapidly changing temperature (“‘thermal transient sensitivity”).

Third, we must consider the requirements for accuracy (uncertainty) of the measure-
ment. Often, we would like to achieve the lowest possible uncertainty, but that may
not be economically feasible, or even necessary. How will the information derived
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from the measurement be used? Will it really make a difference, in the long run,
whether the uncertainty is 1% or 1¥2%? Will highly accurate sensor data be obscured
by inaccuracies in the signal conditioning or recording processes? On the other hand,
many modern data acquisition systems are capable of much greater accuracy than the
sensors making the measurement. A user must not be misled by thinking that high
resolution in a data acquisition system will produce high accuracy data from a low
accuracy sensor.

Last, but not least, the user must assure that the whole system is calibrated and trace-
able to a national standards organization (such as National Institute of Standards and
Technology [NIST] in the United States). Without documented traceability, the uncer-
tainty of any measurement is unknown. Either each part of the measurement system
must be calibrated and an overall uncertainty calculated, or the total system must be
calibrated as it will be used (“system calibration” or “end-to-end calibration”).

Since most sensors do not have any adjustment capability for conventional “calibra-
tion”, a characterization or evaluation of sensor parameters is most often required. For
the lowest uncertainty in the measurement, the characterization should be done with
mounting and environment as similar as possible to the actual measurement condi-
tions.

While this handbook concentrates on sensor technology, a properly selected, calibrat-
ed, and applied sensor is necessary but not sufficient to assure accurate measurements.
The sensor must be carefully matched with, and integrated into, the total measure-
ment system and its environment.
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CHAPTER 4

Sensor Signal Conditioning

Analog Devices Technical Staff
Walt Kester, Editor

Typically a sensor cannot be directly connected to the instruments that record, moni-
tor, or process its signal, because the signal may be incompatible or may be too weak
and/or noisy. The signal must be conditioned—i.e., cleaned up, amplified, and put
into a compatible format.

The following sections discuss the important aspects of sensor signal conditioning.

4.1 Conditioning Bridge Circuits
Introduction

This section discusses the fundamental concepts of bridge circuits.

Resistive elements are some of the most common sensors. They are inexpensive to
manufacture and relatively easy to interface with signal conditioning circuits. Resis-
tive elements can be made sensitive to temperature, strain (by pressure or by flex),
and light. Using these basic elements, many complex physical phenomena can be
measured, such as fluid or mass flow (by sensing the temperature difference between
two calibrated resistances) and dew-point humidity (by measuring two different tem-
perature points), etc. Bridge circuits are often incorporated into force, pressure and
acceleration sensors.

Sensor elements’ resistances can range from less than 100 €2 to several hundred k€2,
depending on the sensor design ~ ® Strain Gages 1200, 3500, 35000
and the physical environment to
be measured (See Figure 4.1.1).
For example, RTDs (resistance
temperature devices) are typical- m Relative Humidity 100k - 10MO
ly 100 € or 1000 €. Thermistors
are typically 3500 Q2 or higher.

B Weigh-Scale Load Cells 350Q - 3500Q

B Pressure Sensors 35002 - 35000

B Resistance Temperature Devices (RTDs) 100Q2 , 10000

H Thermistors 100 - 10MQ

Figure 4.1.1: Resistance of popular sensors.

Excerpted from Practical Design Techniques for Sensor Signal Conditioning, Analog Devices, Inc., www.analog.com.
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Bridge Circuits

Resistive sensors such as RTDs and strain gages produce small percentage changes in
resistance in response to a change in a physical variable such as temperature or force.
Platinum RTDs have a temperature coefficient of about 0.385%/°C. Thus, in order to

accurately resolve temperature to 1°C, the measurement accuracy must be much bet-
ter than 0.385 Q, for a 100 Q RTD.

Strain gages present a significant measurement challenge because the typical change
in resistance over the entire operating range of a strain gage may be less than 1% of
the nominal resistance value. Accurately measuring small resistance changes is there-
fore critical when applying resistive sensors.

One technique for measuring resistance (shown in Figure 4.1.2) is to force a constant
current through the resistive sensor and measure the voltage output. This requires both
an accurate current source and an

. Vout =I(R + AR)
accurate means of measuring the @ ° O
voltage. Any change in the current
will be interpreted as a resistance )
change. In addition, the power § R+ AR

dissipation in the resistive sensor
must be small, in accordance with
the manufacturer’s recommenda-
tions, so that self-heating does not V
produce errors, therefore the drive

Figure 4.1.2: Measuring resistance indirectly

current must be small. using a constant current source.
Bridges offer an attractive alterna- '
tive for measuring small resistance
changes accurately. The basic Wheat- R4 R3 Vo =ﬁvs —%VB
stone bridge (actually developed R1 R2
by S. H. Christie in 1833) is shown - R RI
in Figure 4.1.3. It consists of four O Vo O (“%](“?
resistors connected to form a quadri-

. . AT BALANCE,
lateral, a source of excitation (voltage Rt R2 R1 R2
or current) connected across one of Vo-0 IF pa~Rs

the diagonals, and a voltage detector

connected across the other diagonal. V4

The detector measures the difference Figure 4.1.3: The Wheatstone bridge.
between the outputs of two voltage

dividers connected across the excitation.
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A bridge measures resistance indirectly by comparison with a similar resistance. The
two principal ways of operating a bridge are as a null detector or as a device that
reads a difference directly as voltage.

When R1/R4 = R2/R3, the resistance bridge is at a null, regardless of the mode of
excitation (current or voltage, AC or DC), the magnitude of excitation, the mode of
readout (current or voltage), or the impedance of the detector. Therefore, if the ratio
of R2/R3 is fixed at K, a null is achieved when R1 = K'R4. If R1 is unknown and R4
is an accurately determined variable resistance, the magnitude of R1 can be found by
adjusting R4 until null is achieved. Conversely, in sensor-type measurements, R4 may
be a fixed reference, and a null occurs when the magnitude of the external variable
(strain, temperature, etc.) is such that R1 = K'R4.

Null measurements are principally used in feedback systems involving electrome-
chanical and/or human elements. Such systems seek to force the active element (strain
gage, RTD, thermistor, etc.) to balance the bridge by influencing the parameter being
measured.

For the majority of sensor applications employing bridges, however, the deviation of
one or more resistors in a bridge from an initial value is measured as an indication of
the magnitude (or a change) in the measured variable. In this case, the output voltage
change is an indication of the resistance change. Because very small resistance chang-
es are common, the output voltage change may be as small as tens of millivolts, even
with V; = 10 V (a typical excitation voltage for a load cell application).

In many bridge applications, there may be two, or even four, elements that vary.
Figure 4.1.4 shows the four commonly used bridges suitable for sensor applications
and the corresponding
equations which relate

the bridge output voltage
to the excitation voltage
and the bridge resistance
values. In this case, we
assume a constant voltage
drive, VB. Note that since
the bridge output is direct-
ly proportional to VB, the
measurement accuracy can

Ve Vs Ve
R-AR R+AR A R-AR

gle-Element  (B) Element (C) Two-Element (D) All-Element
be no better than that of the Varying Varying (1) Varying (2) Varying
accuracy of the excitation Figure 4.1.4: Output voltage and linearity error
voltage. for constant voltage drive bridge configurations.
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In each case, the value of the fixed bridge resistor, R, is chosen to be equal to the
nominal value of the variable resistor(s). The deviation of the variable resistor(s)
about the nominal value is proportional to the quantity being measured, such as strain
(in the case of a strain gage) or temperature (in the case of an RTD).

The sensitivity of a bridge is the ratio of the maximum expected change in the output
voltage to the excitation voltage. For instance, if Vi = 10V, and the full-scale bridge
output is 10 mV, then the sensitivity is 1 mV/V.

The single-element varying bridge is most suited for temperature sensing using RTDs
or thermistors. This configuration is also used with a single resistive strain gage. All the
resistances are nominally equal, but one of them (the sensor) is variable by an amount
AR. As the equation indicates, the relationship between the bridge output and AR is not
linear. For example, if R = 100 €, and AR = 0.152, (0.1% change in resistance), the out-
put of the bridge is 2.49875 mV for V; = 10 V. The error is 2.50000 mV —2.49875 mV, or
0.00125 mV. Converting this to a percent of full scale by dividing by 2.5 mV yields an
end-point linearity error in percent of approximately 0.05%. (Bridge end-point linear-
ity error is calculated as the worst error in % FS from a straight line which connects the
origin and the end point at FS, i.e. the FS gain error is not included). If AR =1 Q (1%
change in resistance), the output of the bridge is 24.8756 mV, representing an end-point
linearity error of approximately 0.5%. The end-point linearity error of the single-ele-
ment bridge can be expressed in equation form:

Single-Element Varying Bridge End-Point Linearity Error = % Change in Resistance + 2

It should be noted that the above nonlinearity refers to the nonlinearity of the bridge
itself and not the sensor. In practice, most sensors exhibit a certain amount of their
own nonlinearity which must be accounted for in the final measurement.

In some applications, the bridge nonlinearity may be acceptable, but there are various
methods available to linearize bridges. Since there is a fixed relationship between the
bridge resistance change and its output (shown in the equations), software can be used
to remove the linearity error in digital systems. Circuit techniques can also be used to
linearize the bridge output directly, and these will be discussed shortly.

There are two possibilities to consider in the case of the two-element varying bridge.
In the first, Case (1), both elements change in the same direction, such as two identi-
cal strain gages mounted adjacent to each other with their axes in parallel.

The nonlinearity is the same as that of the single-element varying bridge, however
the gain is twice that of the single-element varying bridge. The two-element varying
bridge is commonly found in pressure sensors and flow meter systems.
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A second configuration of the two-element varying bridge, Case (2), requires two
identical elements that vary in opposite directions. This could correspond to two
identical strain gages: one mounted on top of a flexing surface, and one on the bot-
tom. Note that this configuration is linear, and like two-element Case (1), has twice
the gain of the single-element configuration. Another way to view this configuration is
to consider the terms R + AR and R — AR as comprising the two sections of a center-
tapped potentiometer.

The all-element varying bridge produces the most signal for a given resistance change
and is inherently linear. It is an industry-standard configuration for load cells which
are constructed from four identical strain gages.

Bridges may also be driven from constant current sources as shown in Figure 4.1.5.
Current drive, although not as popular as voltage drive, has an advantage when the
bridge is located re-
motely from the source
of excitation because the
wiring resistance does
not introduce errors in
the measurement. Note
also that with constant
current excitation, all

configurations are linear ]

with the exception of the Liﬁ;;ﬁi;"""'ﬁ"t'"i .............................................................................................................................

single-element varying  Error: 0.25%/% 0 0 0

case. " (A) Single-Element  (B) Two-Element (C) Two-Element (D) All-Element
Varying Varying (1) Varying (2) Varying

In summary, there are
many design issues re-
lating to bridge circuits.
After selecting the basic configuration, the excitation method must be determined.
The value of the excitation voltage or current must first be determined. Recall that the
full scale bridge output is directly proportional to the excitation voltage (or current).
Typical bridge sensitivities are 1 mV/V to 10 mV/V. Although large excitation volt-
ages yield proportionally larger full scale output voltages, they also result in higher
power dissipation and the possibility of sensor resistor self-heating errors. On the
other hand, low values of excitation voltage require more gain in the conditioning
circuits and increase the sensitivity to noise.

Figure 4.1.5: Output voltage and linearity error
for constant current drive bridge configurations.
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Regardless of its value, the stability of B Selecting Configuration (1, 2, 4 - Element Varying)
the excitation voltage or current directly B Selection of Voltage or Current Excitation
affects the overall accuracy of the bridge W Stability of Excitation Voltage or Current
output. Stable references and/or ratiometriC m Bridge Sensitivity: FS Output / Excitation Voltage
techniques are required to maintain desired 1mV /V to 10mV/ V Typical

accuracy. H Fullscale Bridge Outputs: 10mV - 100mV Typical

Amp||fy|ng and Linearizing Brldge B Precision, Low Noise Amplification / Conditioning
Outputs Techniques Required

The output of a single-element varying
bridge may be amplified by a single preci-
sion op-amp connected in the inverting Figure 4.1.6: Bridge considerations.
mode as shown in Figure 4.1.7.
This circuit, although simple,

B Linearization Techniques May Be Required

H Remote Sensors Present Challenges

has poor gain accuracy and also Re
unbalances the bridge due to load- Vv
ing from RF and the op amp bias +Vg

current. The RF resistors must

be carefully chosen and matched
to maximize the common mode
rejection (CMR). Also it is dif-
ficult to maximize the CMR while

at the same time allowing dif- Re
ferent gain options. In addition, Ve
the output is nonlinear. The key 2

redeeming feature of the circuit is
that it is capable of single supply
operation and requires a single op
amp. Note that the RF resistor connected to the non-inverting input is returned to Vg/2
(rather than ground) so that both positive and negative values of AR can be accommo-
dated, and the op amp output is referenced to V¢/2.

Figure 4.1.7: Using a single op amp as a bridge
amplitfier for a single-element varying bridge.

A much better approach is to use an instrumentation amplifier (in-amp) as shown

in Figure 4.1.8. This efficient circuit provides better gain accuracy (usually set with
a single resistor, RG) and does not unbalance the bridge. Excellent common mode
rejection can be achieved with modern in-amps. Due to the bridge’s intrinsic charac-
teristics, the output is nonlinear, but this can be corrected in the software (assuming
that the in-amp output is digitized using an analog-to-digital converter and followed
by a microcontroller or microprocessor).
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Various techniques are avail-
able to linearize bridges, but it

1s important to distinguish be-
tween the linearity of the bridge
equation and the linearity of the
sensor response to the phenom-
enon being sensed. For example,
if the active element is an RTD,
the bridge used to implement the
measurement might have perfectly
adequate linearity; yet the output

could still be nonlinear due to the Figure 4.1.8: Using an instrumentation amplifier

RTD’s nonlinearity. Manufactur- with a single-element varying bridge.
ers of sensors employing bridges

address the nonlinearity issue in a variety of ways, including keeping the resistive
swings in the bridge small, shaping complementary nonlinear response into the active
elements of the bridge, using resistive trims for first-order corrections, and others.

* SEE TEXT REGARDING
SINGLE-SUPPLY OPERATION

Figure 4.1.9 shows a single-element varying active bridge in which an op amp pro-
duces a forced null, by adding a voltage in series with the variable arm. That voltage
is equal in magnitude and opposite in polarity to the incremental voltage across the
varying element and is linear with AR. Since it is an op amp output, it can be used as
a low impedance output point for the bridge measurement. This active bridge has a
gain of two over the standard single-element varying bridge, and the output is linear,
even for large values of AR. Because of the small output signal, this bridge must usu-
ally be followed by a second amplifier.

The amplifier used in this circuit re- l
quires dual supplies because its output
must go negative.

R+AR AR
Vour - Vo] ¢

o]

Figure 4.1.9: Linearizing a single-element
varying bridge method 1.
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Another circuit for linearizing a single-
element varying bridge is shown in
Figure 4.1.10. The bottom of the bridge
is driven by an op amp, which main-
tains a constant current in the varying
resistance element. The output signal

is taken from the right hand leg of the
bridge and amplified by a non-inverting
op amp. The output is linear, but the cir-
cuit requires two op amps which must

operate on dual supplies. In addition, Figure 4.1.10: Linearizing a single-
R1 and R2 must be matched for accu- element varying bridge method 2.
rate gain.

A circuit for linearizing a voltage-driven two-element varying bridge is shown in Fig-
ure 4.1.11. This circuit is similar to Figure 4.1.9 and has twice the sensitivity. A dual
supply op amp is required. Additional gain may be necessary.

.

Ve

Figure 4.1.11: Linearizing a two-element
varying bridge method 1 (constant
voltage drive).

Vout = —VB[%]
0

The two-element varying bridge circuit in Figure 4.1.12 uses an op amp, a sense resis-
tor, and a voltage reference to maintain a constant current through the bridge

(IB = VREF/ RSENSE)'

The current through each leg of the bridge remains constant (I/2) as the resistances
change; therefore the output is a linear function of AR. An instrumentation amplifier
provides the additional gain. This circuit can be operated on a single supply with the
proper choice of amplifiers and signal levels.
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Figure 4.1.12: Linearizing a two-
element varying bridge method 2
(constant voltage drive).

* SEE TEXT REGARDING
SINGLE-SUPPLY OPERATION

Driving Bridges
Wiring resistance and noise pickup are the biggest problems associated with remotely
located bridges. Figure 4.1.13 shows a 350 € strain gage which is connected to the
rest of the bridge circuit by 100 feet of 30 gage twisted pair copper wire. The resis-
tance of the wire at 25°C
1s 0.105 Q/ft, or 10.5 Q
for 100ft. The total lead
resistance in series with
the 350 €2 strain gage

+OvV 100 FEET, 30 GAGE COPPER WIRE = 10.50 @ 25°C
TC =0.385%/°C

ASSUME +10°C TEMPERATURE CHANGE
NUMBERS IN () ARE @ +35°C

+ . Rigap 10.50 (10.9040)

3500 — 353.5Q FS

is therefore 21 €. The Vo o -
. 0 — 23.45mV R STRAIN GAGE
temperature coefficient (5.44mV - 28.83mV) | |

of the copper wire is

. Reomp R ap 10.50 (10.9040)
0.385%/°C. Now we will 210 Y i, AN
calculate the gain and \V4
Offset error il'l the brldge OFFSET ERROR OVER TEMPERATURE = +23%FS
Output due to a + 1 OOC GAIN ERROR OVER TEMPERATURE = -0.26%FS
temperature rise in the Figure 4.1.13: Errors produced by wiring resistance
cable. These calcula- for remote resistive bridge sensor.

tions are easy to make,
because the bridge output voltage is simply the difference between the output of two
voltage dividers, each driven from a +10 V source.

The full-scale variation of the strain gage resistance (with flex) above its nominal

350 Q value is +1% (+3.5 Q), corresponding to a full-scale strain gage resistance of
353.5 Q, which causes a bridge output voltage of +23.45 mV. Notice that the addi-
tion of the 21 Q R,presistor compensates for the wiring resistance and balances the
bridge when the strain gage resistance is 350 2. Without Ry the bridge would have
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an output offset voltage of 145.63 mV for a nominal strain gage resistance of 350 €2.
This offset could be compensated for in software just as easily, but for this example,
we chose to do it with Regyp

Assume that the cable temperature increases +10°C above nominal room temperature.
This results in a total lead resistance increase of +0.404 €2 (10.5 Q x 0.00385/°C x
10°C) in each lead. Note: The values in parentheses in the diagram indicate the val-
ues at +35°C. The total additional lead resistance (of the two leads) is +0.808 Q. With
no strain, this additional lead resistance produces an offset of +5.44 mV in the bridge
output. Full-scale strain produces a bridge output of +28.83 mV (a change of +23.39
mV from no strain). Thus the increase in temperature produces an offset voltage error
of +5.44 mV (+23% full scale) and a gain error of —0.06 mV (23.39 mV —23.45 mV),
or —0.26% full scale. Note that these errors are produced solely by the 30 gage wire,
and do not include any temperature coefficient errors in the strain gage itself.

The effects of wiring resistance on the bridge output can be minimized by the 3-
wire connection shown in Figure 4.1.14. We assume that the bridge output voltage
is measured by a high
impedance device,
therefore there is no cur-
rent in the sense lead.
Note that the sense lead
measures the voltage

OV 100 FEET, 30 GAGE COPPER WIRE = 10.50 @ 25°C
TC =0.385%/°C

ASSUME +10°C TEMPERATURE CHANGE
NUMBERS IN () ARE @ +35°C

Ry gap 10.5Q (10.9040)

. 0 — 24.15mV [ STRAIN GAGE
OUtput Of a leIder: the 3500 o :24:1 Imv) { :. ‘_\/\I/\= ° 3500 — 353.50 F8
top half is the bridge H\ Rye.ap 10,502 (10.9040)
resistor plus the lead L VaV)
resistance, and the bot- %
tom half iS Strail’l gage OFFSET ERROR OVER TEMPERATURE = 0%FS
resistance plus the lead GAIN ERROR OVER TEMPERATURE = -0.08%FS
resistance. The nominal Figure 4.1.14: 3-wire connection to remote bridge
sense voltage is there- element (single-element varying).

fore independent of the
lead resistance. When the strain gage resistance increases to full scale (353.5 €,), the
bridge output increases to +24.15 mV.

Increasing the temperature to +35°C increases the lead resistance by +0.404 € in
each half of the divider. The full scale bridge output voltage decreases to +24.13 mV
because of the small loss in sensitivity, but there is no offset error. The gain error due
to the temperature increase of +10°C is therefore only —0.02 mV, or —0.08% of full
scale. Compare this to the +23% full scale offset error and the —0.26% gain error for
the two-wire connection shown in Figure 4.1.13.
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The three-wire method works well for remotely located resistive elements which
make up one leg of a single-element varying bridge. However, all-element varying
bridges generally are housed in a complete assembly, as in the case of a load cell.
When these bridges are remotely located from the conditioning electronics, special
techniques must be used to maintain accuracy.

Of particular concern is maintaining the accuracy and stability of the bridge excitation
voltage. The bridge output is directly proportional to the excitation voltage, and any
drift in the excitation voltage produces a corresponding drift in the output voltage.

For this reason, most all-element varying bridges (such as load cells) are six-lead
assemblies: two leads for the bridge output, two leads for the bridge excitation, and
two sense leads. This method (called

Kelvin or 4-wire sensing) is shown in +FORCE W[ *Ve
Figure 4.1.15. The sense lines go to high : RN :

impedance op amp inputs, so there is GLEAD | +SENSE | 2
minimal error due to the bias current BRIDSE v

induced voltage drop across their lead % , > Vo
resistance. The op amps maintain the WV >
required excitation voltage to make the CSENSE  \A ;

voltage measured between the sense _ FORGE "-.“ RiEAD -

leads always equal to V. Although W

Kelvin sensing eliminates errors due to :
voltage drops in the wiring resistance,

the drive voltages must still be highly Figure 4.1.15: Kelvin (4-wire) sensing
stable since they directly affect the minimizes errors due to lead resistance.

bridge output voltage. In addition, the op
amps must have low offset, low drift, and low noise.

The constant current excitation method shown in Figure 4.1.16 is another method for
minimizing the effects of wiring resistance on the measurement accuracy. However,
the accuracy of the reference, the sense resistor, and the op amp all influence the over-
all accuracy.

A very powerful ratiometric technique which includes Kelvin sensing to minimize
errors due to wiring resistance and also eliminates the need for an accurate excita-
tion voltage is shown in Figure 4.1.17. The AD7730 measurement ADC can be driven
from a single supply voltage which is also used to excite the remote bridge. Both the
analog input and the reference input to the ADC are high impedance and fully dif-
ferential. By using the + and — SENSE outputs from the bridge as the differential
reference to the ADC, there is no loss in measurement accuracy if the actual bridge
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excitation voltage varies. The AD7730 is one of a family of sigma-delta ADCs with
high resolution (24 bits) and internal programmable gain amplifiers (PGAs) and is
ideally suited for bridge applications. These ADCs have self- and system calibra-

tion features which allow offset and gain errors due to the ADC to be minimized.

For instance, the AD7730 has an offset drift of 5 nV/°C and a gain drift of 2 ppm/°C.
Offset and gain errors can be reduced to a few microvolts using the system calibration
feature.

RN + VREer
-1 /7 .
AV Figure 4.1.16: Constant current
:' RLEAD‘: . . . . ..
ALEAD / ! - exc_/tat/on minimizes wiring
BRIDGE ; ' resistance errors.
VW >
VW »Vo

+FORCE N ++5v ‘+5v1+3v
/ Rigap, AVpp  DVpp
G-LEAD | sENSE |
BRIDGE A V4 Ver
! AD7730
! vt AN ADC
; S—=-AN  24BITS
Z SENSE | i v
. .. . : ! = YREF
Figure 4.1.17: Driving remote bridge - :
using Kelvin (4-wire) sensing and [ ND
ratiometric connection to ADC. -FORCE &0
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Maintaining an accuracy of 0.1% or better with a full-scale bridge output voltage
of 20 mV requires that the sum of all offset errors be less than 20 pV. Figure 4.1.18
shows some typical sources of offset error that are inevitable in a system. Parasitic
thermocouples whose junctions

are at different temperatures can THZRN;;.?;?P: tfr‘:o_LTTQGE

generate voltages between a few +Vy \

and tens of microvolts for a 1°C /ﬁ/\i ™ o \_,:s
temperature differential. The L 4} +
diagram shows a typical parasitic v_° 2 ey
junction formed between the cop- / / >

per printed circuit board traces and COPPER  KOVAR

the kovar pins of the IC amplifier. TRACES PINS

This thermocouple voltage is about  Figure 4.1.18: Typical sources of offset voltage.
35 uV/°C temperature differential.

The thermocouple voltage is significantly less when using a plastic package with a
copper lead frame.

The amplifier offset voltage and bias current are other sources of offset error. The am-
plifier bias current must flow through the source impedance. Any unbalance in either
the source resistances or the bias currents produce offset errors. In addition, the offset
voltage and bias currents are a function of temperature. High performance low offset,
low offset drift, low bias current, and low noise precision amplifiers are required. In
some cases, chopper-stabilized amplifiers may be the only solution.

1 1 1 Egs = SUM OF ALL OFFSET ERRORS
AC bridge excitation as NORMAL os

shown in Figure 4.1.19 can DRIVE

E
VOLTAGES os

+ O
Ny

+Vg
effectively remove offset /4/\7\ - S
. . . = +
voltages in series with the 2 Ao
bridge output. The concept is
simple. The net bridge output V=V = (Vo + Eng) (- Vo + Eog) =2 Ve
?\A )
\1\/;)\

voltage is measured under
REVERSE

two conditions as shown. The DRIVE
VOLTAGES

EOS
- N
Ny
Vo Vg=-Vg +Egg

first measurement yields a

measurement V,, where V, is
the sum of the desired bridge
output voltage V,, and the net

offset error voltage Eos. The Figure 4.1.19: AC excitation minimizes offset errors.
polarity of the bridge excita-

tion is reversed, and a second measurement Vy, is made. Subtracting V; from V, yields
2V,, and the offset error term E4 cancels as shown.
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Obviously, this technique
requires a highly accurate
measurement ADC (such

as the AD7730) as well as a
microcontroller to perform

the subtraction. If a ratiomet- A
ric reference is desired, the
ADC must also accommodate
the changing polarity of the
reference voltage. Again, the
AD7730 includes this capa-
bility.

Vizg —

Va2 Q1,02 0N Q1,02 ON

P-Channel and N-Channel Vs4  [osasoN|  [asaeoN]
MOSFETsS can be configured

as an AC bridge driver as

Figure 4.1.20: Simplified AC bridge drive circuit.

shown in Figure 4.1.20. Dedicated bridge driver chips are also available, such as the
Micrel MIC4427. Note that because of the on-resistance of the MOSFETSs, Kelvin
sensing must be used in these applications. It is also important that the drive signals
be non-overlapping to prevent excessive MOSFET switching currents. The AD7730
ADC has on chip circuitry to generate the required non-overlapping drive signals for
AC excitation.
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4.2 Amplifiers for Signal Conditioning
Introduction

This section examines the critical parameters of amplifiers for use in precision signal
conditioning applications. Offset voltages for precision IC op amps can be as low

as 10 uV with corresponding temperature drifts of 0.1 uV/°C. Chopper stabilized op
amps provide offsets and offset voltage drifts which cannot be distinguished from
noise. Open loop gains greater than 1 million are common, along with common mode
and power supply rejection ratios of the same magnitude. Applying these precision
amplifiers while maintaining the amplifier performance can present significant chal-
lenges to a design engineer, i.e., external passive component selection and PC board
layout.

It is important to understand that DC open-loop gain, offset voltage, power supply
rejection (PSR), and common mode rejection (CMR) should not be the only con-
siderations in selecting precision amplifiers. The AC performance of the amplifier is
also important, even at “low” frequencies. Open-loop gain, PSR, and CMR all have
relatively low corner frequencies, and therefore what may be considered “low” fre-
quency may actually fall above these corner frequencies, increasing errors above the
value predicted solely by the DC parameters. For example, an amplifier having a DC
open-loop gain of 10 million and a unity-gain crossover frequency of 1 MHz has a
corresponding corner frequency of 0.1 Hz! One must therefore consider the open loop
gain at the actual signal frequency. The relationship between the single-pole unity-
gain crossover frequency, f,, the signal frequency, f;,, and the open-loop gain AVOL(fSig)
(measured at the signal frequency) is given by:

1.
Avor (f) == Eq. 4.2.1
fsig
In the example above, the open loop gain is 10 at 100 kHz, and 100,000 at 10 Hz.
Loss of open loop gain at the frequency of interest can introduce distortion, especially
at audio frequencies. Loss of CMR or PSR at the line frequency or harmonics thereof

can also introduce errors.

The challenge of selecting the right amplifier for a particular signal condition-

ing application has been complicated by the sheer proliferation of various types of
amplifiers in various processes (Bipolar, Complementary Bipolar, BiFET, CMOS,
BiCMOS, etc.) and architectures (traditional op amps, instrumentation amplifiers,
chopper amplifiers, isolation amplifiers, etc.) In addition, a wide selection of preci-
sion amplifiers are now available which operate on single supply voltages, which
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B Input Offset Voltage <100uv complicates the design process even
W Input Offset Voltage Drift <IVFC further because of the reduced signal
H Input Bias Current <2nA . .
m Input Offset Current <o swm.gs.and voltage input and outp}lt
B DC Open Loop Gain 1,000,000 restrictions. Offset voltage and noise
B Unity Gain Bandwidth Product, f,  500kHz - 5MHz are now a more significant portion
W Always Check Open Loop Gain at Signal Frequencyl of the input signal. Selection guides
W 1/ (0.1Hz to 10Hz) Noise <1pV p-p and parametric search engines which
W Wideband Noise <10nVivHz can simplify this process somewhat
® CMR,PSR >10048 are available on the Internet (http:/
B Single Supply Operation www.analog.com) as well as on CD-
W Power Dissipation ROM. Other manufacturers have

Figure 4.2.1: Amplifiers for signal conditioning. similar information available.

In this section, we will first look at some key performance specifications for precision
op amps. Other amplifiers will then be examined such as instrumentation amplifiers,
chopper amplifiers, and isolation amplifiers. The implications of single supply opera-
tion will be discussed in detail because of their significance in today’s designs, which
often operate from batteries or other low power sources.

Precision Op Amp Characteristics
Input Offset Voltage

Input offset voltage error is usually one of the largest error sources for precision am-
plifier circuit designs. However, it is a systemic error and can usually be dealt with by
using a manual offset null trim or by system calibration techniques using a microcon-
troller or microprocessor. Both solutions carry a cost penalty, and today’s precision op
amps offer initial offset voltages as low as 10 uV for bipolar devices, and far less for
chopper stabilized amplifiers. With low offset amplifiers, it is possible to eliminate the
need for manual trims or system calibration routines.

Measuring input offset voltages ,s;'\:m‘g
of a few microvolts requires that

the test circuit does not introduce
more error than the offset voltage J.

R1, 10Q

100

itself. Figure 4.2.2 shows a circuit

for measuring offset voltage. The VY

circuit amplifies the input offset 10K

voltage by the noise gain (1001). s 2 104V maximum

The measurement is made at the Vog DRIFT = 0.1uV/°C maximum
amplifier output using an accurate Vos STABILITY = 0.2uVimonth typical
digital voltmeter. The offset re- Figure 4.2.2: Measuring input offset voltage.
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ferred to the input (RTI) is calculated by dividing the output voltage by the noise gain.
The small source resistance seen at R1||R2 results in negligible bias current contribu-
tion to the measured offset voltage. For example, 2 nA bias current flowing through
the 10 € resistor produces a 0.02 uV error referred to the input.

As simple as it looks, this circuit may give inaccurate results. The largest potential
source of error comes from parasitic thermocouple junctions formed where two dif-
ferent metals are joined. The thermocouple voltage formed by temperature difference
between two junctions can range from 2 uV/°C to more than 40 pV/°C. Note that in
the circuit additional resistors have been added to the non-inverting input in order to
exactly match the thermocouple junctions in the inverting input path.

The accuracy of the measurement depends on the mechanical layout of the components
and how they are placed on the PC board. Keep in mind that the two connections of

a component such as a resistor create two equal, but opposite polarity thermoelectric
voltages (assuming they are connected to the same metal, such as the copper trace on a
PC board) which cancel each other assuming both are at exactly the same temperature.
Clean connections and short lead lengths help to minimize temperature gradients and
increase the accuracy of the measurement.

Airflow should be minimal so that all the thermocouple junctions stabilize at the same
temperature. In some cases, the circuit should be placed in a small closed container

to eliminate the effects of external air currents. The circuit should be placed flat on a
surface so that convection currents flow up and off the top of the board, not across the
components as would be the case if the board was mounted vertically.

Measuring the offset voltage shift over temperature is an even more demanding chal-
lenge. Placing the printed circuit board containing the amplifier being tested in a
small box or plastic bag with foam insulation prevents the temperature chamber air
current from causing thermal gradients across the parasitic thermocouples. If cold
testing is required, a dry nitrogen purge is recommended. Localized temperature
cycling of the amplifier itself using a Thermostream-type heater/cooler may be an
alternative. However, these units tend to generate quite a bit of airflow, which can be
troublesome.

In addition to temperature related drift, the offset voltage of an amplifier changes

as time passes. This aging effect is generally specified as long-term stability in pV/
month, or uV/1000 hours, but this is misleading. Since aging is a “drunkard’s walk”
phenomenon, it is proportional to the square root of the elapsed time. An aging rate of
1 uV/1000 hours becomes about 3 uV/year, not 9 uV/year. Long-term stability of the
OP177 and the AD707 is approximately 0.3 uV/month. This refers to a time period
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after the first 30 days of operation. Excluding the initial hour of operation, changes in
the offset voltage of these devices during the first 30 days of operation are typically
less than 2 pV.

As a general rule of thumb, it is prudent to control amplifier offset voltage by device
selection whenever possible, bus sometimes trim may be desired. Many precision op
amps have pins available for optional offset null. Generally, two pins are joined by a
potentiometer, and the wiper goes to one of the supplies through a resistor as shown in
Figure 4.2.3. If the wiper is connected to the wrong supply, the op amp will probably
be destroyed, so the data sheet instructions must be carefully observed! The range of
offset adjustment in a precision op amp should be no more than two or three times the
maximum offset voltage of the lowest grade device, in order to minimize the sensitiv-
ity of these pins. The voltage gain
of an op amp between its offset
adjustment pins and its output may
actually be greater than the gain

at its signal inputs! It is therefore
very important to keep these pins
free of noise. It is inadvisable to
have long leads from an op amp to
a remote potentiometer. To mini-
mize any offset error due to supply
current, connect R1 directly tothe = R1= 0, R1=20kQ, OFFSET ADJUST RANGE = 3mV

pertinent device supply pin, such Figure 4.2.3: OP177/AD707 offset
as pin 7 shown in the diagram. adjustment pins.

u R1=10k;, R2=2kQO, OFFSET ADJUST RANGE = 200pV

It is important to note that the

offset drift of an op amp with temperature will vary with the setting of its offset ad-
justment. In most cases a bipolar op amp will have minimum drift at minimum offset.
The offset adjustment pins should therefore be used only to adjust the op amp’s own
offset, not to correct any system offset errors, since this would be at the expense of
increased temperature drift. The drift penalty for a JFET input op amp is much worse
than for a bipolar input and is in the order of 4 uV/°C for each millivolt of nulled
offset voltage. It is generally better to control the offset voltage by proper selection
of devices and device grades. Dual, triple, quad, and single op amps in small pack-
ages do not generally have null capability because of pin count limitations, and offset
adjustments must be done elsewhere in the system when using these devices. This
can be accomplished with minimal impact on drift by a universal trim, which sums a
small voltage into the input.
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Input Offset Voltage and Input Bias Current Models

Thus far, we have considered only the op amp input offset voltage. However, the input
bias currents also contribute to offset error as shown in the generalized model of Fig-
ure 4.2.4. It is useful to refer all

offsets to the op amp input (RTI) AN AN FROM -
so that they can be easily com- B R | —» R2 NOISE GAIN =
NG= 1+

pared with the input signal. The
equations in the diagram are given
for the total offset voltage referred
to input (RTI) and referred to

output (RTO). W OFFSET (RTO)=V°5|E+%:| + g R3E +%] - Ip-R2

For a precision op amp having a

R1

> O Vour

GAINFROM _ _R2
~B" TO OUTPUT R1

. . R B OFFSET(RTI) = Vg + I R3 . RR11;R:2
Standard blpOlar IHPUt Stage uSIHg FOR BIAS CURRENT CANCELLATION:
either PNPs or NPNs, the input OFFSET(RT) = Voe IF ho= I, AND RS = RT-R2
os B+ B- R1+R2

bias currents are typically 50 nA
to 400 nA and are well matched. Figure 4.2.4: Op amp total offset voltage model.
By making R3 equal to the paral-

lel combination of R1 and R2, their effect on the net RTI and RTO offset voltage is
approximately canceled, thus leaving the offset current, i.e., the difference between
the input currents as an error. This current is usually an order of magnitude lower than
the bias current specification. This scheme, however, does not work for bias-current
compensated bipolar op amps (such as the OP177 and the AD707) as shown in Figure
4.2.5. Bias-current compensated input stages have most of the good features of the
simple bipolar input stage: low offset and drift, and low voltage noise. Their bias cur-
rent is low and fairly stable over temperature. The additional current sources reduce
the net bias currents typically to between 0.5 nA and 10 nA. However, the signs of
the + and — input bias currents

may or may not be the same, UNCOMPENSATED COMPENSATED

and they are not well matched,

but are very low. Typically,

the specification for the offset Vin Vin
current (the difference between  © o
the + and — input bias currents) @ @

in bias-current compensated

. B MATCHED BIAS CURRENTS B LOW, UNMATCHED BIAS CURRENTS
op amps is generally about the B SAME SIGN B CAN HAVE DIFFERENT SIGNS
g . B 50nA - 10pA B 0.5nA - 10nA
same as the individual bias m 50pA - 5nA (Supsr Beta) m HIGHER CURRENT NOISE
LI} << s
currents. In the case of the OFFSET ~BIAS " lorrser ~lains
standard bipolar differential Figure 4.2.5: Input bias current compensated op amps.
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pair with no bias-current compensation, the offset current specification is typically
five to ten times lower than the bias current specification.

DC Open Loop Gain Nonlinearity

It is well understood that in order to maintain accuracy, a precision amplifier’s DC
open loop gain, Ay, should be high. This can be seen by examining the equation for
the closed loop gain:

NG
NG

[+
VOL

Closed Loop Gain = Ay = Eq.4.2.2

Noise gain (NG) is simply the gain seen by a small voltage source in series with the
op amp input and is also the amplifier signal gain in the noninverting mode. If Ay,
in the above equation is infinite, the closed loop gain is exactly equal to the noise
gain. However, for finite values of Ayq,, there is a closed loop gain error given by
the equation:

NG NG

% Gain Error = ——— x 100% = —— X% 100%, for NG << Ay,
NG+AVOL VOL

Eq. 4.2.3

Notice from the equation that the percent gain error is directly proportional to the
noise gain, therefore the effects of finite Ay, are less for low gain. The first example
in Figure 4.2.6 where the noise gain is 1000 shows that for an open loop gain of 2
million, there is a gain error of about 0.05%. If the open loop gain stays constant over
temperature and for various output loads and voltages, the gain error can be calibrated
out of the measurement, and there is then no overall system gain error.

W "IDEAL" CLOSED LOOP GAIN = NOISE GAIN = NG

NG
B ACTUAL CLOSED LOOP GAIN = ‘H—T

AyoL
NG NG
B % CLOSED LOOP GAIN ERROR = 100% =~ x 100%
NG + AyoL AvoL

B Assume Ayg, = 2,000,000, NG = 1,000
%GAIN ERROR = 0.05%

B Assume Ayq Drops to 300,000
%GAIN ERROR =~ 0.33%

B CLOSED LOOP GAIN UNCERTAINTY
=0.33% - 0.05% = 0.28%

Figure 4.2.6: Changes in DC open loop gain
cause closed loop gain uncertainty.
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If, however, the open loop gain changes, the closed loop gain will also change,
thereby introducing a gain uncertainty. In the second example in the figure, an Ao,
decrease to 300,000 produces a gain error of 0.33%, introducing a gain uncertainty
of 0.28% in the closed loop gain. In most applications, using the proper amplifier, the
resistors around the circuit will be the largest source of gain error.

Changes in the output voltage level and the output loading are the most common
causes of changes in the open loop gain of op amps. A change in open loop gain with
signal level produces nonlinearity in the closed loop gain transfer function which
cannot be removed during system calibration. Most op amps have fixed loads, so Ayg;.
changes with load are not generally important. However, the sensitivity of Ay, to
output signal level may increase for higher load currents.

The severity of the nonlinearity varies widely from device type to device type, and is
generally not specified on the data sheet. The minimum A, is always specified, and
choosing an op amp with a high A, will minimize the probability of gain nonlinear-
ity errors. Gain nonlinearity can come from many sources, depending on the design of
the op amp. One common source is thermal feedback. If temperature shift is the sole
cause of the nonlinearity error, it can be assumed that minimizing the output loading
will help. To verify this, the nonlinearity is measured with no load and then compared
to the loaded condition.

An oscilloscope X-Y display test circuit for measuring DC open loop gain nonlinear-
ity is shown in Figure 4.2.7. The same precautions previously discussed relating to the
offset voltage test circuit must be observed in this circuit. The amplifier is configured
for a signal gain of —1. The open loop gain is defined as the change in output voltage
divided by the change in the input offset voltage. However, for large values of A, ,
the offset may change only a few microvolts over the entire output voltage swing.
Therefore the divider consisting of the 10 Q resistor and Ry (1 MQ) forces the voltage
V,tobe:

R,
v, =[1+10—;’2]VOS =100,001eV, Eq.4.24

The value of R is chosen to give measurable voltages at V, depending on the expect-
ed values of V.

The £10 V ramp generator output is multiplied by the signal gain, —1, and forces the
op amp output voltage V to swing from +10 V to —10 V. Because of the gain factor
applied to the offset voltage, the offset adjust potentiometer is added to allow the ini-
tial output offset to be set to zero. The resistor values chosen will null an input offset
voltage of up to £10 mV. Stable 10 V voltage references should be used at each end
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of the potentiometer to prevent output drift. Also, the frequency of the ramp generator
must be quite low, probably no more than a fraction of 1 Hz because of the low corner
frequency of the open loop gain (0.1 Hz for the OP177).

v
10k0 T Y 10k Vy = 100001-Vog
|- NONLINEAR

Re
oV M

RAMP IDEAL

Vx
AVy
AvoL= Ty .

~VRer *+VRer
—10° +10'
~10V) 10k0 (+10V)

OFFSET ADJUST

OPEN LOOP GAIN:|
(Multi-Turn Film-Type)

= NGe
CLOSED LOOP GAIN |: NONLINEARITY
NONLINEARITY 1
ol ]

AvoLmin  AvoL max

Figure 4.2.7: Circuit measures open loop gain nonlinearity.

The plot on the right-hand side of Figure 4.2.7 shows V plotted against V. If there
1s no gain nonlinearity the graph will have a constant slope, and A, is calculated as
follows:

A R A A
Ay, = Ay _ 1+—5 AVy | 100,001 e Yx Eq.4.2.5
AV, 10Q || AV, AV,

oS Y

If there is nonlinearity, Ay, will vary as the output signal changes. The approximate
open loop gain nonlinearity is calculated based on the maximum and minimum values

of Ay, over the output voltage range:

Open Loop Gain Nonlinearity = SR Eq.4.2.6

VOL.MIN AVOL MAX

The closed loop gain nonlinearity is obtained by multiplying the open loop gain non-
linearity by the noise gain, NG:

1 1
Closed Loop Gain Nonlinearity = NG [ - ] Eq.4.2.7

VOL,MIN AVOL, MAX

In the ideal case, the plot of V4 versus Vy would have a constant slope, and the recip-
rocal of the slope is the open loop gain, Ay, . A horizontal line with zero slope would
indicate infinite open loop gain. In an actual op amp, the slope may change across the
output range because of nonlinearity, thermal feedback, etc. In fact, the slope can even
change sign.
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Figure 4.2.8 shows the V, (and
Vs) versus Vy plot for the OP177

precision op amp. The plot is 50m\‘ll‘fDIV.
shown for two different loads, 2
k€ and 10 k€. The reciprocal of Vos

the slope is calculated based on (0.5uV / DIV.)
the end points, and the average RTH
Ayp, 1s about 8 million. The maxi-

-10v 0 +10V

mum and minimum values of Ay, Vy = OUTPUT VOLTAGE

across the output voltage range are AyoL (AVERAGE) ~ 8 million

measured to be approximately 9.1 AyorLmax ~ 9.1 million, Ayoy iy ~ 5.7million
million, and 5.7 million, respec- OPEN LOOP GAIN NONLINEARITY  ~ 0.07ppm

. . CLOSED LOOP GAIN NONLINEARITY ~ NGx0.07ppm
tively. This corresponds to an open

loop gain nonlinearity of about Figure 4.2.8: OP177 gain nonlinearity.
0.07ppm. Thus, for a noise gain of
100, the corresponding closed loop gain nonlinearity is about 7ppm.

Op Amp Noise

The three noise sources in an op amp circuit are the voltage noise of the op amp, the
current noise of the op amp (there are two uncorrelated sources, one in each input),
and the Johnson noise of the resistances in the circuit. Op amp noise has two com-
ponents, “white” noise at medium frequencies and low frequency “1/f” noise, whose
spectral density is inversely proportional to the square root of the frequency. It should
be noted that, though both the voltage and the current noise may have the same char-
acteristic behavior, in a

. . INPUT VOLTAGE NOISE,nV / VHz 0.1Hz to 10Hz VOLTAGE NOISE
particular amplifier the

. 30 z
1/f corner frequency is |
not necessarily the same i
f 1 d ...... . 1/F CORNER ......|
or voltage and current Fo=0.7Hz 200nV

noise (it is usually speci- 15 [ B

. A
fied for the voltage noise 10 e 48 oSSR LS X2 o R 0 O B T
as shown in Figure 4.2.9. 5

. 0.1 1 10 100 TIME — 1sec/DIV.
The low frequency noise FREQUENCY (Hz)

is generally known as 1/f BV, (F F) = Ve Fo '”I:E*H:IJ' (Fu—F)

No1se (the No1SC power B For F_ = 0.1Hz, F, = 10Hz, v,,, = 10nVAHz, F; = 0.7Hz:
obeys a 1/f law—the ®V, .. =360V

noise voltage or noise ¢ Vogp =66 36nV =238V
current is proportional Figure 4.2.9: Input voltage noise for OP177/AD707.

n.pp
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to 1/Nf). The frequency at which the 1/f noise spectral density equals the white noise
is known as the I/f corner frequency, Fc, and is a figure of merit for an op amp, with
low corner frequencies indicating better performance. Values of 1/f corner frequency
vary from less than 1 Hz high accuracy bipolar op amps like the OP177/AD707,
several hundred Hz for the AD743/745 FET-input op amps, to several thousands of
Hz for some high speed op amps where process compromises favor high speed rather
than low frequency noise.

For the OP177/AD707 shown in Figure 4.2.9, the 1/f corner frequency is 0.7 Hz, and
the white noise is 10 nV/VHz. The low frequency 1/f noise is often expressed as the
peak-to-peak noise in the bandwidth 0.1 Hz to 10 Hz as shown in the scope photo in
Figure 4.2.9. Note that this noise ultimately limits the resolution of a precision mea-
surement system because the bandwidth up to 10 Hz is usually the bandwidth of most
interest. The equation for the total rms noise, V in the bandwidth F, to F,; is given
by the equation:

n,rms?

L

‘/n,rms (FH’F}) = Vnw \/FC ln[%} + (FH - E) Eq. 4.28

where vy 1s the noise spectral density in the “white noise” region (usually speci-
fied at a frequency of 1 kHz), F.. is the 1/f corner frequency, and F; and F,; is the
measurement bandwidth of interest. In the example shown, the 0.1 Hz to 10 Hz noise
is calculated to be 36nV rms, or approximately 238 nV peak-to-peak, which closely
agrees with the scope photo on the right (a factor of 6.6 is generally used to convert
rms values to peak-to-peak values).

It should be noted that at higher frequencies, the term in the equation containing the
natural logarithm becomes insignificant, and the expression for the rms noise be-
comes:
‘/n,rms (FH ’ FL) = vnw FH - FL
And, if F; >> F,,

‘/n,rms (FH) = vnw\/E Eq. 4.29
However, some op amps (such as the OP07 and OP27) have voltage noise character-
istics that increase slightly at high frequencies. The voltage noise versus frequency

curve for op amps should therefore be examined carefully for flatness when calculat-
ing high frequency noise using this approximation.
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At very low frequencies when operating exclusively in the 1/f region, F. >> (F; - F)),
and the expression for the rms noise reduces to:

/ F
‘/n,rms (FH’FL) = vnw FC ln[FH] Eq. 4.2.10
L

Note that there is no way of reducing this 1/f noise by filtering if operation extends to
DC. Making F,; = 0.1 Hz and F, = 0.001 still yields an rms 1/f noise of about 18 nV
rms, or 119 nV peak-to-peak.

The point is that averaging the results of a large number of measurements taken over
a long period of time has practically no effect on the error produced by 1/f noise. The
only method of reducing it further is to use a chopper stabilized op amp which does
not pass the low frequency noise components.

A generalized noise model for an op amp is shown in Figure 4.2.10. All uncorrelated
noise sources add as a root-sum-of-squares manner, i.e., noise voltages V1, V2, and
V3 give a result of:

JVI2+V22 +V3 Eq.4.2.11

Thus, any noise voltage which is more than four or five times any of the others is
dominant, and the others may generally be ignored. This simplifies noise analysis.

In this diagram, the total noise of all sources is shown referred to the input (RTI). The
RTTI noise is useful because it can be compared directly to the input signal level. The
total noise referred to the output (RTO) is obtained by simply multiplying the RTI
noise by the noise gain.

The diagram assumes that the feedback network is purely resistive. If it contains reac-
tive elements (usually capacitors), the noise gain is not constant over the bandwidth of
interest, and more complex techniques must be used to calculate the total noise (see

in particular, Reference 12). However, for precision applications where the feedback
network is most likely to be resistive, the equations are valid.

Notice that the Johnson noise voltage associated with the three resistors has been
included. All resistors have a Johnson noise of 4 kTBR, where k is Boltzmann’s
Constant (1.38 x 10> J/K), T is the absolute temperature, B is the bandwidth in Hz,
and R is the resistance in Q. A simple relationship which is easy to remember is that a
1000 Q resistor generates a Johnson noise of 4nVAHz at 25°C.
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The voltage noise of various op amps may vary from under InVAHz to 20nV/NHz,
or even more. Bipolar input op amps tend to have lower voltage noise than JFET
input ones, although it is possible to make JFET input op amps with low voltage
noise (such as the AD743/AD745), at the cost of large input devices and hence large
(~20pF) input capacitance. Current noise can vary much more widely, from around
0.1fA/~NHz (in JEET input electrometer op amps) to several pA/\/HZ (in high speed
bipolar op amps). For bipolar or JFET input devices where all the bias current flows
into the input junction, the current noise is simply the Schottky (or shot) noise of the
bias current. The shot noise spectral density is simply 21, amps/\/Hz, where Ij; is the
bias current (in amps) and q is the charge on an electron (1.6 x 10~'° C). It cannot be
calculated for bias-compensated or current feedback op amps where the external bias
current is the difference between two internal current sources.

Current noise is only important when it flows through an impedance and in turn gen-
erates a noise voltage. The equation shown in Figure 4.2.10 shows how the current
noise flowing in the resistors contribute to the total noise. The choice of a low noise
op amp therefore depends on the impedances around it. Consider an OP27, a bias
compensated op amp with low voltage noise (3 nV/AHz), but quite high current noise
(1 pA/\/Hz) as shown in the schematic of Figure 4.2.11. With zero source impedance,
the voltage noise dominates. With a source resistance of 3 k€2, the current noise (1
pA/\/Hz) flowing in 3 k€ will equal the voltage noise, but the Johnson noise of the 3
kQ resistor is 7 nV/VHz and so is dominant. With a source resistance of 300 kQ, the
effect of the current noise increases a hundredfold to 300 nV/YHz, while the voltage
noise is unchanged, and the Johnson noise (which is proportional to the square root of
the resistance) increases tenfold. Here, the current noise dominates.

GAIN FROM -

"A" TO OUTPUT
NOISE GAIN =

NG= 1+ R2
R1

CLOSED
LOOP BW

el O Vour
= ‘oL

GAINFROM _ _ R2

"B" TO OUTPUT R1
\ 4kTR3
R2 2
2 —E
Vn + 4kTR3 + 4kTR1|:R1 +R;

B RTI NOISE = VBW . 2 2
+1y,2R3% +1,, 2 |:R1'—R2] + 4kTR2[ R1 ]

R1+ R1+R2
H RTO NOISE = NG * RTI NOISE H BW=1571fc

Figure 4.2.10: Op amp noise model.
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EXAMPLE: OP27
Voltage Noise = 3nV /Y Hz
Current Noise = 1pA / VHz
T=25°C

Neglect R1 and R2
Noise Contribution

CONTRIBUTION VALUES OF R
FROM 0 o 200k
AMPUIFIER 3 3 3
VOLTAGE NOISE
AMPLIFIER
CURRENT NOISE 0 3 300
FLOWING IN R
JOHNSON 0 7 70
NOISE OF R

RTI NOISE (nV / ¥ Hz)

Dominant Noise Source is Highlighted

Figure 4.2.11: Different noise sources dominate
at different source impedance.

The previous example shows that the choice of a low noise op amp depends on the
source impedance of the input signal, and at high impedances, current noise always
dominates. This is shown in Figure 4.2.12 for several bipolar (OP07, OP27, 741) and
JFET (AD645, AD743, AD744) op amps.

100 T

OP07

741 Re=100Q
744
645

100 T

744 741 Rs = 10kQ

10 =S

743

OP27

10 - \
OP07, 743

All Vertical Scales
nV/JHz

744
743
645

—_—

100

10

100 1k 10k

Hz

10k

All Horizontal Scales

Figure 4.2.12: Different amplifiers are best at different source impedance levels.

For low impedance circuitry (generally < 1 k€2), amplifiers with low voltage noise,
such as the OP27 will be the obvious choice, and their comparatively large current
noise will not affect the application. At medium resistances, the Johnson noise of
resistors is dominant, while at very high resistances, we must choose an op amp with
the smallest possible current noise, such as the AD549 or AD645.
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Until recently, BiIFET amplifiers (with JFET inputs) tended to have comparatively
high voltage noise (though very low current noise), and thus were more suitable

for low noise applications in high rather than low impedance circuitry. The AD645,
AD743, and AD745 have very low values of both voltage and current noise. The
AD645 specifications at 10 kHz are 10nV/VHz and 0.6fA/NHz, and the AD743/
AD745 specifications at 10 kHz are 2.0 nV/VHz and 6.9 fA/NHz. These make possible
the design of low noise amplifier circuits which have low noise over a wide range of
source impedances.

Common Mode Rejection and Power Supply Rejection

If a signal is applied equally to both inputs of an op amp so that the differential input
voltage is unaffected, the output should not be affected. In practice, changes in com-
mon mode voltage will produce changes in the output. The common mode rejection
ratio or CMRR is the ratio of the common mode gain to the differential- mode gain
of an op amp. For example, if a differential input change of Y volts will produce a
change of 1 V at the output, and a common mode change of X volts produces a simi-
lar change of 1V, then the CMRR is X/Y. It is normally expressed in dB, and typical
LF values are between 70 and 120 dB. When expressed in dB, it is generally referred
to as common mode rejection (CMR). At higher frequencies, CMR deteriorates—
many op amp data sheets show a plot of CMR versus frequency as shown in Figure
4.2.13 for the OP177/AD707 precision op amps.

160

140

120

CMR 100
dB

CMR =
20 log,y CMRR
80

60

40

20

0

001 01 1 10 100 1k 10k 100k 1M

FREQUENCY - Hz

Figure 4.2.13: OP177/AD707 common mode rejection (CMR).
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CMRR produces a corresponding output offset voltage error in op amps configured in
the non-inverting mode as shown in Figure 4.2.14. Op amps configured in the invert-
ing mode have no CMRR output error because both inputs are at ground or virtual
ground, so there is no common mode voltage, only the offset voltage of the amplifier
if un-nulled.

Vin=Vem

Vour

v, v,
- ERROR (RTh= _SM - _"IN
CMRR  CMRR

R2 v
R1 Vo, =1+ B2y , N
ourt Ri IN* CMRR

v,
_ R2 IN
ERROR (RTO) = | 1+ 2 || core

Figure 4.2.14: Calculating offset error due to common mode rejection ratio (CMRR).

pS

If the supply of an op amp changes, its output should not, but it will. The specifica-
tion of power supply rejection ratio or PSRR 1is defined similarly to the definition of
CMRR. If a change of X volts in the supply produces the same output change as a
differential input change of Y volts, then the PSRR on that supply is X/Y. When the
ratio is expressed in dB, it is generally referred to as power supply rejection, or PSR.
The definition of PSRR assumes that both supplies are altered equally in opposite
directions—otherwise the change will introduce a common mode change as well as a
supply change, and the analysis becomes considerably more complex. It is this effect

which causes apparent dif- 160

ferences in PSRR between

the positive and negative MO [

supplies. In the case of 120

single supply op amps, PSR pgg 100 PSR =

is generally defined with B e 20logy PSRR
respect to the change in 6

the positive supply. Many

single supply op amps have 40

separate PSR specifications 20

for the positive and nega- 0

tive supplies. The PSR Of 001 01 1 10 100 1k 10k 100k 1M

the OP177/AD707 is shown FREQUENCY - Hz

in Figure 4.2.15. Figure 4.2.15: OP177/AD707 power supply rejection (PSR).
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The PSRR of op amps is frequency
dependent, therefore power sup-
plies must be well decoupled as
shown in Figure 4.2.16. At low

_ LARGE AREA
~ GROUND PLANE

= LEADLENGTH
frequencies, several devices may MINIMUM
share a 10-50 pF capacitor on each LOCALIZED HF

c1,c2.  DECOUPLING,
LOW INDUCTANCE
CERAMIC, 0.1pF

supply, provided it is no more than
10cm (PC track distance) from any
of them. At high frequencies, each

SHARED LF
IC must have every supply decou- c3,ca.  DECOUPLING,
. . ELECTROLYTIC,

pled by a low inductance capacitor 10 TO 504F

(0.1 pF or so) with short leads and . _
PC tracks. These capacitors must Figure 4.2.16: Proper low and high-frequency
also provide a return path for HF decoupling techniques for op amps.

currents in the op amp load. Decou-

pling capacitors should be connected to a low impedance large area ground plane with
minimum lead lengths. Surface mount capacitors minimize lead inductance and are a
good choice.

Amplifier DC Error Budget Analysis

A room temperature error budget analysis for the OP177A op amp is shown in Fig-
ure 4.2.17. The amplifier is connected in the inverting mode with a signal gain of
100. The key data sheet specifications are also shown in the diagram. We assume an
input signal of 100 mV full scale which corresponds to an output signal of 10 V. The
various error sources are normalized to full scale and expressed in parts per million
(ppm). Note: parts per mil-
lion (ppm) error = fractional

MAXIMUM ERROR CONTRIBUTION, + 25°C
FULLSCALE: Vy,=100mV, Vg1 = 10V

error X 10° = % error x 10%. Vos 104V £ 100mV | 100ppm
Io 1000 % 1nA +100mV |  1ppm
Note that the offset errors due s
to Vs and I, and the gain PoL | (10079400 x100mV Z0ppm
s s . g AvoL 100 % 0.07ppm Topm
error due to finite Ay, can be Nonlinearity
removed with a system cali- 0AHz 1o 10HZ| 2000+ 100mv | 2ppm
bration. However, the error SPECS @ +25°C: Total
Vos = 104V max Unadjusted | ~ 13 Bits Accurate | 130ppm
due to open loop gain non- log = 1nA max Error
. . AypL = 5%10° min
llnearlty cannot be removed Avgt Nonlinearity = 0.07ppm Resolution | 17 Bits Accurate | 9PPM
. . . 0.1Hz to 10Hz Noise = 200nV Error
with calibration and produces
a relative accuracy error, Figure 4.2.17: Precision op amp (OP177A)
often called resolution error. DC error budget.
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The second contributor to resolution er-
ror is the 1/f noise. This noise is always
present and adds to the uncertainty of
the measurement. The overall relative
accuracy of the circuit at room tem-
perature is 9 ppm which is equivalent to
approximately 17 bits of resolution.

Single Supply Op Amps
Over the last several years, single-
supply operation has become an

B Single Supply Offers:

+ Lower Power
+ Battery Operated Portable Equipment
¢ Requires Only One Voltage

B Design Tradeoffs:

¢ Reduced Signal Swing Increases Sensitivity to Errors
Caused by Offset Voltage, Bias Current, Finite Open-
Loop Gain, Noise, etc.

# Must Usually Share Noisy Digital Supply

¢ Rail-to-Rail Input and Output Needed to Increase Signal
Swing

¢ Precision Less than the best Dual Supply Op Amps
but not Required for All Applications

¢ Many Op Amps Specified for Single Supply, but do not

increasingly important requirement have Rail-to-Rail Inputs or Outputs

because of market requirements. Auto-
motive, set-top box, camera/camcorder,
PC, and laptop computer applications are demanding IC vendors to supply an array of
linear devices that operate on a single supply rail, with the same performance of dual
supply parts. Power consumption is now a key parameter for line or battery operated
systems, and in some instances, more important than cost. This makes low-voltage/
low supply current operation critical; at the same time, however, accuracy and preci-
sion requirements have forced IC manufacturers to meet the challenge of “doing more
with less” in their amplifier designs.

Figure 4.2.18: Single supply amplifiers.

In a single-supply application, the most immediate effect on the performance of an
amplifier is the reduced input and output signal range. As a result of these lower input
and output signal excursions, amplifier circuits become more sensitive to internal and
external error sources. Precision amplifier offset voltages on the order of 0.1 mV are
less than a 0.04 LSB error source in a 12-bit, 10 V full-scale system. In a single-sup-
ply system, however, a “rail-to-rail” precision amplifier with an offset voltage of 1 mV
represents a 0.8 LSB error in a 5V full-scale system, and 1.6 LSB error in a 2.5V full-
scale system.

To keep battery current drain low, larger resistors are usually used around the op amp.
Since the bias current flows through these larger resistors, they can generate offset er-
rors equal to or greater than the amplifier’s own offset voltage.

Gain accuracy in some low voltage single-supply devices is also reduced, so device
selection needs careful consideration. Many amplifiers having open-loop gains in the
millions typically operate on dual supplies: for example, the OPO7 family types. How-
ever, many single-supply/rail-to-rail amplifiers for precision applications typically have
open-loop gains between 25,000 and 30,000 under light loading (>10 k€2). Selected
devices, like the OP113/213/413 family, do have high open-loop gains (i.e., > 1M).
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Many trade-offs are possible in the design of a single-supply amplifier circuit: speed
Versus power, noise versus power, precision versus speed and power, etc. Even if the
noise floor remains constant (highly unlikely), the signal-to-noise ratio will drop as
the signal amplitude decreases.

Besides these limitations, many other design considerations that are otherwise minor
issues in dual-supply amplifiers now become important. For example, signal-to-noise
(SNR) performance degrades as a result of reduced signal swing. “Ground reference”
is no longer a simple choice, as one reference voltage may work for some devices,
but not others. Amplifier voltage noise increases as operating supply current drops,
and bandwidth decreases. Achieving adequate bandwidth and required precision with
a somewhat limited selection of amplifiers presents significant system design chal-
lenges in single-supply, low-power applications.

Most circuit designers take “ground” reference for granted. Many analog circuits
scale their input and output ranges about a ground reference. In dual-supply applica-
tions, a reference that splits the supplies (0 V) is very convenient, as there is equal
supply headroom in each direction, and 0 V is generally the voltage on the low imped-
ance ground plane.

In single-supply/rail-to-rail circuits, however, the ground reference can be chosen
anywhere within the supply range of the circuit, since there is no standard to follow.
The choice of ground reference depends on the type of signals processed and the am-
plifier characteristics. For example, choosing the negative rail as the ground reference
may optimize the dynamic range of an op amp whose output is designed to swing to
0 V. On the other hand, the signal may require level shifting in order to be compatible
with the input of other devices (such as ADCs) that are not designed to operate at 0 V
nput.

Early single-supply “zero-in, zero-out” amplifiers were designed on bipolar pro-
cesses which optimized the performance of the NPN transistors. The PNP transistors
were either lateral or substrate PNPs with much less bandwidth than the NPNs. Fully
complementary processes are now required for the new-breed of single-supply/rail-to-
rail operational amplifiers. These new amplifier designs do not use lateral or substrate
PNP transistors within the signal path, but incorporate parallel NPN and PNP in-

put stages to accommodate input signal swings from ground to the positive supply
rail. Furthermore, rail-to-rail output stages are designed with bipolar NPN and PNP
common-emitter, or N-channel/P-channel common-source amplifiers whose collec-
tor-emitter saturation voltage or drain-source channel on-resistance determine output
signal swing as a function of the load current.
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The characteristics of a single-supply amplifier input stage (common mode rejection,
input offset voltage and its temperature coefficient, and noise) are critical in preci-
sion, low-voltage applications. Rail-to-rail input operational amplifiers must resolve
small signals, whether their inputs are at ground, or in some cases near the amplifier’s
positive supply. Amplifiers having a minimum of 60 dB common mode rejection over
the entire input common mode voltage range from 0 V to the positive supply are good
candidates. It is not necessary that amplifiers maintain common mode rejection for
signals beyond the supply voltages: what is required is that they do not self-destruct
for momentary overvoltage conditions. Furthermore, amplifiers that have offset volt-
ages less than 1 mV and offset voltage drifts less than 2 uV/°C are also very good
candidates for precision applications. Since input signal dynamic range and SNR are
equally if not more important than output dynamic range and SNR, precision single-
supply/rail-to-rail operational amplifiers should have noise levels referred-to-input
(RTTI) less than 5 uVp-p in the 0.1 Hz to 10 Hz band.

The need for rail-to-rail amplifier output stages is driven by the need to maintain wide
dynamic range in low-supply voltage applications. A single-supply/rail-to-rail ampli-
fier should have output voltage swings which are within at least 100 mV of either
supply rail (under a nominal load). The output voltage swing is very dependent on
output stage topology and load current. The voltage swing of a good output stage
should maintain its rated swing for loads down to 10 k€. The smaller the V,; and

the larger the V, the better. System parameters, such as “zero-scale” or “full-scale”
output voltage, should be determined by an amplifier’s V, (for zero-scale) and V
(for full-scale).

Since the majority of single-supply data acquisition systems require at least 12- to 14-
bit performance, amplifiers which exhibit an open-loop gain greater than 30,000 for
all loading conditions are good choices in precision applications.

Single Supply Op Amp Input Stages

There is some demand for op amps whose input common mode voltage includes both
supply rails. Such a feature is undoubtedly useful in some applications, but engineers
should recognize that there are relatively few applications where it is absolutely es-
sential. These should be carefully distinguished from the many applications where
common mode range close to the supplies or one that includes one of the supplies is
necessary, but input rail-to-rail operation is not.

In many single-supply applications, it is required that the input go to only one of the
supply rails (usually ground). High-side or low-side sensing applications are good
examples of this. Amplifiers which will handle zero-volt inputs are relatively easily
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designed using PNP differ- +Vg
ential pairs (or N-channel

JFET pairs) as shown in

Figure 4.2.19. The input PNPs
common mode range of such

an op amp extends from
about 200 mV below the
negative supply to within L
about 1 V of the positive
supply.
_Vs
The input stage could also Vs
be designed with NPN Figure 4.2.19: PNP or N-channel JFET stages
transistors (or P-channel allow input signal to go to the negative rail.

JFETsS), in which case the

input common mode range would include the positive rail and to within about 1 V of
the negative rail. This requirement typically occurs in applications such as high-side
current sensing, a low-frequency measurement application. The OP282/0OP482 input
stage uses the P-channel JFET input pair whose input common mode range includes
the positive rail. Other circuit topologies for high-side sensing (such as the AD626)
use the precision resistors to attenuate the common mode voltage.

True rail-to-rail input stages require two long-tailed pairs (see Figure 4.2.20), one of
NPN bipolar transistors (or N-channel JFETSs), the other of PNP transistors (or P-
channel JFETSs). These two pairs exhibit different offsets and bias currents, so when
the applied input common mode voltage

DU V.
changes, the amplifier input offset voltage s
and input bias current does also. In fact, g
when both current sources remain ac- ®

tive throughout the entire input common
mode range, amplifier input offset voltage

Qi
is the average offset voltage of the NPN

pair and the PNP pair. In those designs o=

where the current sources are alternative- o

ly switched off at some point along the % """" @
input common mode voltage, amplifier

input offset voltage is dominated by the
PNP pair offset voltage for signals near
the negative supply, and by the NPN pair  Figure 4.2.20: True rail-to-rail input stage.
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offset voltage for signals near the positive supply. It should be noted that true rail- to-
rail input stages can also be constructed from CMOS transistors as in the case of the
0OP250/450 and the AD8531/8532/8534.

Amplifier input bias current, a function of transistor current gain, is also a function
of the applied input common mode voltage. The result is relatively poor common
mode rejection (CMR), and a changing common mode input impedance over the
common mode input voltage range, compared to familiar dual-supply devices. These
specifications should be considered carefully when choosing a rail-rail input op amp,
especially for a non-inverting configuration. Input offset voltage, input bias current,
and even CMR may be quite good over part of the common mode range, but much
worse in the region where operation shifts between the NPN and PNP devices and
vice versa.

True rail-to-rail amplifier input stage designs must transition from one differential
pair to the other differential pair somewhere along the input common mode voltage
range. Some devices like the OP191/291/491 family and the OP279 have a common
mode crossover threshold at approximately 1 V below the positive supply. The PNP
differential input stage is active from about 200 mV below the negative supply to
within about 1 V of the positive supply. Over this common mode range, amplifier in-
put offset voltage, input bias current, CMR, input noise voltage/current are primarily
determined by the characteristics of the PNP differential pair. At the crossover thresh-
old, however, amplifier input offset voltage becomes the average offset voltage of the
NPN/PNP pairs and can change rapidly. Also, amplifier bias currents, dominated by
the PNP differential pair over most of the input common mode range, change polar-
ity and magnitude at the crossover threshold when the NPN differential pair becomes
active.

Op amps like the OP184/284/484 utilize a rail-to-rail input stage design where both
NPN and PNP transistor pairs are active throughout the entire input common mode
voltage range, and there is no common mode crossover threshold. Amplifier input
offset voltage is the average offset voltage of the NPN and the PNP stages. Amplifier
input offset voltage exhibits a smooth transition throughout the entire input common
mode range because of careful laser trimming of the resistors in the input stage. In
the same manner, through careful input stage current balancing and input transistor
design, amplifier input bias currents also exhibit a smooth transition throughout the
entire common mode input voltage range. The exception occurs at the extremes of the
input common mode range, where amplifier offset voltages and bias currents increase
sharply due to the slight forward-biasing of parasitic p-n junctions. This occurs for
input voltages within approximately 1 V of either supply rail.
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When both differential pairs are active throughout the entire input common mode
range, amplifier transient response is faster through the middle of the common mode
range by as much as a factor of 2 for bipolar input stages and by a factor of \2 for
JFET input stages. Input stage transconductance determines the slew rate and the
unity-gain crossover frequency of the amplifier, hence response time degrades slightly
at the extremes of the input common mode range when either the PNP stage (signals
approaching the positive supply rail) or the NPN stage (signals approaching the nega-
tive supply rail) are forced into cutoff. The thresholds at which the transconductance
changes occur are approximately within 1 V of either supply rail, and the behavior is
similar to that of the input bias currents.

Applications which require true rail-rail inputs should therefore be carefully evaluat-
ed, and the amplifier chosen to ensure that its input offset voltage, input bias current,
common mode rejection, and noise (voltage and current) are suitable.

Single Supply Op Amp Output Stages

The earliest IC op amp output stages were NPN emitter followers with NPN current
sources or resistive pull-downs, as shown in the left-hand diagram of Figure 4.2.21.
Naturally, the slew rates were greater for positive-going than for negative-going sig-
nals. While all modern op amps have push-pull output stages of some sort, many are
still asymmetrical, and have a greater slew rate in one direction than the other. Asym-
metry tends to introduce distortion on AC signals and generally results from the use
of IC processes with faster NPN than PNP transistors. It may also result in the ability
of the output to approach one supply more closely than the other.

In many applications, the output is required to swing only to one rail, usually the
negative rail (i.e., ground in single-supply systems). A pull-down resistor to the nega-
tive rail will allow the output to approach that rail (provided the load impedance is
high enough, or is also grounded to that rail), but only slowly. Using an FET current
source instead of a resistor can speed things up, but this adds complexity.

With new complementary bipolar processes (CB), well matched high speed PNP

and NPN transistors are available. The complementary emitter follower output stage
shown in the right-hand diagram of Figure 4.2.21 has many advantages including low
output impedance. However, the output can only swing within about one Vy drop

of either supply rail. An output swing of +1 V to +4 V is typical of such stages when
operated on a single +5 V supply.
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"""" +Vg s Vg R
-----1 NPN -----{ NMOS
Vour Vour
Vour
------ NPN -{ NMOS
-V, Vg
S S —Vs
Figure 4.2.21: Traditional output stages.
"""""" +Vs mmmmmmmmm——— +VS
--------- PNP --------{ PMOS
Vour Vour
_________ NPN --------{ NMOS
"""""" —Vs I —VS
SWINGS LIMITED BY SWINGS LIMITED BY
SATURATION VOLTAGE FET "ON™ RESISTANCE

Figure 4.2.22: “Almost” rail-to-rail output structures.

The complementary common-emitter/common-source output stages shown in Figure
4.2.22 allow the output voltage to swing much closer to the output rails, but these
stages have higher open loop output impedance than the emitter follower- based stag-
es. In practice, however, the amplifier’s open loop gain and local feedback produce an
apparent low output impedance, particularly at frequencies below 10 Hz.
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The complementary common emitter output stage using BJTs (left-hand diagram in
Figure 4.2.22) cannot swing completely to the rails, but only to within the transistor
saturation voltage (Vgsur) Of the rails. For small amounts of load current (less than
100 pA), the saturation voltage may be as low as 5 to 10 mV, but for higher load cur-
rents, the saturation voltage can increase to several hundred mV (for example, 500
mV at 50 mA).

On the other hand, an output stage constructed of CMOS FETSs can provide nearly
true rail-to-rail performance, but only under no-load conditions. If the output must
source or sink current, the output swing is reduced by the voltage dropped across the
FETs internal “on” resistance (typically, 100 € for precision amplifiers, but can be
less than 10 € for high current drive CMOS amplifiers).

For these reasons, it is apparent that there is no such thing as a true rail-to-rail output
stage, hence the title of Figure 4.2.22 (“almost” rail-to-rail output stages).

Figure 4.2.23 summarizes the performance characteristics of a number of single- sup-
ply op amps suitable for some precision applications. The devices are listed in order
of increasing supply current. Single, dual, and quad versions of each op amp are
available, so the supply current is the normalized Ig,/amplifier for comparison. The in-
put and output voltage ranges (Vg = +5 V) are also supplied in the table. The “0, 4 V”
inputs are PNP pairs, with the exception of the AD820/822/824 which use N- Chan-
nel JFETs. Output stages having voltage ranges designated “5 mV, 4 V” are NPN
emitter-followers with current source pull-downs (OP193/293/493, OP113/213/413).
Output stages designated “R/R” use CMOS common source stages (OP181/281/481)

“*LISTED IN ORDER OF INCREASING SUPPLY CURRENT

“PART NO. |Vqog max| Vog TC |Ayo min |NOISE (1kHz)| INPUT | OUTPUT | I5,/AMP

OP181/281/481 | 1500uV | 10uV/°C M 70nViVHz 0, 4V "R/IR" 4pA

OP193/293/493 | 754V | 0.2uV/°C| 200k 65nV/VHz 0,4V | 5mV, 4V | 15pA

OP196/296/496 | 3004V |1.5uV/°C| 150k 26nVivHz R/R "R/IR" 50uA

OP191/291/491 | 7004V |1.1pvieC| 25k 35nVHz R/R "R/IR™ | 400pA

*ADB20/822/824| 400pV | 2uVvi°C | 500k 16nVHHz 0, 4V "R/R" | 800pA

OP184/284/484 | 654V | 0.2uV/°C| 50k 3.9nVHHz R/R "RIR™ | 1250pA

OP113/213/413 | 125uV |0.2uV/°C|  2M 47nVHHz | 0,4V |5mV, 4V | 1750uA

*JFET INPUT NOTE: Unless Otherwise Stated
Specifications are Typical @ +25°C
Vg =45V

Figure 4.2.23: Precision single-supply op amp
performance characteristics.
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or CB common emitter stages (OP196/296/496, OP191/291/491, AD820/822/824,
OP184/284/484).

In summary, the following points should be considered when selecting amplifiers for
single-supply/rail-to-rail applications:

First, input offset voltage and input bias currents are a function of the applied input
common mode voltage (for true rail-to-rail input op amps). Circuits using this class
of amplifiers should be designed to minimize resulting errors. An inverting amplifier
configuration with a false ground reference at the non-inverting input prevents these
errors by holding the input common mode voltage constant. If the inverting amplifier
configuration cannot be used, then amplifiers like the OP184/284/0OP484 which do
not exhibit any common mode crossover thresholds should be used.

Second, since input bias currents are not always small and can exhibit different po-
larities, source impedance levels should be carefully matched to minimize additional
input bias current-induced offset voltages and increased distortion. Again, consider
using amplifiers that exhibit a smooth input bias current transition throughout the ap-
plied input common mode voltage.

Third, rail-to-rail amplifier output stages exhibit load-dependent gain which affects
amplifier open-loop gain, and hence closed-loop gain accuracy. Amplifiers with
open-loop gains greater than 30,000 for resistive loads less than 10 k€2 are good
choices in precision applications. For applications not requiring full rail-rail swings,
device families like the OP113/213/413 and OP193/293/493 offer DC gains of
200,000 or more.

Lastly, no matter what claims are made, rail-to-rail output voltage swings are func-
tions of the amplifier’s output stage devices and load current. The saturation voltage
(Vrsar), saturation resistance (Rg,;) for bipolar output stages, and FET on-resistance
for CMOS output stages, as well as load current all affect the amplifier output voltage
swing.

Op Amp Process Technologies

The wide variety of processes used to make op amps are shown in Figure 4.2.24. The
earliest op amps were made using standard NPN-based bipolar processes. The PNP
transistors available on these processes were extremely slow and were used primarily
for current sources and level shifting.

The ability to produce matching high speed PNP transistors on a bipolar process
added great flexibility to op amp circuit designs. These complementary bipolar (CB)
processes are widely used in today’s precision op amps, as well as those requiring
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wide bandwidths. The high- B BIPOLAR (NPN-BASED): This is Where it All Startedl!
Speed PNP transistors have ftS B COMPLEMENTARY BIPOLAR (CB): Rail-to-Rail, Precision, High Speed
which are greater than one- W BIPOLAR + JFET (BiFET): High Input Impedance, High Speed
half the f.s of the NPNs. B COMPLEMENTARY BIPOLAR + JFET (CBFET): High Input Impedance,
t
. Rail-to-Rail Cutput, High Speed
The addition of JFETS to

the complementary bipolar
process (CBFET) allow high = BIPOLAR + CMOS (BiCMOS): Bipolar Input Stage adds Linearity,

lnput lmpedance Op amps to Low Power, Rail-to-Rail Output
be designed suitable for such B COMPLEMENTARY BIPOLAR + CMOS (CBCMOS): Rail-to-Rail Inputs,
Rail-to-Rail Outputs, Good Linearity, Low Power

COMPLEMENTARY MOSFET (CMOS): Low Cost, Non-Critical Op Amps

applications as photodiode or
electrometer preamplifiers. Figure 4.2.24: Op amp process technology summary.

CMOS op amps, with a few

exceptions, generally have relatively poor offset voltage, drift, and voltage noise.
However, the input bias current is very low. They offer low power and cost, however,
and improved performance can be achieved with BIFET or CBFET processes.

The addition of bipolar or complementary devices to a CMOS process (BiMOS or
CBCMOS) adds great flexibility, better linearity, and low power. The bipolar devices
are typically used for the input stage to provide good gain and linearity, and CMOS
devices for the rail-to-rail output stage.

In summary, there is no single IC process which is optimum for all op amps. Process
selection and the resulting op amp design depends on the targeted applications and
ultimately should be transparent to the customer.

Instrumentation Amplifiers (In-Amps)

An instrumentation amplifier is a closed-loop gain block which has a differential
input and an output which is single-ended with respect to a reference terminal (see
Figure 4.2.25). The input impedances are balanced and have high values, typically 10° Q
or higher. Unlike an op amp, which has its closed-loop gain determined by external
resistors connected between its inverting input and its output, an in-amp employs an
internal feedback resistor network which is isolated from its signal input terminals.
With the input signal applied across the two differential inputs, gain is either preset
internally or is user-set by an internal (via pins) or external gain resistor, which is also
1solated from the signal inputs. Typical in-amp gain settings range from 1 to 10,000.

In order to be effective, an in-amp needs to be able to amplify microvolt-level sig-
nals, while simultaneously rejecting volts of common mode signal at its inputs. This
requires that in-amps have very high common mode rejection (CMR): typical values
of CMR are 70 dB to over 100 dB, with CMR usually improving at higher gains.
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It is important to note that RgZ  ARg
a CMR specification for

DC inputs alone is not COMMON

. . . MODE

sufficient in most practical  yo_race
applications. In indus-
trial applications, the most
common cause of external

interference is pickup from

the 50/60 Hz AC power

mains. Harmonics of the \

power mains frequency can v
also be troublesome. In dif- COMMON MODE ERROR (RTl) = LM

_ ' CMRR
ferential measurements, this

type of interference tends
to be induced equally onto

Figure 4.2.25: Instrumentation amplifier.

both in-amp inputs. The Rl R2

. . . vy © Ny * 'A%

interfering signal therefore

appears as a common mode y

signal to the in-amp. Speci- 00 14 B2

fying CMR over frequency CMR =20 log,g| —

1s more important than RT" RZ" K

Specifying its DC value. V20 VvV * A% %7 Where Kr = Total Fractional
Mismatch of R1 - R2

Imbalance in the source

R2
Vour = (V2-V4) gy

R2 _ R2
Ri = Rr CRITICAL FOR HIGH CMR
EXTREMELY SENSITIVE TO SOURCE IMPEDANCE IMBALANCE

0.1% TOTAL MISMATCH YIELDS ~ 66dB CMR FORR1=R2

impedance can degrade the
CMR of some in-amps.
Analog Devices fully speci-
fies in-amp CMR at 50/60
Hz with a source impedance Figure 4.2.26: Op amp subtractor.
imbalance of 1 kQ.

Low-frequency CMR of op amps, connected as subtractors as shown in Figure 4.2.26,
generally is a function of the resistors around the circuit, not the op amp. A mismatch
of only 0.1% in the resistor ratios will reduce the DC CMR to approximately 66dB.
Another problem with the simple op amp subtractor is that the input impedances are
relatively low and are unbalanced between the two sides. The input impedance seen
by V, is R,, but the input impedance seen by V, is R1” + R2’. This configuration can
be quite problematic in terms of CMR, since even a small source impedance imbal-
ance (~10 Q) will degrade the workable CMR.
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Instrumentation Amplifier Configurations

Instrumentation amplifier configurations are based on op amps, but the simple
subtractor circuit described above lacks the performance required for precision ap-
plications. An in-amp architecture which overcomes some of the weaknesses of the
subtractor circuit uses two op amps as shown in Figure 4.2.27. This circuit is typi-
cally referred to as the two op amp in-amp. Dual IC op amps are used in most cases
for good matching. The circuit gain may be trimmed with an external resistor, RG.
The input impedance is high, permitting the impedance of the signal sources to be
high and unbalanced. The DC common mode rejection is limited by the matching of
R1/R2 to R1’/R2’. If there is a mismatch in any of the four resistors, the DC common
mode rejection is limited to:

GAIN x100 }

OAN X Eq. 4.2.12
Y9oMISMATCH

CMR <20 log[
There is an implicit advantage to this configuration due to the gain executed on the
signal. This raises the CMR in proportion.

Integrated instrumentation amplifiers are particularly well suited to meeting the
combined needs of ratio matching and temperature tracking of the gain-setting resis-
tors. While thin film resistors fabricated on silicon have an initial tolerance of up to
+20%, laser trimming during production allows the ratio error between the resistors to
be reduced to 0.01% (100 ppm). Furthermore, the tracking between the temperature
coefficients of the thin film resistors is inherently low and is typically less than 3 ppm/
°C (0.0003%/°C).

Va2 o
v Vour
07
1 +
Al @_/\/\/_‘
v, RT"
R1 v,
/"—’\/\/—'
R2'
721 A
- Rg R2 2Rz
c R2 G =1+ R 'R
R2 2R2
v Bl Vour = Wz“’ﬂE"‘ﬁ +?G] *+ Vrer
VRer
R2 _ R2'
. R1 R1'
GAIN x 100
B CMR< 20log [% MISMATCH

Figure 4.2.27: Two op amp instrumentation amplifier.
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When dual supplies are used, Vg is normally connected directly to ground. In single
supply applications, Vg is usually connected to a low impedance voltage source
equal to one-half the supply voltage. The gain from Vg, to node “A” is R1/R2, and
the gain from node “A” to the output is R2’/R1’. This makes the gain from Vg to the
output equal to unity, assuming perfect ratio matching. Note that it is critical that the
source impedance seen by Vg be low, otherwise CMR will be degraded.

One major disadvantage of this design is that common mode voltage input range must
be traded off against gain. The amplifier A1 must amplify the signal at V, by

1+ K Eq.4.2.13

R2
If R1 >> R2 (low gain in Figure 4.2.27), A1 will saturate if the common mode signal
is too high, leaving no headroom to amplify the wanted differential signal. For high
gains (R1<< R2), there is correspondingly more headroom at node “A” allowing
larger common mode input voltages.

The AC common mode rejection of this configuration is generally poor because the
signal from V| to V has the additional phase shift of Al. In addition, the two am-
plifiers are operating at different closed-loop gains (and thus at different bandwidths).
The use of a small trim capacitor “C” as shown in the diagram can improve the AC
CMR somewhat.

A low gain (G = 2) single supply two op amp in-amp configuration results when R
is not used, and is shown in Figure 4.2.28. The input common mode and differential
signals must be limited to values which prevent saturation of either A1 or A2. In the

Voo
Vaurt
v, o——, Vou=4.9V
Vo, =0.1V Vou=4.9V
A1 AN Vo =0.1V
R1
rR1 10k
Ny
10k
R2 W vz 1|6 -1WVo + VRer| » 1.3v
10kQ2 ' G = 0
VRer & 2.5V

1
| V1,MAxSEEG-1)V0H+VREE| <37V
VRer = !QH;—VQL =25V VeV
W |v,-vy|max s ~M5" <24v

Figure 4.2.28: Single supply restrictions: Vo= +5\V, G = 2.
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example, the op amps remain linear to within 0.1 V of the supply rails, and their upper
and lower output limits are designated Vo and V,, respectively. Using the equations
shown in the diagram, the voltage at V, must fall between 1.3 V and 2.4 V to prevent
A1l from saturating. Notice that Vg 1s connected to the average of Vg, and Vi, (2.5
V). This allows for bipolar differential input signals with V;; referenced to +2.5 V.

A high gain (G = 100) single

. Vao
supply twg Op amp in-amp . . Vour
configuration is shown in 1 + Vor=o.v Vou=4.8V
Figure 4.2.29. Using the A ’—® v Vou=0.1v
same equations, note that the ~R1 10k
voltage at V, can now swing My
10k 990k

between 0.124 V and 4.876 w2
V. Again, Vg 1s conn§cted 990k02 W vz L (G—1)V0L+VRE§ > 0128V
to 2.5V to allow for bipo- vo | 25y

. . . REF -
lar differential input and W Vs 2| ©-1Voy +VR% < 4876V
output signals. Vegr = Yon*Vou _, gy

. . W |v,-v ¢« You—Vou 048y
The above discussion V2= Vi oax =

shows that regardless of  Figure 4.2.29: Single supply restrictions: Vs =+5V, G = 100.
gain, the basic two op

amp in-amp does not allow for
zero-volt common mode input
voltages when operated on a
single supply. This limitation can
be overcome using the circuit
shown in Figure 4.2.30 which

is implemented in the AD627
in-amp. Each op amp is com-
posed of a PNP common emitter
input stage and a gain stage,
designated Q1/A1 and Q2/A2,
respectively. The PNP transistors
not only provide gain but also Figure 4.2.30: AD627 in-amp architecture.
level shift the input signal posi-

tive by about 0.5V, thereby allowing the common mode input voltage to go to 0.1 V
below the negative supply rail. The maximum positive input voltage allowed is 1 V
less than the positive supply rail.

f Vour = G(Va~ Vq) + VRer

O VRer 43 Vg
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The AD627 in-amp delivers rail-to-rail output swing and operates over a wide supply
voltage range (+2.7 V to £18 V). Without R, the external gain setting resistor, the
in-amp gain is 5. Gains up to 1000 can be set with a single external resistor. Com-
mon mode rejection of the AD627B at 60 Hz with a 1 k€ source imbalance is 85dB
when operating on a single +3 V supply and G = 5. Even though the AD627 is a two
op amp in-amp, a patented circuit keeps the CMR flat out to a much higher frequency
than would be achievable with a conventional discrete two op amp in-amp. The
ADG627 data sheet (available at http://www.analog.com) has a detailed discussion of
allowable input/output voltage ranges as a function of gain and power supply volt-
ages. Key specifications for the AD627 are summarized in Figure 4.2.31.

Wide Supply Range : +2.7V to 18V

Input Voltage Range: -Vg— 0.1V to +Vg -1V
Figure 4.2.31: AD627
in-amp key specifications.

85pA Supply Current

Gain Range: 5 to 1000

750V Maximum Input Offset Volage (AD627B)
10ppm/°C Maximum Offset Voltage TC (AD627B)
10ppm Gain Nonlinearity

85dB CMR @ 60Hz, 1k Source Imbalance (G = 5)
3uV p-p 0.1Hz to 10Hz Input Voltage Noise (G = 5)

For true balanced high impedance inputs, three op amps may be connected to form
the in-amp shown in Figure 4.2.32. This circuit is typically referred to as the three

op amp in-amp. The gain of the amplifier is set by the resistor, R, which may be
internal, external, or (software or pin-strap) programmable. In this configuration,
CMR depends upon the ratio matching of R3/R2 to R3’/R2’. Furthermore, common
mode signals are only amplified by a factor of 1 regardless of gain (no common mode
voltage will appear across Rg,
hence, no common mode cur-
rent will flow in it because the
input terminals of an op amp
will have no significant poten-
tial difference between them).
Thus, CMR will theoretically
increase in direct proportion
to gain. Large common mode
signals (within the A1-A2 op
amp headroom limits) may be
handled at all gains. Finally,  Figure 4.2.32: Three op amp instrumentation amplifier.

R2' R3'

Vour

R2 R3
A2 4vaY, AAY

+ = 2R1
M Vour = Vsm'%: 1+ ?e] * Veer

VRer
O

GAIN * 100 _ o 4. 2R
H cMR< 20log [% MISMATCH B FR2=R3, G=1+ Re
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because of the symmetry of this configuration, common mode errors in the input
amplifiers, if they track, tend to be canceled out by the subtractor output stage. These
features explain the popularity of the three op amp in-amp configuration.

The classic three op amp con-

figuration has been used in a [ +v
number of monolithic IC instru- Cb C‘? QB R, = 2440
mentation amplifiers. Besides

offering excellent matching be- L
tween the three internal op amps, OJERNV A2
thin film laser trimmed resistors
provide excellent ratio match-
ing and gain accuracy at much o #nQ 247k
lower cost than using discrete op f‘?"/"\;lx % Rs T

amps and resistor networks. The - @
ADG620 is an excellent example .
of monolithic in-amp technol- bvs

ogy, and a simplified schematic Figure 4.2.33: AD620 in-amp simplified schematic.
1s shown in Figure 4.2.33.

The AD620 is a highly popular in-amp and is specified for power supply voltages
from £2.3 V to £18 V. Input voltage noise is only 9 nVAHz @ 1 kHz. Maximum
input bias current is only 1 nA maximum because of the Superbeta input stage.

Overvoltage protection is provided by the internal 400 €2 thin-film current-limit resis-
tors in conjunction with the diodes which are connected from the emitter-to- base of
Q1 and Q2. The gain is set with a single external R resistor. The appropriate inter-
nal resistors are trimmed so that
standard 1% or 0.1% resistors can
be used to set the AD620 gain to
popular gain values.

GV,
+ 2Vsic
/ Vou+ —3
R2' R2

A

Vou=4.9V

As in the case of the two op amp VoL =01V

in-amp configuration, single sup-

) Vou=4.9V Vgu=4.9V
ply operation of the three op amp Vom0V VoL=o.v
. . Vour= GVgig * VRer
in-amp requires an understand- R2 R2

ing of the internal node voltages. W Vv Veer =28V
Figure 4.2.34 shows a generalized . \ Vou - Ssie

diagram of the in-amp operat- €= "R

ing on a single +5 V supply. Figure 4.2.34: Three op amp in-amp

The maximum and minimum single +5 V supply restrictions.
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allowable output voltages of the individual op amps are designated V,, (maximum
high output) and V,; (minimum low output) respectively. Note that the gain from the
common mode voltage to the outputs of Al and A2 is unity, and that the sum of the
common mode voltage and the signal voltage at these outputs must fall within the
amplifier output voltage range. It is obvious that this configuration cannot handle
input common mode voltages of either zero volts or +5 V because of saturation of Al
and A2. As in the case of the two op amp in-amp, the output reference is positioned
halfway between Vg and V, in order to allow for bipolar differential input signals.

This chapter has emphasized the operation of high performance linear circuits from
a single, low-voltage supply (5 V or less) is a common requirement. While there are
many precision single supply operational amplifiers, such as the OP213, the OP291,
and the OP284, and some good single-supply instrumentation amplifiers, the highest
performance instrumentation amplifiers are still specified for dual-supply operation.

One way to achieve both high precision and single-supply operation takes advantage
of the fact that several popular sensors (e.g., strain gages) provide an output signal
centered around the (approximate) mid-point of the supply voltage (or the reference
voltage), where the inputs of the signal conditioning amplifier need not operate near
“ground” or the positive supply voltage.

Under these conditions, a dual-supply instrumentation amplifier referenced to the
supply mid-point followed by a “rail-to-rail” operational amplifier gain stage provides
very high DC precision. Figure 4.2.35 illustrates one such high-performance instru-
mentation amplifier operating on a single, +5 V supply. This circuit uses an AD620
low-cost precision instrumentation amplifier for the input stage, and an AD822 JFET-
input dual rail-to-rail output operational amplifier for the output stage.

In this circuit, R3 and R4 form a sy’ IR
Vaic \IL L P1 l

10Hz
NOISE
FILTER

voltage divider which splits the R
supply voltage in half to +2.5'V, . $ o @
with fine adjustment provided +2.5v B auga | |

. . . ADE20 A Vour
by a trimming potentiometer, REF R
p? 10mV TO 498V

P1. This voltage is applied to the

input of A1, an AD822 which .

buffers it and provides a low-im- A1, A2= 172 ADE22 - § A Veer
pedance source needed to drive e ™ . v
the AD620’s reference pin. The i

ADG620’s Reference pin has a 10 k€ Y%

input resistance and an input sig- Figure 4.2.35: A precision single-supply

nal current of up to 200pA. The composite in-amp with rail-to-rail output.
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other half of the AD822 is connected as a gain-of-3 inverter, so that it can output +2.5
V, “rail-to-rail,” with only +0.83 V required of the AD620. This output voltage level
of the AD620 is well within the AD620’s capability, thus ensuring high linearity for
the “dual-supply” front end. Note that the final output voltage must be measured with
respect to the +2.5 'V reference, and not to GND.

The general gain expression for this composite instrumentation amplifier is the prod-
uct of the AD620 and the inverting amplifier gains:

GAIN = 49'4kQ+1 (R_2) Eq.4.2.14
R, RI

For this example, an overall gain of 10 is realized with R; = 21.5 k€2 (closest standard
value). The table (Figure 4.2.36) summarizes various R/gain values and performance.

In this application, the allowable

. ’ . CIRCUIT Rs | Vgg RTlI | TC Vg, RTI | NONLINEARITY| BANDWIDTH
input voltage on either input to GAN | © | V) wvree) (ppm) * (kHz)~
the AD620 must lie between +2 10 | 215k | 1000 1000 <50 600
V and +3.5 V in order to maintain 30 | 549k | 430 430 <50 800
linearity. For example, at an over- 100 | 153k | 215 215 <50 300
all circuit gain of 10, the common 300 | 499 | 150 150 <50 120
mode input voltage range spans 1000 | 149 | 150 150 <50 30
2.25V t0 3.25 'V, allowing room -

. * Nonlinearity Measured Over Qutput Range: 0.1V < Vg, < 4.80V
for the +£0.25 V full-scale differen- ** Without 10Hz Noise Filter
tial input voltage required to drive  Figure 4.2.36: Performance summary of the +5 V
the output £2.5 V about Vg single-supply AD620/AD822 composite in-amp.

The inverting configuration was

chosen for the output buffer to facilitate system output offset voltage adjustment by
summing currents into the A2 stage buffer’s feedback summing node. These offset
currents can be provided by an external DAC, or from a resistor connected to a refer-
ence voltage.

The AD822 rail-to-rail output stage exhibits a very clean transient response (not
shown) and a small-signal bandwidth over 100 kHz for gain configurations up to 300.
Note that excellent linearity is maintained over 0.1 V to 4.9 V V1. To reduce the
effects of unwanted noise pickup, a capacitor is recommended across A2’s feedback
resistance to limit the circuit bandwidth to the frequencies of interest.

In cases where zero-volt inputs are required, the AD623 single supply in-amp config-
uration shown in Figure 4.2.37 offers an attractive solution. The PNP emitter follower
level shifters, Q1/Q2, allow the input signal to go 150 mV below the negative supply
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and to within 1.5 V of the positive supply. The AD623 is fully specified for single
power supplies between +3 V and +12 V and dual supplies between +2.5 V and +6 V
(see Figure 4.2.38). The AD623 data sheet (available at http://www.analog.com) con-
tains an excellent discussion of allowable input/output voltage ranges as a function of
gain and power supply voltages.

50k0 50k0)

AN, B Wide Supply Range: +3V to 16V
4N B Input Voltage Range: —Vg—0.15V to +Vg- 1.5V
B 575pA Maximum Supply Current
v”‘ B Gain Range: 1 to 1000
B 100uV Maximum Input Offset Voltage (AD623B)
B 1pV/°C Maximum Offset Voltage TC (AD623B)
50kQ 50k Vrer
A A\ o B 50ppm Gain Nonlinearity
“N B 105dB CMR @ 60Hz, 1k() Source Imbalance, G > 100
B 3V p-p 0.1Hz to 10Hz Input Voltage Noise (G = 1)
Figure 4.2.37: AD623 single-supply Figure 4.2.38: AD623 in-amp
in-amp architecture. key specifications.

Instrumentation Amplifier DC Error Sources

The DC and noise specifications for instrumentation amplifiers differ slightly from
conventional op amps, so some discussion is required in order to fully understand the
eITor Sources.

The gain of an in-amp is usually set by a single resistor. If the resistor is external to
the in-amp, its value is either calculated from a formula or chosen from a table on the
data sheet, depending on the desired gain.

Absolute value laser wafer trimming allows the user to program gain accurately with
this single resistor. The absolute accuracy and temperature coefficient of this resis-
tor directly affects the in-amp gain accuracy and drift. Since the external resistor will
never exactly match the internal thin film resistor tempcos, a low TC (<25 ppm/°C)
metal film resistor should be chosen, preferably with a 0.1% or better accuracy.

Often specified as having a gain range of 1 to 1000, or 1 to 10,000, many in-amps will
work at higher gains, but the manufacturer will not guarantee a specific level of per-
formance at these high gains. In practice, as the gain-setting resistor becomes smaller,
any errors due to the resistance of the metal runs and bond wires become significant.
These errors, along with an increase in noise and drift, may make higher single-stage
gains impractical. In addition, input offset voltages can become quite sizable when
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reflected to output at high gains. For instance, a 0.5 mV input offset voltage becomes
5V at the output for a gain of 10,000. For high gains, the best practice is to use an
instrumentation amplifier as a preamplifier then use a post amplifier for further ampli-
fication.

In a pin-programmable gain in-amp such as the AD621, the gain setting resistors are
internal, well matched, and the gain accuracy and gain drift specifications include
their effects. The AD621 is otherwise generally similar to the externally gain-pro-
grammed AD620.

The gain error specification is the maximum deviation from the gain equation. Mono-
lithic in-amps such as the AD624C have very low factory trimmed gain errors, with
its maximum error of 0.02% at G =1 and 0.25% at G = 500 being typical for this high
quality in-amp. Notice that the gain error increases with increasing gain. Although
externally connected gain networks allow the user to set the gain exactly, the tem-
perature coefficients of the external resistors and the temperature differences between
individual resistors within the network all contribute to the overall gain error. If the
data is eventually digitized and presented to a digital processor, it may be possible to
correct for gain errors by measuring a known reference voltage and then multiplying
by a constant.

Nonlinearity is defined as the maximum deviation from a straight line on the plot of
output versus input. The straight line is drawn between the end-points of the actual
transfer function. Gain nonlinearity in a high quality in-amp is usually 0.01% (100
ppm) or less, and is relatively insensitive to gain over the recommended gain range.

The total input offset voltage of an in-amp consists of two components (see Figure
4.2.39). Input offset voltage, Vq, is that component of input offset which is reflected
to the output of the in-amp by the gain G. Output offset voltage, V4o, is independent
of gain. At low gains, output
offset voltage is dominant, while
at high gains input offset domi-
nates. The output offset voltage
drift is normally specified as
drift at G = 1 (where input ef-
fects are insignificant), while
input offset voltage drift is given
by a drift specification at a high
gain (where output offset effects
are negligible). The total output
offset error, referred to the input Figure 4.2.39: In-amp offset voltage model.

Rg/2 ARg Yosl Rg

B tos=[lp-lg |
v
Il OFFSET (RT) = %’ + Vg +IgARg +lgg(Rg + ARg)

B OFFSET(RTO) = Vggo + GEIOS, +IgARg +los(Rg + ARSE|

80



Sensor Signal Conditioning

(RTY), is equal to Vg + Vso/G. In-amp data sheets may specify Vg and Vg, sepa-
rately or give the total RTT input offset voltage for different values of gain.

Input bias currents may also produce offset errors in in-amp circuits (see Figure
4.2.39). If the source resistance, R, is unbalanced by an amount, ARg, (often the case
in bridge circuits), then there is an additional input offset voltage error due to the
bias current, equal to I;ARg (assuming that I;, = I = I;). This error is reflected to the
output, scaled by the gain G. The input offset current, I, creates an input offset volt-
age error across the source resistance, Rg + ARy, equal to [ s(Rg + ARy), which is also
reflected to the output by the gain, G.

In-amp common mode error is a function of both gain and frequency. Analog Devices
specifies in-amp CMR for a 1 k€ source impedance unbalance at a frequency of 60
Hz. The RTI common mode error is obtained by dividing the common mode voltage,
Veums by the common mode rejection ratio, CMRR.

Power supply rejection (PSR) ERROR SOURGE RTI VALUE
iS alSO a funCtiOn Of gain and Gain Accuracy (ppm) Gain Accuracy x FS Input
frequency. FOI- in_amps’ lt iS cus- Gain Nonlinearity (ppm) Gain Nonlinearity x FS Input
tomary to specify the sensitivity Input Offset Voltage, Vosi Vosi

Output Offset Voltage, Vg0 Voso * G
to eaCh power Supply Separately’ Input Bias Current, |g, Flowing in ARg IgARg
Now that all DC error sources have | input Offset Current, Igg, Flowing in Rg log(Rg + ARg)
been accounted for, a worst case Common Mode Input Valtage, Vey Vem ¥ CMRR
DC error budget can be calculated Power Supply Variation, AVs AVs * PSRR
by reflecting all the sources to the Figure 4.2.40: Instrumentation amplifier DC
in-amp input (Figure 4.2.40). errors referred to the input (RTI).

Instrumentation Amplifier Noise Sources

Since in-amps are primarily used to amplify small precision signals, it is important
to understand the effects of all the associated noise sources. The in-amp noise model
is shown in Figure 4.2.41. There are two sources of input voltage noise. The first is
represented as a noise source, Vy,, in series with the input, as in a conventional op
amp circuit. This noise is reflected to the output by the in-amp gain, G. The second
noise source is the output noise, Vy,, represented as a noise voltage in series with the
in-amp output. The output noise, shown here referred to V1, can be referred to the
input by dividing by the gain, G.

There are two noise sources associated with the input noise currents I, and I . Even
though Iy, and Iy_ are usually equal (I, = Iy =Iy), they are uncorrelated, and
therefore, the noise they each create must be summed in a root- sum-squares (RSS)
fashion. I, flows through one half of Ry, and I_the other half. This generates two
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noise voltages, each having an
amplitude, I[{R¢/2. Each of these
two noise sources is reflected to
the output by the in-amp gain, G.

The total output noise is calcu-
lated by combining all four noise
sources in an RSS manner:

In-amp data sheets often pres- B NoisE R =V;V'\/V"‘;2 v vt s RS

. 2
ent the total voltage noise RTI B nose wrore ¢ —
as a function of gain. This noise Fror= V;"\/ Vo +62E’mz+ e ]
spectral density includes both B BW =1.57 x IN-AMP Bandwidth @ Gain = G
the input (V) and output (Vo) Figure 4.2.41: In-amp noise model.

noise contributions. The input

current noise spectral density is specified separately. As in the case of op amps, the
total noise RTI must be integrated over the in-amp closed- loop bandwidth to com-
pute the RMS value. The bandwidth may be determined from data sheet curves which
show frequency response as a function of gain.

In-Amp Bridge Amplifier Error Budget Analysis

It is important to understand in-amp error sources in a typical application. Figure
4.2.42 shows a 350 € load cell which has a full scale output of 100 mV when excited
with a 10 V source. The AD620 is configured for a gain of 100 using the external

499 Q) gain-setting resistor. The table shows how each error source contributes to the
total unadjusted error of
2145ppm. The gain, off-
set, and CMR errors can

MAXIMUM ERROR CONTRIBUTION, +25°C
FULLSCALE: V) = 100mV, Vg1 = 10V

. + “ Vos 55uV +100mV 550ppm
be removed with a system ADB208 . _ los | 3500 % 0.50A :100mV | 1.8ppm
cahbratlon: The remaining | cunemer 045% 1500ppm
€Irors—gain nonhnearlty G =100 i Gain 40ppm 40ppm

. = Nonlinearity
and 0.1 Hz to 10 Hz noise 3500, 100mV FS onTnear
. LOAD CELL CMR Error 120dB
—cannot be removed with 1ppm 5V + 100mY | 50ppm
. . o 5°C, +

calibration and limit the c::zfs :;',525 ;@;szp v:‘ :: 5v o.1l1-l; :.oo:::z 280nV + 100mV 2.8ppm
system resolution to 42.8 los = 0.5nA max Total

. . Gain Error = 0.15% Unadjusted = 9 Bits Accurats | 2145ppm
ppm (approximately 14-bit Gain Nonlinearity = 40ppm Error

0.1Hz_to 10Hz Noise = 280nVp-p Resolution ]

accuracy). CMR = 120dB @ 60Hz Error ~ 14 Bits Accurate | 42.8ppm

Figure 4.2.42: AD620B bridge amplifier DC error budget.
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In-Amp Performance Tables

Figure 4.2.43 shows a selection of precision in-amps designed primarily for operation
on dual supplies. It should be noted that the AD620 is capable of single +5 V supply
operation (see Figure 4.2.35), but neither its input nor its output are capable of rail-to-
rail swings.

Gain Gain Vos Vos CMR | 0.1Hz to 10Hz

Accuracy | Nonlinearity | Max TC Min p-p Noise
ADS24C | 0.5%/P 100ppm 50uV 0.5pvrC 120dB 0.3uv
AD620B | 0.5%/R 40ppm 50pv 0.6pvrrc 120dB 0.28uV
AD621B1| 0.05% /P 10ppm 50pv 1.6pvrC 100dB 0.28pv
AD622 0.5% /R 40ppm 125uv 1uvieC 103dB 0.3uv
AD624C2| 0.25% /R 50ppm 25uV 0.25pV/°C 130dB 0.2pv
AD625C | 0.02% /R 50ppm 25uV 0.25uvreC 125dB 0.2pv
AMPOMA | 0.6%/R 50ppm 50pv 0.3pvrc 125dB 0.12pv
AMPO2E | 0.5% /R 60ppm 100pv 2pvrc 115dB 0.4pv

*/ P = Pin Programmable 16 =100

* /R = Resistor Programmable 2G =500

Figure 4.2.43: Precision in-amps: data for Vs = £15 'V, G = 1000.

Instrumentation amplifiers specifically designed for single supply operation are shown
in Figure 4.2.44. It should be noted that although the specifications in the figure are
given for a single +5 V supply, all of the amplifiers are also capable of dual supply
operation and are specified for both dual and single supply operation on their data
sheets. In addition, the AD623 and AD627 will operate on a single +3 V supply.

Gain Gain Vos Vos CMR | 0.1Hz to 10Hz | Supply
Accuracy| Nonlinearity| Max TC Min p-p Noise | Current
*
AD623B| 0.5%/R 50ppm  |100uV | 1pV/°C | 105dB 1.5V 575pA
ADE27B | 0.35%/R| 10ppm 75UV [1pW°C | 85dB 1.5uV 85pA
AMPO4E| 0.4%/R| 250ppm (150pV |3pV/*C | 90dB 0.7V 290pA
ADE26BY 0.6%/P| 200ppm |2.5mV |6uV/I°C | 80dB 2uv TO0A

*{ P = Pin Programmable 1 Differential Amplifier, G = 100
* { R = Resistor Programmable

Figure 4.2.44: Single supply in-amps: data for Vs = £5 V, G = 1000.

The AD626 is not a true in-amp but is a differential amplifier with a thin-film input at-
tenuator which allows the common mode voltage to exceed the supply voltages. This
device is designed primarily for high and low-side current-sensing applications. It will
also operate on a single +3 V supply.
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In-Amp Input Overvoltage Protection

As interface amplifiers for data acquisition systems, instrumentation amplifiers are
often subjected to input overloads, i.e., voltage levels in excess of the full scale for
the selected gain range. The manufacturer’s “absolute maximum” input ratings for
the device should be closely observed. As with op amps, many in-amps have abso-
lute maximum input voltage specifications equal to +V,. External series resistors (for

current limiting) and Schottky - g
diode clamps may be used to Rir z&
prevent overload, if necessary. o AN +
Some instrumentation amplifiers INPUTS ¢ % ° ouTPUT
have built-in overload protec- W *
tion circuits in the form of series Z‘§ ? y
b Ad ~Vs

resistors (thin film) or series-
. h B Always Observe Absolute Maximum Data Sheet Specsl
protection FETs. In-amps suc B Schottky Diode Clamps to the Supply Rails Will Limit
as the AMP-02 and the AD524 Input to Approximately +Vg 0.3V, TVSs Limit Differential Voltage
utilize s eries-protection FETS, M External Resistors ('.’r Internal Thll'-l-FI|m Resistors) Can Limit
K Input Current, but will Increase Noise
because they act as a low lmped' B Some In-Amps Have Series-Protection Input FETs for Lower Noise

ance during normal Operation, and Higher Input Over-Voltages (up to 160V, Depending on Device)
and a high impedance during Figure 4.2.45: Instrumentation amplifier
fault conditions. input overvoltage considerations.

An additional Transient Voltage Suppresser (TVS) may be required across the input
pins to limit the maximum differential input voltage. This is especially applicable to
three op amp in-amps operating at high gain with low values of Rg,.

Chopper Stabilized Amplifiers

For the lowest offset and drift performance, chopper-stabilized amplifiers may be the
only solution. The best bipolar amplifiers offer offset voltages of 10 uV and 0.1 uV/°C
drift. Offset voltages less than 5 uV with practically no measurable offset drift are
obtainable with choppers, albeit

with some penalties. cg";")l'rTIEE:R S = SAMPLE
The basic chopper amplifier ‘7 T ‘ _AUTO-ZETIO
circuit is shown in Figure 4.2.46. o VRV G @ S >
When the switches are in the z (

“Z” (auto-zero) position, capaci- o1

tors C2 and C3 are charged to T

the amplifier input and output ¢ *

offset voltage, respectively.

When the switches are in the “S” Figure 4.2.46: Classic chopper amplifier.
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(sample) position, V,y is connected to V; through the path comprised of R1, R2, C2,
the amplifier, C3, and R3. The chopping frequency is usually between a few hundred
Hz and several kHz, and it should be noted that because this is a sampling system, the
input frequency must be much less than one-half the chopping frequency in order to
prevent errors due to aliasing. The R1/C1 combination serves as an antialiasing filter.
It is also assumed that after a steady state condition is reached, there is only a mini-
mal amount of charge transferred during the switching cycles. The output capacitor,
C4, and the load, R,, must be chosen such that there is minimal V; droop during the
auto-zero cycle.

The basic chopper amplifier of Figure 4.2.46 can pass only very low frequencies
because of the input filtering required to prevent aliasing. The chopper-stabilized
architecture shown in Figure 4.2.47 is most often used in chopper amplifier imple-
mentations. In this circuit, Al is the main amplifier, and A2 is the nulling amplifier.
In the sample mode (switches in “S” position), the nulling amplifier, A2, monitors
the input offset voltage of Al

and drives its output to zero by  _yo ~ v
applying a suitable correcting Al o
voltage at A1’s null pin. Note, ANG . + T NULL
however, that A2 also has an

S = SAMPLE

input offset voltage, so it must

correct its own error before

attempting to null A1’s offset.

This is achieved in the auto-zero o
mode (switches in “Z” position)

by momentarily disconnecting

A2 from A1, shorting its inputs

together, and coupling its output Figure 4.2.47: Chopper stabalized amplifier.

to its own null pin. During the

auto-zero mode, the correction voltage for Al is momentarily held by C1. Similarly,
C2 holds the correction voltage for A2 during the sample mode. In modern IC chop-
per-stabilized op amps, the storage capacitors C1 and C2 are on-chip.

Z=AUTO-ZERO

Note in this architecture that the input signal is always connected to the output
through A1. The bandwidth of A1 thus determines the overall signal bandwidth, and
the input signal is not limited to less than one-half the chopping frequency as in the
case of the traditional chopper amplifier architecture. However, the switching action
does produce small transients at the chopping frequency which can mix with the input
signal frequency and produce in-band distortion.
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It is interesting to consider the effects of a chopper amplifier on low frequency 1/f
noise. If the chopping frequency is considerably higher than the 1/f corner frequency
of the input noise, the chopper-stabilized amplifier continuously nulls out the 1/f
noise on a sample-by-sample basis. Theoretically, a chopper op amp therefore has no
1/f noise. However, the chopping action produces wideband noise which is generally
much worse than that of a precision bipolar op amp.

Figure 4.2.48 shows the noise

INPUT VOLTAGE NOISE, nV / yHz

of a precision bipolar ampli- 30 : : 80 . .
¥\ Bipolar: OP177/AD707 Chopper: AD8551/52/54
fier (OP177/AD707) versus 25 N A 70 |
that of the AD8551/52/54 chop— N . W ... 1/F CORNER ... PO R SR N
per-stabilized op amp. The A Fc=07Hz
L . L[] RIERIN N A b 50
peak-to-peak noise in various Y -
. . nw
bandwidths is calculated for 10 frome ' nad R S
each in the table below the 5 30
01 1 10 100 0.01 0.1 1 10
graphs. Note that as the fre- FREQUENCY (Hz) FREQUENCY (Hz)
quency is lowered, the chopper NOISE BW | BIPOLAR (OP177/AD707) | CHOPPER (AD8551/52/54)
. . . 0.1Hz to 10Hz 0.238uV p-p 1.04 pV p-p
amplifier noise continues to 0.01Rz to Hz 0135V pp 0V pp
drop, while the bipolar ampli- 0.001Hz to 0.1Hz 0.1201V p-p 0.104pV p-p
0.0001Hz to 0.01Hz 0.118uV pp 0.033pV p-p

fier noise approaches a limit
determined by the 1/f corner fre-  Figure 4.2.48: Noise: bipolar vs. chopper amplifier.
quency and its white noise (see

Figure 4.2.9). At a very low frequency,
the noise performance of the chopper is
superior to that of the bipolar op amp.

The AD8551/8552/8554 family of chop-
per-stabilized op amps offers rail-to-rail
input and output single supply opera-
tion, low offset voltage, and low offset
drift. The storage capacitors are internal
to the IC, and no external capacitors
other than standard decoupling capaci- Figure 4.2.49: AD8551/52/54 chopper
tors are required. Key specifications for  stabilized rail-to-rail input/output amplifiers.
the devices are given in Figure 4.2.49.

It should be noted that extreme care must be taken when applying these devices to
avoid parasitic thermocouple effects in order to fully realize the offset and drift per-
formance.

Single Supply: +3V to +5V

5pV Max. Input Offset Voltage
0.04uV/°C Input Offset Voltage Drift
120dB CMR, PSR

100ps Overload Recovery Time

50nVHz Input Voltage Noise

]

]

]

]

W 300pA Supply Current / Op Amp
]

]

B 1.5MHz Gain-Bandwidth Product
]

Single (AD8551), Dual (AD8552) and Quad (AD8554)
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Isolation Amplifiers

There are many applications where it is desirable, or even essential, for a sensor to
have no direct (“‘galvanic”) electrical connection with the system to which it is sup-
plying data, either in order to avoid the possibility of dangerous voltages or currents
from one half of the system doing damage in the other, or to break an intractable
ground loop. Such a system is said to be “isolated,” and the arrangement which passes
a signal without galvanic connections is known as an “isolation barrier.”

The pI‘OtCCthIl of an isolation barrier B Sensoris at a High Potential Relative to Other Circuitry

works in both direCtiOHS, and may (or may become so under Fault Conditions)

be neede?d n elth§r, qr CV.CH in both. B Sensor May Not Carry Dangerous Voltages, Irrespective

The obvious application is where of Faults in Other Circuitry

a sensor may accidentally encoun- (e.g. Patient Monitoring and Intrinsically Safe Equipment
. for use with Explosive Gases)

ter high voltages, and the system

it is driving must be protected. Or W To Break Ground Loops

a sensor may need to be isolated Figure 4.2.50: Applications for isolation amplifiers.
from accidental high voltages aris-

ing downstream, in order to protect its environment: examples include the need to
prevent the ignition of explosive gases by sparks at sensors and the protection from
electric shock of patients whose ECG, EEG or EMG is being monitored. The ECG
case is interesting, as protection may be required in both directions: the patient must
be protected from accidental electric shock, but if the patient’s heart should stop, the
ECG machine must be protected from the very high voltages (>7.5 kV) applied to the
patient by the defibrillator which will be used to attempt to restart it.

Just as interference, or unwanted information, may be coupled by electric or magnetic
fields, or by electromagnetic radiation, these phenomena may be used for the trans-
mission of wanted information in the design of isolated systems. The most common
isolation amplifiers use transformers, which exploit magnetic fields, and another com-
mon type uses small high voltage capacitors, exploiting electric fields. Opto-isolators,
which consist of an LED and a photocell, provide isolation by using light, a form of
electromagnetic radiation. Different isolators have differing performance: some are
sufficiently linear to pass high accuracy analog signals across an isolation barrier,
with others the signal may need to be converted to digital form before transmission, if
accuracy is to be maintained, a common application for V/F converters.

Transformers are capable of analog accuracy of 12—-16 bits and bandwidths up to
several hundred kHz, but their maximum voltage rating rarely exceeds 10 kV, and
is often much lower. Capacitively coupled isolation amplifiers have lower accuracy,
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perhaps 12-bits maximum, lower bandwidth, and lower voltage ratings—but they are
cheap. Optical isolators are fast and cheap, and can be made with very high volt-

age ratings (4-7 kV is one of the more common ratings), but they have poor analog
domain linearity, and are not usually suitable for direct coupling of precision analog
signals.

Linearity and isolation voltage are not the only issues to be considered in the choice
of 1solation systems. Power is essential. Both the input and the output circuitry must
be powered, and unless there is a battery on the isolated side of the isolation bar-

rier (which is possible, but rarely convenient), some form of isolated power must be
provided. Systems using transformer isolation can easily use a transformer (either the
signal transformer or another one) to provide isolated power, but it is impractical to
transmit useful amounts of power by capacitive or optical means. Systems using these
forms of isolation must make other arrangements to obtain isolated power supplies—
this is a powerful consideration in favor of choosing transformer isolated isolation
amplifiers: they almost invariably include an isolated power supply.

The isolation amplifier has an input circuit that is galvanically isolated from the power
supply and the output circuit. In addition, there is minimal capacitance between the
input and the rest of the device. Therefore, there is no possibility for DC current flow,
and minimum AC coupling. Isolation amplifiers are intended for applications requir-
ing safe, accurate measurement of low frequency voltage or current (up to about 100
kHz) in the presence of high common-mode voltage (to thousands of volts) with high
common mode rejection. They are also useful for line-receiving of signals transmitted
at high impedance in noisy environments, and for safety in general-purpose measure-
ments, where DC and line-frequency leakage must be maintained at levels well below
certain mandated minimums. Principal applications are in electrical environments of
the kind associated with medical equipment, conventional and nuclear power plants,
automatic test equipment, and industrial process control systems.

In the basic two-port form, the output and power circuits are not isolated from one
another. In the three-port isolator shown in Figure 4.2.51, the input circuits, output
circuits, and power source are all isolated from one another. The figure shows the
circuit architecture of a self-contained isolator, the AD210. An isolator of this type
requires power from a two-terminal DC power supply. An internal oscillator (50 kHz)
converts the DC power to AC, which is transformer-coupled to the shielded input sec-
tion, then converted to DC for the input stage and the auxiliary power output. The AC
carrier is also modulated by the amplifier output, transformer-coupled to the output
stage, demodulated by a phase-sensitive demodulator (using the carrier as the refer-
ence), filtered, and buffered using isolated DC power derived from the carrier. The
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AD210 allows the user to select gains from 1 to 100 using an external resistor. Band-
width is 20 kHz, and voltage isolation is 2500 V RMS (continuous) and +3500 V peak
(continuous).

FB INPUT _” OUTPUT

DEMOD
moD :E j:FILTER

-IN

+N

lcom Ocom

+Viss

+Voss

INPUT [ OUTPUT
POWER POWER
SUPPLY SUPPLY

-Viss Voss

POWER
OSCILLATOR

A

PWR PWRCOM

Figure 4.2.51: AD210 3-port isolation amplifier.

The AD210 is a 3-port isolation amplifier: the power circuitry is isolated from both
the input and the output stages and may therefore be connected to either—or to nei-
ther. It uses transformer isolation to achieve 3500 V isolation with 12-bit accuracy.
Key specifications for the AD210 are summarized in Figure 4.2.52.

B Transformer Coupled
B High Common Mode Voltage Isolation: F/gure 4.2.52: AD210 isolation
# 2500V RMS Continuous amplifier key features.
4 13500V Peak Continuous
Wide Bandwidth: 20kHz (Full Power)

u
B 0.012% Maximum Linearity Error
N Input Amplifier: Gain 1 to 100

u

Isolated Input and Output Power Supplies, £15V, 15mA

A typical isolation amplifier application using the AD210 is shown in Figure 4.2.53. The
AD210 is used with an AD620 instrumentation amplifier in a current-sensing system for
motor control. The input of the AD210, being isolated, can be connected to a 110 or 230
V power line without any protection, and the isolated £15 V powers the AD620, which
senses the voltage drop in a small current sensing resistor. The 110 or 230 V RMS com-
mon-mode voltage is ignored by the isolated system. The AD620 is used to improve
system accuracy: the V4 of the AD210 is 15 mV, while the AD620 has V4 of 30 uV and
correspondingly lower drift. If higher DC offset and drift are acceptable, the AD620 may
be omitted, and the AD210 used directly at a closed loop gain of 100.
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O HIGH VOLAGE
AC INPUT < 2500V RMS

FB INPUT g OUTRUT

N
> DEMOD
#N . moD :[ ]:

INPUT “Voge
POWER :l:
SUPPLY

Rg = 4990

FER G = 100 AD210

Figure 4.2.53: Motor control currrent sensing.
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4.3 Analog to Digital Converters for Signal Conditioning

The trend in ADCs and DAC:s is toward higher speeds and higher resolutions at re-
duced power levels. Modern data converters generally operate on +5 V (dual supply)
or +5 V (single supply). In fact, many new converters operate on a single +3 V sup-
ply. This trend has created a number of design and applications problems which were
much less important in earlier data converters, where =15 V supplies and £10 V input
ranges were the standard.

Lower supply voltages imply smaller input voltage ranges, and hence more suscepti-
bility to noise from all potential sources: power supplies, references, digital signals,
EMI/RFI, and probably most important, improper layout, grounding, and decoupling
techniques. Single-supply ADCs often have an input range which is not referenced
to ground. Finding compatible single-supply drive amplifiers and dealing with level
shifting of the input signal in direct-coupled applications also becomes a challenge.

In spite of these issues, components are now available which allow extremely high
resolutions at low supply voltages and low power. This section discusses the ap-
plications problems associated with such components and shows techniques for
successfully designing them into systems.

The most popular precision signal conditioning ADCs are based on two fundamental
architectures: successive approximation and sigma-delta. The tracking ADC archi-
tecture is particularly suited for resolver-to-digital converters, but it is rarely used in
other precision signal conditioning applications. The flash converter and the subrang-
ing (or pipelined) converter architectures are widely used where sampling frequencies
extend into the megahertz and hundreds of megahertz region, but are overkills in both
speed and cost for low frequency precision signal conditioning applications.

B Typical Supply Voltages: +5V, +5V, +5/+3V, +3V
Lower Signal Swings Increase Sensitivity to Figure 4.3.1: Low power, low

all Types of Noise (Device, Power Supply, Logic, etc.) vo/tage ADC des/gn issues
Device Noise Increases at Low Currents

Common Mode Input Voltage Restrictions

Input Buffer Amplifier Selection Critical

Auto-Calibration Modes Desirable at High Resolutions
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B Successive Approximation

4 Resolutions to 16-bits Figure 4.3.2:
& Minimal Throughput Delay Time ADCs for signal conditioning.
4 Used in Multiplexed Data Acquisition Systems

B Sigma-Delta
4 Resolutions to 24-bits
4 Excellent Differential Linearity
4 Internal Digital Filter, Excellent AC Line Rejection
4 Long Throughput Delay Time

4 Difficult to Multiplex Inputs Due to Digital Filter
Settling Time

B High Speed Architectures:
4 Flash Converter

4 Subranging or Pipelined

Successive Approximation ADCs

The successive approximation ADC has been the mainstay of signal conditioning for
many years. Recent design improvements have extended the sampling frequency of
these ADC:s into the megahertz region. The use of internal switched capacitor tech-
niques along with auto calibration techniques extend the resolution of these ADCs to
16-bits on standard CMOS processes without the need for expensive thin-film laser
trimming.

The basic successive approximation ADC is shown in Figure 4.3.3. It performs
conversions on command. On the assertion of the CONVERT START command, the
sample-and-hold (SHA) is placed in the hold mode, and all the bits of the succes-

sive approximation register (SAR) are CONVERT
reset to “0” except the MSB which ; SRR
s 133 i . TIMIN

is set to “1”. The SAR output drives ANALOG ! COMPARATOR .
the internal DAC. If the DAC output o— ! DRDY,

. . . OR BUSY
is greater than the analog input, this i >— SUGGESSIVE

bit in the SAR is reset, otherwise it is |: APPROXIMATION

left set. The next most significant bit 5AG GAR

is then set to “1”. If the DAC output is

greater than the analog input, this bit oot

in the SAR is reset, otherwise it is left

set. The process is repeated with each Figure 4.3.3. Successive approximation ADC.
bit in turn. When all the bits have been

set, tested, and reset or not as appropriate, the contents of the SAR correspond to the
value of the analog input, and the conversion is complete.
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The end of conversion is generally indicated by an end-of-convert (EOC), data-ready
(DRDY), or a busy signal (actually, not-BUSY indicates end of conversion). The
polarities and name of this signal may be different for different SAR ADCs, but the
fundamental concept is the same. At the beginning of the conversion interval, the
signal goes high (or low) and remains in that state until the conversion is completed,at
which time it goes low (or high). The trailing edge is generally an indication of valid
output data.

An N-bit conversion takes N steps. It would seem on superficial examination that a
16-bit converter would have twice the conversion time of an 8-bit one, but this is not
the case. In an 8-bit converter, the DAC must settle to 8-bit accuracy before the bit de-
cision is made, whereas in a 16-bit converter, it must settle to 16-bit accuracy, which
takes a lot longer. In practice, 8-bit successive approximation ADCs can convert in a
few hundred nanoseconds, while 16-bit ones will generally take several microseconds.

Notice that the overall accuracy and linearity of the SAR ADC is determined primar-
ily by the internal DAC. Until recently, most precision SAR ADCs used laser-trimmed
thin-film DACs to achieve the desired accuracy and linearity. The thin-film resistor
trimming process adds cost, and the thin-film resistor values may be affected when
subjected to the mechanical stresses of packaging.

For these reasons, switched capacitor (or charge-redistribution) DACs have become
popular in newer SAR ADCs. The advantage of the switched capacitor DAC is that
the accuracy and linearity is primarily determined by photolithography, which in turn
controls the capacitor plate area and the capacitance as well as matching. In addi-
tion, small capacitors can be placed in parallel with the main capacitors which can be
switched in and out under control of autocalibration routines to achieve high accuracy
and linearity without the need for thin-film laser trimming. Temperature tracking
between the switched capacitors can be better than 1 ppm/°C, thereby offering a high
degree of temperature stability.

1 s

A simple 3-bit capacitor DAC is shown .y BT pEs

in Figure 4.3.4. The switches are shown @
in the track, or sample mode where the = Cow-=2c l l i i cra
analog input voltage, Ay, is constantly ;F ;F ;f ;f
charging and discharging the parallel T T T
combination of all the capacitors. The =~ * _©

hold mode is initiated by opening Sy,
leaving the sampled analog input volt-

SWITCHES SHOWN IN TRACK (SAMPLE) MODE

Figure 4.3.4: 3-bit switched capacitor DAC.
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age on the capacitor array. Switch S is then opened allowing the voltage at node A to
move as the bit switches are manipulated. If S1, S2, S3, and S4 are all connected to
ground, a voltage equal to —A,y appears at node A. Connecting S1 to Vg adds a volt-
age equal to Vyge/2 to —Ay. The comparator then makes the MSB bit decision, and
the SAR either leaves S1 connected to Vg or connects it to ground depending on the
comparator output (which is high or low depending on whether the voltage at node A
1s negative or positive, respectively). A similar process is followed for the remaining
two bits. At the end of the conversion interval, S1, S2, S3, S4, and S, are connected
to A, Sc 1s connected to ground, and the converter is ready for another cycle.

Note that the extra LSB capacitor (C/4 in the case of the 3-bit DAC) is required to
make the total value of the capacitor array equal to 2C so that binary division is ac-
complished when the individual bit capacitors are manipulated.

The operation of the capacitor DAC (cap DAC) is similar to an R/2R resistive DAC.
When a particular bit capacitor is switched to VREF, the voltage divider created by
the bit capacitor and the total array capacitance (2C) adds a voltage to node A equal to
the weight of that bit. When the bit capacitor is switched to ground, the same voltage
is subtracted from node A.

Because of their popularity, successive approximation ADCs are available in a
wide variety of resolutions, sampling rates, input and output options, package
styles, and costs. It would be impossible to attempt to list all types, but Figure
4.3.5 shows a number of recent Analog Devices’ SAR ADCs which are repre-
sentative. Note that many devices are complete data acquisition systems with
input multiplexers which allow a single ADC core to process multiple analog
channels.

RESOLUTION SAMPLING POWER CHANNELS

RATE
AD7472 12-BITS 1.5 MSPS 9 mW 1
AD7891 12-BITS 500 kSPS 85 mwW 8
AD7858/59 12-BITS 200 kSPS 20 mwW 8
AD7887/88 12-BITS 125 kSPS 3.5 mW 8
AD7856/57 14-BITS 285 kSPS 60 mW 8
AD974 16-BITS 200 kSPS 120 mW 4
AD7670 16-BITS 1 MSPS 250 mW 1

Figure 4.3.5: Resolution/conversion time comparison
for representative single-supply SAR ADCs.
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While there are some variations, the fundamental timing of most SAR ADCs is
similar and relatively straightforward (see Figure 4.3.6). The conversion process is
initiated by asserting a CONVERT START signal. The CONVST signal is a negative-
going pulse whose positive-going edge actually initiates the conversion. The internal
sample-and-hold (SHA) amplifier is placed in the hold mode on this edge, and the
various bits are determined using the SAR algorithm. The negative-going edge of

the CONVST pulse causes the EOC or BUSY line to go high. When the conversion
is complete, the BUSY line goes low, indicating the completion of the conversion
process. In most cases the trailing edge of the BUSY line can be used as an indication
that the output data is valid and can be used to strobe the output data into an external
register. However, because of the many variations in terminology and design, the in-
dividual data sheet should always
be consulted when using with a
specific ADC.

SAMPLE X SAMPLE X+1 SAMPLE X+2
' ! f
1 1 .

o || f in

' ' ' ' .
:<CONVERSION>: TRACK/ :<CONVERSION>: TRACK/ :

It should also be noted that some

SAR ADCs require an external | TIME  TIACQURE] " TIME gACOU'REé
high frequency clock in addition EOC

to the CONVERT START com- =8 u u
mand. In most cases, there is no OUTPUT ;C:CC:CC:C::C: DATA :CC::C::C::C:: oA :CCCCC:
need to synchronize the two. The DATA X Xt
frequency of the external clock, Figure 4.3.6: Typical SAR ADC timing.

if required, generally falls in the

range of 1 MHz to 30 MHz depending on the conversion time and resolution of the
ADC. Other SAR ADC:s have an internal oscillator which is used to perform the
conversions and only require the CONVERT START command. Because of their
architecture, SAR ADCs allow single-shot conversion at any repetition rate from DC
to the converter’s maximum conversion rate.

In a SAR ADC, the output data for a particular cycle is valid at the end of the con-
version interval. In other ADC architectures, such as sigma-delta or the two- stage
subranging architecture shown in Figure 4.3.7, this is not the case. The subranging
ADC shown in the figure is a two-stage pipelined or subranging 12-bit converter.
The first conversion is done by the 6-bit ADC which drives a 6-bit DAC. The out-
put of the 6-bit DAC represents a 6-bit approximation to the analog input. Note that
SHAZ?2 delays the analog signal while the 6-bit ADC makes its decision and the 6-bit
DAC settles. The DAC approximation is then subtracted from the analog signal from
SHA?2, amplified, and digitized by a 7-bit ADC. The outputs of the two conversions
are combined, and the extra bit used to correct errors made in the first conversion.
The typical timing associated with this type of converter is shown in Figure 4.3.8.
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SAMPLING | Y
CLOCK 6-BIT 6-BIT 7-BIT
—> -
TIMING ADC 6| DAC ADC
\
BUFFER
> REGISTER

46 Ty

ERROR CORRECTION LOGIC

+12

> OUTPUT REGISTERS

OUTPUT DATA + 12
Figure 4.3.7: 12-bit two-stage pipelined ADC architecture.

SAMPLE X SAMPLE X+1 SAMPLE X+2
1 1 1

SAMPLING
CLOCK

OUTPUT DATA DATA DATA
DATA X X

ABOVE SHOWS TWO CLOCK-CYCLES PIPELINE DELAY

Figure 4.3.8: Typical pipelined ADC timing.

Note that the output data presented immediately after sample X actually corresponds
to sample X-2, i.e., there is a two clock-cycle “pipeline” delay. The pipelined ADC
architecture is generally associated with high speed ADCs, and in most cases the
pipeline delay, or latency, is not a major system problem in most applications where
this type of converter is used.

Pipelined ADCs may have more than two clock-cycles latency depending on the
particular architecture. For instance, the conversion could be done in three, or four, or
perhaps even more pipelined stages causing additional latency in the output data.

Therefore, if the ADC is to be used in an event-triggered (or single-shot) mode

where there must be a one-to-one time correspondence between each sample and the
corresponding data, then the pipeline delay can be troublesome, and the SAR archi-
tecture is advantageous. Pipeline delay or latency can also be a problem in high speed
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servo-loop control systems or multiplexed applications. In addition, some pipelined
converters have a minimum allowable conversion rate and must be kept running to
prevent saturation of internal nodes.

Switched capacitor SAR ADCs generally have unbuffered input circuits similar to the
circuit shown in Figure 4.3.9 for the AD7858/59 ADC. During the acquisition time,
the analog input must charge the 20 pF equivalent input capacitance to the correct
value. If the input is a DC signal, then the source resistance, Ry, in series with the 125
Q internal switch resistance creates a time constant. In order to settle to 12-bit ac-
curacy, approximately 9 time constants must be allowed for settling, and this defines
the minimum allowable acquisition time. (Settling to 14-bits requires about 10 time
constants, and 16-bits requires about 11).

Thco > 9 X (Rg +125)Q x 20 pF.

For example, if Rq = 50 €2, the acquisition time per the above formula must be at least
310 ns.

For AC applications, a low impedance source should be used to prevent distortion
due to the non-linear ADC input circuit. In a single supply application, a fast settling
rail-to-rail op amp such as the AD820 should be used. Fast settling allows the op amp
to settle quickly from the transient currents induced on its input by the internal ADC
switches. In Figure 4.3.9, the AD820 drives a lowpass filter consisting of the 50 €2
series resistor and the 10 nF capacitor (cutoff frequency approximately 320 kHz).
This filter removes high frequency components which could result in aliasing and
increased noise.

+3V TO +5V 0.1uF

et PO O O

Vi = r=- TTT

IN 10k =320kHz, AVpp DVpp

O—/\ — 1
500 / 1 1260

VN : OVTO +2.5V AD7858/59

. [}
AIN+ : 2.6V TO +0.1V 10nF | AN T 20pF

1

1 o
1 4120 soomv 1332 Ty
0.1pF
1 AIN-
1
Ve = +1.30V /\/ ¢ Veer He % T=TRACK
_L 25V | iy

10kQ
g 10.7kQ M"@ :_ Din i

NOTE: ONLY ONE INPUT SHOWN

Figure 4.3.9: Driving switched capacitor inputs
of AD7858/59 12-bit, 200 kSPS ADC.
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Using a single supply op amp in this application requires special consideration of sig-
nal levels. The AD820 is connected in the inverting mode and has a signal gain of —1.
The noninverting input is biased at a common mode voltage of +1.3 V with the 10.7
k€Q/10 kQ divider, resulting in an output voltage of +2.6 V for V=0V, and +0.1

V for V| = +2.5 V. This offset is provided because the AD820 output cannot go all
the way to ground, but is limited to the VCESAT of the output stage NPN transistor,
which under these loading conditions is about 50 mV. The input range of the ADC is
also offset by +100 mV by applying the +100mV offset from the 412 €/10 k€ divider
to the AIN- input.

The AD789X-family of single supply SAR ADCs (as well as the AD974, AD976,

and AD977) includes a thin film resistive attenuator and level shifter on the analog
input to allow a variety of input range options, both bipolar and unipolar. A simpli-
fied diagram of the input circuit of the AD7890-10 12-bit, 8-channel ADC is shown in
Figure 4.3.10. This arrangement allows the converter to digitize a 210V input while
operating on a single +5 V supply. The R1/R2/R3 thin film network provides the at-
tenuation and level shifting to convert the £10 V input to a 0 V to +2.5 V signal which
1s digitized by the internal ADC. This type of input requires no special drive circuitry
because R1 isolates the input from the actual converter circuitry. Nevertheless, the
source resistance, Ry, should be kept reasonably low to prevent gain errors caused by
the R¢/R1 divider.

AD7890-10
12-BITS, 8-CHANNEL

REFOUT/

REFIN +2.5V TO ADC REF CIRCUITS

R2

Rs VinNx R1 { 7.5kC  TOQ MUX, SHA, ETC.
N -
v 30K R3 OV TO +2.5V
Vg 10k0
aeND
R1, R2, R3 ARE
RATIO-TRIMMED

THIN FILM RESISTORS

Figure 4.3.10: Driving single-supply ADCs with scaled inputs.
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SAR ADCs with Multiplexed Inputs

Multiplexing is a fundamental part of many data acquisition systems, and a funda-
mental understanding of multiplexers is required to design a data acquisition system.
Switches for data acquisition

systems, especially when inte- Vg on

grated into the IC, generally are j p-cH %
CMOS-types shown in Figure e o o] Pen ] Your
4.3.11. Utilizing the P-Channel e

and N-Channel MOSFET switches N'c:s T

in parallel minimizes the change of
on-resistance (Ry) as a function

. . PMOS
of signal voltage. On-resistance can >( /Mos
CMOS

Ron A

vary from less than 5 Q to several

\\
hundred ohms depending upon the —
device. Variation in on-resistance - SIGNAL VOLTAGE *
as a function of signal level (often Figure 4.3.11: Basic CMOS analog switch.

called R,,-modulation) can cause
distortion if the multiplexer must drive a load, and therefore R flatness is also an im-
portant specification.

Because of non-zero Ry and Ry-modulation, multiplexer outputs should be isolated
from the load with a suitable buffer amplifier. A separate buffer is not required if the
multiplexer drives a high input impedance, such as a PGA, SHA or ADC—but be-
ware! Some SHAs and ADCs draw high frequency pulse current at their sampling rate
and cannot tolerate being driven by an unbuffered multiplexer.

The key multiplexer specifications are

.o . . CHANNEL
SWltChlng time, on-resistance, on- ADDRESS /

resistance flatness, and off-channel cLock  © N ADDRESS

isolation, and crosstalk. Multiplexer PR

switching time ranges from less than — ﬂE°°°E:°N —

20 ns to over 1us, RON from less than =~ cHannert o / A/ A

5 Q to several hundred ohms, and off- . .

channel isolation from 50 to 90 dB. : S— ‘] .
A number of CMOS switches can be CHANNEL M 07%%%" L
connected to form a multiplexer as

shown in Figure 4.3.12. The number of Figure 4.3.12: Simplified diagram of
input channels typically ranges from 4 a typical analog multiplexer.
to 16, and some multiplexers have in-
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ternal channel-address decoding logic and registers, while with others, these functions
must be performed externally. Unused multiplexer inputs must be grounded or severe
loss of system accuracy may result.

Complete Data Acquisition Systems on a Chip

VLSI mixed-signal processing allows the integration of large and complex data
acquisition circuits on a single chip. Most signal conditioning circuits including mul-
tiplexers, PGAs, and SHAs, can now be manufactured on the same chip as the ADC.
This high level of integration permits data acquisition systems (DASs) to be specified
and tested as a single complex function.

Such functionality relieves the designer of most of the burden of testing and calcu-
lating error budgets. The DC and AC characteristics of a complete data acquisition
system are specified as a complete function, which removes the necessity of calculat-
ing performance from a collection of individual worst case device specifications. A
complete monolithic system should achieve a higher performance at much lower cost
than would be possible with a system built up from discrete functions. Furthermore,
system calibration is easier, and in fact many monolithic DASs are self calibrating,
offering both internal and system calibration functions.

The AD7858 is an example of a highly integrated IC DAS (see Figure 4.3.13). The
device operates on a single supply voltage of +3 V to +5.5 V and dissipates only 15
mW. The resolution is 12-bits, and the maximum sampling frequency is 200 kSPS.
The input multiplexer can be configured either as eight single-ended inputs or four
pseudo-differential inputs. The AD7858 requires an external 4 MHz clock and initi-
ates the conversion on the positive-going edge of the CONVST pulse which does not
need to be synchronized to the high frequency clock. Conversion can also be initiated
via software by setting a bit in the proper control register.

AIN1 ‘ AD7858/ DVeo
* MUX TH AD7858L .
AlNS ‘ AVoo Figure 4.3.13: AD7858
AGND .
12-bit, 200 kSPS 8-channel
' DeND single-supply ADC
er. T gle-supply ADC.
REFour
SWITCHED
CREF1 CAPACITOR CLKIN
DAC ___
CREF2 7 SAR + ADC CONVST
__ CALIBRATION CONTROL | | &4 gysy
CAL MEMORY AND _
CONTROLLER SLEEP
! }
| SERIAL INTERFACE/CONTROL REGISTER |
A A EN A
SYNC DIN DOUT SCLK
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The AD7858 contains an on-chip 2.5 V reference (which can be overridden with an
external one), and the fullscale input voltage range is 0 V to VREF. The internal DAC
1s a switched capacitor type, and the ADC contains a self-calibration and system
calibration option to ensure accurate operation over time and temperature. The input/
output port is a serial one and is SPI, QSPI, 8051, and uP compatible.

The AD7858L is a lower power (5.5 mW) version of the AD7858 which operates at a
maximum sampling rate of 100 kSPS.

Sigma-Delta (XA) Measurement ADCs

Sigma-delta analog-digital converters (XA ADCs) have been known for nearly thirty
years, but only recently has the technology (high-density digital VLSI) existed to
manufacture them as inexpensive monolithic integrated circuits. They are now used
in many applications where a low-cost, low-bandwidth, low-power, high-resolution
ADC is required.

There have been innumerable descriptions of the architecture and theory of 2A ADCs,
but most commence with a maze of integrals and deteriorate from there. In the Ap-
plications Department at Analog Devices, we frequently encounter engineers who do
not understand the theory of operation of XA ADCs and are convinced, from study of
a typical published article, that it is too complex to comprehend easily.

There is nothing particularly difficult to understand about XA ADCs, as long as you
avoid the detailed mathematics, and this section has been written in an attempt to clar-
ify the subject. A A ADC contains very simple analog electronics (a comparator, a
switch, and one or more integrators and analog summing circuits), and quite complex
digital computational circuitry. This circuitry consists of a digital signal processor
(DSP) which acts as a filter (generally, but not invariably, a low pass filter). It is not
necessary to know precisely how the filter works to appreciate what it does. To un-
derstand how a XA ADC works, familiarity
with the concepts of over-sampling, quan-
tization noise shaping, digital filtering, and
decimation is required.

B Low Cost, High Resolution (to 24-bits) Excellent DNL,
H Low Power, but Limited Bandwidth
B Key Concepts are Simple, but Math is Complex

4 Oversampling

Let us consider the technique of over-sam- # Quantization Noise Shaping
pling with an analysis in the frequency  Digital Filtering

domain. Where a DC conversion has a # Decimation

quantization error of up to ¥2 LSB, a W Ideal for Sensor Signal Conditioning

4 High Resolution
4 Self, System, and Auto Calibration Modes

Figure 4.3.14: Sigma-delta ADCs.
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sampled data system has quantiza- *

. . . . lfs Nyquist QUANTIZATION
tion noise. A perfect classical N-bit - Operation — NOISE = /72
. _'M—’ q=1LSB
sampling ADC has an RMS quan- ‘ :
. . . . Oversampling 5
tization noise of q/\/ 12 uniformly B + Digital Fiter 2

}/> + Decimation | \ ; DIGITAL FILTER
distributed within the Nyquist —>| ADC |——| DieTAL |DEC|—> REMOVED NOISE
band of DC to /2 (where q is .
the value of an LSB and f, is the e 3 S “

. . . + Digital Filter
sampling rate) as shown in Figure ¢ K. +Deomaten
4.3.15A. Therefore, its SNR with Sy IRET RENOVED TOISE

_’| MOD |_'| FILTER |DEC|_’ |

a full-scale sinewave input will be 5 Kig Kis
(6.02N + 1.76) dB. If the ADC is ’

less than perfect’ and its noise is Figure 4.3.15: Oversamp//ng, digita/ ﬁ/tering,
greater than its theoretical mini- noise shaping, and decimation.

mum quantization noise, then its effective resolution will be less than N-bits. Its actual
resolution (often known as its effective number of bits or ENOB) will be defined by

SNR—-1.76 dB
6.02 dB

ENOB =

If we choose a much higher sampling rate, Kf, (see Figure 4.3.15B), the quantization
noise is distributed over a wider bandwidth DC to Kf/2. If we then apply a digital
low pass filter (LPF) to the output, we remove much of the quantization noise, but
do not affect the wanted signal—so the ENOB is improved. We have accomplished a
high resolution A/D conversion with a low resolution ADC. The factor K is generally
referred to as the oversampling ratio.

Since the bandwidth is reduced by the digital output filter, the output data rate may be
lower than the original sampling rate (Kfs) and still satisfy the Nyquist criterion. This
may be achieved by passing every Mth result to the output and discarding the remain-
der. The process is known as “decimation” by a factor of M. Despite the origins of the
term (decem 1s Latin for ten), M can have any integer value, provided that the output
data rate is more than twice the signal bandwidth. Decimation does not cause any loss
of information (see Figure 4.3.15B).

If we simply use over-sampling to improve resolution, we must over-sample by a
factor of 2N to obtain an N-bit increase in resolution. The XA converter does not
need such a high over-sampling ratio because it not only limits the signal passband,
but also shapes the quantization noise so that most of it falls outside this passband as
shown in Figure 4.3.15C.
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If we take a 1-bit ADC (generally E CLOCK (ffs
known as a comparator), drive v 1 ® T

it with the output of an integra- O—f—z@—> » DiermAL | NBITS
tor, and feed the integrator with V- b N D R 76’
an input signal summed with the

output of a 1-bit DAC fed from the
ADC output, we have a first-order
2A modulator as shown in Figure
4.3.16. Add a digital low pass filter
(LPF) and decimator at the digital

output, and we have a XA ADC: . A e ]
the XA modulator shapes the quan- Figure 4.3.16: First order sigma-delta ADC,
tization noise so that it lies above

the passband of the digital output filter, and the ENOB is therefore much larger than
would otherwise be expected from the over-sampling ratio.

N\ LATCHED
COMPARATOR
(1-BIT ADC)

Veer

-—
1-BIT DATA
STREAM

DAC

~Veer

Intuitively, a XA ADC operates as follows. Assume a DC input at V . The integrator

is constantly ramping up or down at node A. The output of the comparator is fed back
through a 1-bit DAC to the summing input at node B. The negative feedback loop from
the comparator output through the 1-bit DAC back to the summing point will force the
average DC voltage at node B to be equal to V. This implies that the average DAC output
voltage must equal to the input voltage V. The average DAC output voltage is controlled
by the ones-density in the 1-bit data stream from the comparator output. As the input
signal increases towards +V gy, the number of “ones” in the serial bit stream increases,

and the number of “zeros” decreases. Similarly, as the signal goes negative towards —Vggp,
the number of “ones” in the serial bit

stream decreases, and the number v 1 xey 8JANT|Z ATION
of “zeros” increases. From a very f \ l NOISE
simplistic standpoint, this analysis X @ ANALOG FILTER @ v
shows that the average value of the 2 nO=~ N

input voltage is contained in the serial B I Y

bit stream out of the comparator. The

digital filter and decimator process the Y= Tx-v+a

serial bit stream and produce the final REARRANGING, SOLVING FOR Y:

output data. v= e

The concept of noise shaping is best / N

explained in the frequency domain SIGNALTERM  NOISE TERM

by considering the simple XA modu-  Figure 4.3.17: Simplified frequency domain
lator model in Figure 4.3.17. linearized model of a sigma-delta modulator.
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The integrator in the modulator is represented as an analog lowpass filter with a
transfer function equal to H(f) = 1/f. This transfer function has an amplitude response
which is inversely proportional to the input frequency. The 1-bit quantizer generates
quantization noise, Q, which is injected into the output summing block. If we let the
input signal be X, and the output Y, the signal coming out of the input summer must
be X —Y. This is multiplied by the filter transfer function, 1/f, and the result goes to
one input to the output summer. By inspection, we can then write the expression for
the output voltage Y as:

1
Y=—(X-Y
Hx-1)+0

This expression can easily be rearranged and solved for Y in terms of X, f, and Q:

X 0Ff

NSNS

Note that as the frequency f approaches zero, the output voltage Y approaches X with
no noise component. At higher frequencies, the amplitude of the signal component
decreases, and the noise component increases. At high frequency, the output consists
primarily of quantization noise. In essence, the analog filter has a lowpass effect on
the signal, and a highpass effect on the quantization noise. Thus the analog filter per-
forms the noise shaping function in the 2A modulator model.

For a given input frequency, higher order analog filters offer more attenuation. The
same is true of XA modulators, provided certain precautions are taken.

By using more than one integration and
summing stage in the £A modulator,

we can achieve higher orders of quan-
tization noise shaping and even better
ENOB for a given over-sampling ratio
as is shown in Figure 4.3.18 for both a
first and second-order XA modulator.
The block diagram for the second-order
2A modulator is shown in Figure 4.3.19.
Third, and higher, order XA ADCs were . Kf,
once thought to be potentially unstable
at some values of input. Recent analyses  Figure 4.3.18: Sigma-delta modulators
using finite rather than infinite gains in shape quantization noise.

the comparator have shown that this is not necessarily so, but even if instability does
start to occur, it is not important, since the DSP in the digital filter and decimator can

2ND ORDER

DIGITAL
FILTER

18T ORDER
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be made to recognize incipient instabil- INTEGRATOR INTEGRATOR , CLOCK
ity and react to prevent it.

Figure 4.3.20 shows the relationship
between the order of the XA modula-
tor and the amount of over-sampling
necessary to achieve a particular SNR. ¥

For instance, if the oversampling ratio o
is 64, an ideal second-order system is . B::CI%MOR
capable of providing an SNR of about fs

80dB. This implies approximately 13 Figure 4.3.19: Second-order sigma-delta ADC.
effective number of bits (ENOB). Al-

though the filtering done by the digital

filter and decimator can be done to any e COvE
. . . . 100
degree of precision desirable, it would
be pointless to carry more than 13 80 - SECOND-ORDER LOOP

15dB / OCTAVE

binary bits to the outside world. Addi-  «s
tional bits would carry no useful signal
information, and would be buried in the
quantization noise unless post-filtering 20
techniques were employed.

FIRST-ORDER LOOP

9dB / OCTAVE
40 —

*>2nd ORDER LOOPS DO NOT
OBEY LINEAR MODEL

o | | | | | |
4 8 16 32 64 128 256

The XA ADCs that we have described OVERSAMPLING RATIO, K

so far contain integrators, which are Figure 4.3.20: SNR versus oversampling ratio

low pass filters, whose passband for first, second, and third-order loops.
extends from DC. Thus, their quanti-

zation noise is pushed up in frequency. At present, most commercially available A
ADC:s are of this type (although some which are intended for use in audio or tele-
communications applications contain bandpass rather than lowpass digital filters to
eliminate any system DC offsets). Sigma-delta ADCs are available with resolutions
up to 24-bits for DC measurement applications (AD77XX-family), and with resolu-
tions of 18-bits for high quality digital audio applications (AD1879).

But there is no particular reason why the filters of the XA modulator should be LPFs,
except that traditionally ADCs have been thought of as being baseband devices, and
that integrators are somewhat easier to construct than bandpass filters. If we replace
the integrators in a XA ADC with bandpass filters (BPFs), the quantization noise is
moved up and down in frequency to leave a virtually noise-free region in the pass-
band (see Reference 1). If the digital filter is then programmed to have its pass-band
in this region, we have a XA ADC with a bandpass, rather than a lowpass characteris-
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tic. Although studies of this architecture are in their infancy, such ADCs would seem
to be ideally suited for use in digital radio receivers, medical ultrasound, and a num-
ber of other applications.

A XA ADC works by over-sampling, where simple analog filters in the XA modula-
tor shape the quantization noise so that the SNR in the bandwidth of interest is much
greater than would otherwise be the case, and by using high performance digital
filters and decimation to eliminate noise outside the required passband. Because the
analog circuitry is so simple and undemanding, it may be built with the same digital
VLSI process that is used to fabricate the DSP circuitry of the digital filter. Because
the basic ADC is 1-bit (a comparator), the technique is inherently linear.

Although the detailed analysis of XA ADCs involves quite complex mathematics, their
basic design can be understood without the necessity of any mathematics at all. For
further discussion on XA ADCs, refer to References 2 and 3.

High Resolution, Low-Frequency Sigma-Delta Measurement ADCs

The AD7710,AD7711, AD7712, AD7713, and AD7714, AD7730, and AD7731

are members of a family of sigma-delta converters designed for high accuracy, low
frequency measurements. They have no missing codes to 24-bits, and their effective
resolutions extend to 22.5 bits depending upon the device, update rate, programmed
filter bandwidth, PGA gain, post-filtering, etc. They all use similar sigma-delta cores,
and their main differences are in their analog inputs, which are optimized for different
transducers. Newer members of the family, such as the AD7714, AD7730/7730L, and
the AD7731/7731L are designed and specified for single supply operation.

There are also similar 16-bit devices available (AD7705, AD7706, AD7715) which
also operate on single supplies.

The AD1555/AD1556 is a 24-bit two-chip XA modulator/filter specifically designed
for seismic data acquisition systems. This combination yields a dynamic range of 120 dB.
The AD1555 contains a PGA and a 4th-order XA modulator. The AD1555 outputs a
serial 1-bit data stream to the AD1556 which contains the digital filter and decimator.
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4.4 Signal Conditioning High Impedance Sensors

Many popular sensors have output impedances greater than several M2, and the
associated signal conditioning circuitry must be carefully designed to meet the chal-

lenges of low bias current, low noise, and high
gain. A large portion of this section is devoted
to the analysis of a photodiode preamplifier.
This application points out many of the prob-
lems associated with high impedance sensor
signal conditioning circuits and offers practical
solutions which can be applied to practically
all such sensors. Other examples of high
impedance sensors discussed are piezoelectric
sensors, charge output sensors, and charge

coupled devices (CCDs).

Photodiode Preamplifier Design

Photodiodes generate a small
current which is proportional

pH Monitors

Photodiode Preamplifiers

B Piezoelectric Sensors

4 Accelerometers
4 Hydrophones

Humidity Monitors

Chemical Bensors
Smoke Detectors

Charge Coupled Devices and

Contact Image Sensors for Imaging

Figure 4.4.1: High impedance sensors.

B Optical: Light Meters, Auto-Focus, Flash Controls

to the level of illumination. B Medical: CAT Scanners {(X-Ray Detection), Blood Particle Analyzers

They have many apphcatlons B Automotive: Headlight Dimmers, Twilight Detectors

ranging from precision light
meters to high-speed fiber

B Communications: Fiber Optic Receivers

OptiC receivers. B Industrial: Bar Code Scanners, Position Sensors, Laser Printers

The equivalent circuit for a
photodiode is shown in Figure 4.4.3.
One of the standard methods for speci-
fying the sensitivity of a photodiode

is to state its short circuit photocur-
rent (Ig.) at a given light level from

a well defined light source. The most
commonly used source is an incandes-
cent tungsten lamp running at a color
temperature of 2850K. At 100 fc (foot-
candles) illumination (approximately
the light level on an overcast day), the

Figure 4.4.2: Photodiode applications.
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NOTE: Rg HALVES EVERY 10°G TEMPERATURE RISE

Figure 4.4.3: Photodiode equivalent circuit.

short circuit current is usually in the picoamps to hundreds of microamps range for

small area (less than 1mm?) diodes.
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The short circuit current is very linear over 6 to 9 decades of light intensity, and is
therefore often used as a measure of absolute light levels. The open circuit forward
voltage drop across the photodiode varies logarithmically with light level, but, be-
cause of its large temperature coefficient, the diode voltage is seldom used as an
accurate measure of light intensity.

The shunt resistance Rgy, is usually in the order of 1000 MQ at room temperature, and
decreases by a factor of two for every 10°C rise in temperature. Diode capacitance C,

is a function of junction area and the diode bias voltage. A value of 50 pF at zero bias
is typical for small area diodes.

Photodiodes may either be operated with zero bias (photovoltaic mode, left) or re-
verse bias (photoconductive mode, right) as shown in Figure 4.4.4. The most precise
linear operation is obtained in the

photovoltaic mode, while higher -— -—

switching speeds are realizable

when the diode is operated in N N
the photoconductive mode at the
. . _VE|AS
expense of linearity. Under these
reverse bias conditions, a small _PHOTOVOLTAIC PHOTOCONDUCTIVE
B Zero Bias B Reverse Bias
amount of current called dark cur- B No "Dark” Current B Has "Dark” Current
rent will flow even when there is W Linear W Nonlinear
. . . . B Low Noise (Johnson) B Higher Noise (Johnson + Shot)
no illumination. There is no dark B Precision Applications B High Speed Applications

current in the photovoltaic mode.
In the photovoltaic mode, the di-
ode noise is basically the thermal noise B Area: 0.2mm?
generated by the shunt resistance. In the
photoconductive mode, shot noise due
to conduction is an additional source of B Shunt Resistance @ 25°C: 1000MQ
noise. Photodiodes are usually Opti' N Maximum Linear Qutput Current: 40pA
mized during the design process for use
in either the photovoltaic mode or the
phOtOCOl’ldllCtiVG mode, but not both. B Photosensitivity: 0.03pA / foot candle (fc)
Figure 4.4.5 shows the photosensitivity Figure 4.4.5: Photodiode specifications:
for a small photodiode (Silicon Detec-  silicon detector part number SD-020-12-001.
tor Part Number SD-020-12-001), and

specifications for the diode are summarized in Figure 4.4.6. This diode was chosen
for the design example to follow.

Figure 4.4.4: Photodiode modes of operation.

N Capacitance: 50pF

H Response Time: 12ns
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A convenient way to convert the ENVIRONMENT ILLUMINATION (fc) | SHORT CIRCUIT CURRENT
photodiode current into a usable Direct Sunlight 1000 30uA
voltage is to use an op amp as a Overcast Day 100 3uA
current—to—voltage converter as Twilight 1 0.03pA
shown in Figure 4.4.7. The diode Full Moonlit Night 0.1 3000pA

bias is maintained at zero volts Clear Night / No Moon 0.001 20pA

by the virtual ground of the op
amp, and the short circuit current
is converted into a voltage. At
maximum sensitivity, the ampli-
fier must be able to detect a diode R = 1000MQ
current of 30 pA. This implies I?(‘f_o:oﬁ?)“ a%Y
that the feedback resistor must be I
very large, and the amplifier bias

current very small. For example, §

1000 M will yield a correspond-

ing voltage of 30 mV for this + Sensitivity: ImV / pA

amount of current. Larger resistor %77
values are impractical, so we will

use 1000 M£ for the most sensi- Figure 4.4.7: Current-to-voltage converter
tive range. This will give an output (simplified).

voltage range of 10 mV for 10pA

of diode current and 10 V for 10 nA of diode current. This yields a range of 60 dB.
For higher values of light intensity, the gain of the circuit must be reduced by using a
smaller feedback resistor. For this range of maximum sensitivity, we should be able to
easily distinguish between the light intensity on a clear moonless night (0.001fc) and
that of a full moon (0.1fc)!

Figure 4.4.6: Short circuit current versus light
intensity for photodiode (photovoltaic mode).

—O

Notice that we have chosen to get as much gain as possible from one stage, rather
than cascading two stages. This is in order to maximize the signal-to-noise ratio
(SNR). If we halve the feedback resistor value, the signal level decreases by a factor
of 2, while the noise due to the feedback resistor (4 kTR - Bandwidth) decreases by
only 2. This reduces the SNR by 3 dB, assuming the closed loop bandwidth remains
constant. Later in the analysis, we will see that the resistors are one of the largest con-
tributors to the overall output noise.

To accurately measure photodiode currents in the tens of picoamps range, the bias
current of the op amp should be no more than a few picoamps. This narrows the
choice considerably. The industry-standard OP07 is an ultra-low offset voltage (10
1V) bipolar op amp, but its bias current is 4 nA (4000 pA!). Even super-beta bipolar
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op amps with bias current compensation (such as the OP97) have bias currents on the
order of 100 pA at room temperature, but may be suitable for very high temperature
applications, as these currents do not double every 10°C rise like FETs. A FET-input
electrometer-grade op amp is chosen for our photodiode preamp, since it must oper-
ate only over a limited temperature range. Figure 4.4.8 summarizes the performance
of several popular “electrometer grade” FET input op amps. These devices are fabri-
cated on a BiFET process and

use P-Channel JFETsS as the PART# | Vgs | TCVgs, | I | 0.1HZTO 10Hz | PACKAGE
input stage (see Figure 4.4.9). MAXT | MAX | wax NOISE

The rest of the op amp circuit is _APS4 | 250wV | swviC | 100fA 4uVpp T0-99
designed using bipolar devices. AD6845 250pv 1uvrec 1.5pA 2uV p-p T0O-99, DIP
The BiFET op amps are laser AD795 | 2500V | 3uvrc 1pA 2,54V p-p SOIC, DIP

trimmed at the wafer level to
minimize offset voltage and
offset voltage drift. The offset
voltage drift is minimized by
first trimming the input stage for equal currents in the two JFETs which comprise the
differential pair. A second trim of the JFET source resistors minimizes the input offset
voltage. The AD795 was selected for the photodiode preamplifier, and its key specifi-
cations are summarized in Figure 4.4.10.

*25°C SPECIFICATION

Figure 4.4.8: Low bias current precision BiFET op amps
(electrometer grade).

+Vg

W Offset Voltage: 250uV Max. @ 25°C (K Grade)
2 OFFSET VOLTAGE B Offset Voltage Drift: 3uV / °C Max (K Grade)
50 + TRIM RESISTORS A':::?;.TIF?EFR B Input Bias Current: 1pA Max @ 25°C (K Grade)
6 B 0.1Hz to 10Hz Voltage Noise: 2.5uV p-p
B 1/f Corner Frequency: 12Hz
\I Veias W Voltage Noise: 10nV / YHz @ 100Hz
1 0——see» see —=2 5 W Current Noise: 0.6fA { VHz @ 100Hz
NuLL g:lsl;';{_rgg nuLL B 40mW Power Dissipation @ +15V
T B 1MHz Gain Bandwidth Product
e Figure 4.4.10: AD795 BiFET op amp
Figure 4.4.9: BiFET op amp input stage. key specifications.

Since the diode current is measured in terms of picoamperes, extreme attention must
be given to potential leakage paths in the actual circuit. Two parallel conductor stripes
on a high-quality well-cleaned epoxy-glass PC board 0.05 inches apart running paral-
lel for 1 inch have a leakage resistance of approximately 10" ohms at +125°C. If
there is 15 volts between these runs, there will be a current flow of 150 pA.
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The critical leakage paths for the photodi-
ode circuit are enclosed by the dotted lines
in Figure 4.4.11. The feedback resistor
should be thin film on ceramic or glass with
glass insulation. The compensation capaci-
tor across the feedback resistor should have
a polypropylene or polystyrene dielectric.
All connections to the summing junction
should be kept short. If a cable is used to
connect the photodiode to the preamp, it
should be kept as short as possible and have
Teflon insulation.

Figure 4.4.11: Leakage current paths.

Guarding techniques can be used to reduce parasitic leakage currents by isolating the
amplifier’s input from large voltage gradients across the PC board. Physically, a guard
is a low impedance conductor that surrounds an input line and is raised to the line’s
voltage. It serves to buffer leakage by diverting it away from the sensitive nodes.

The technique for guarding depends on the mode of operation, i.e., inverting or
non-inverting. Figure 4.4.12 shows a PC board layout for guarding the inputs of the
AD795 op amp in the DIP (“N”) package. Note that the pin spacing allows a trace to
pass between the pins of this package. In the inverting mode, the guard traces sur-
round the inverting input (pin 2) and run parallel to the input trace. In the follower
mode, the guard voltage is the feedback voltage to pin 2, the inverting input. In both
modes, the guard traces should be located on both sides of the PC board if at all pos-

sible and connected together.

L/
(1]

GUARD £
INPUT ——2] i AD795
GUARD ———3}+  *N" (8]

PACKAGE
[6]
\/

[  apres
GUARD :@ ::} "

N
INPUT (E ii PACKAGE El
GUARD =Szzzzzizzzizzi—
[4] [5]

INVERTER

Figure 4.4.12: PCB layout for guarding DIP package.
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Things are slightly more complicated when using guarding techniques with the SOIC
surface mount (“R”) package because the pin spacing does not allow for PC board
traces between the pins. Figure 4.4.13 shows the preferred method. In the SOIC “R”
package, pins 1, 5, and 8 are “no connect” pins and can be used to route signal traces
as shown. In the case of the follower, the guard trace must be routed around the —Vy
pin.

v INVERTER
GUARD ——[1[_ ]
INPUT——T2] | | Ap7es
L TZUT Ju— Y R [
PACKAGE
v [5]
s

PINS 1,5, 8 ARE
OPEN ON "R"

PACKAGE S
] AD795
GUARD —_[2[. | e
INPUT EPACKAGE &
J—EY b
@ B

GUARD b e
=vg | !

Figure 4.4.13: PCB layout for guarding SOIC package.

For extremely low bias current applications (such as using the AD549 with an input
bias current of 100 fA), all connections to the input of the op amp should be made
to a virgin Teflon standoff insulator (“Virgin” Teflon is a solid piece of new Teflon
material which has been machined

to shape and has not been welded BENTINPUTPIN:

together from powder or grains). PIN 3 FOR FOLLOWER

If mechanical and manufacturing ~ ™PYTSISMA \

considerations allow, the invert- \ AD795

ing input pin of the op amp should ==1
be soldered directly to the Teflon BOARD

standoff (see Figure 4.4.14) rather I —

than going through a hole in the \

PC board. The PC board itself

must be Cleaned Carefully and then “VIRGIN” TEFLON INSULATED STANDOFF
sealed against humidity and dirt Figure 4.4.14: Input pin connected to
using a high quality conformal “virgin” Teflon insulated standoff.

coating material.

113



Chapter 4

In addition to minimizing leakage currents, the entire circuit should be well shielded
with a grounded metal shield to prevent stray signal pickup.

Preamplifier Offset Voltage and Drift Analysis

An offset voltage and bias current model for the photodiode preamp is shown in
Figure 4.4.15. There are two important considerations in this circuit. First, the diode
shunt resistance (R1) is a function of temperature—it halves every time the tempera-
ture increases by 10°C. At room temperature (+25°C) , R1 = 1000 M€, but at +70°C
it decreases to 43 MQ. This has a drastic impact on the circuit DC noise gain and
hence the output offset voltage. In the example, at +25°C the DC noise gain is 2, but
at +70°C it increases to 24.

R2

'A%
______________________ 1000MQ
OFFSET
RTO
—O

R2
R1

semmmammmnenmennd R3 DC NOISEGAIN= 1 +
lg DOUBLES EVERY 10°C TEMPERATURE RISE
R1 = 1000MQ @ 25°C (DIODE SHUNT RESISTANCE)

R1 HALVES EVERY 10°C TEMPERATURE RISE

R3 CANCELLATION RESISTOR NOT EFFECTIVE

Figure 4.4.15: AD795 preamplifier DC offset errors.

The second difficulty with the circuit is that the input bias current doubles every 10°C
rise in temperature. The bias current produces an output offset error equal to I;R2.

At +70°C the bias current increases to 24 pA compared to its room temperature value
of 1 pA. Normally, the addition of a resistor (R3) between the non-inverting input

of the op amp and ground having a value of R1||R2 would yield a first-order cancel-
lation of this effect. However, because R1 changes with temperature, this method is
not effective. In addition, the bias current develops a voltage across the R3 cancel-
lation resistor, which in turn is applied to the photodiode, thereby causing the diode
response to become nonlinear.
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The total referred to output (RTO) . 25°C T
offset voltage errors are summarized Vos 0325mV | 0.250mV | 0325mV | 0.385mV
in Figure 4.4.16. Notice that at +70°C Noise Gain | 1.1 2 7 24
the total error is 33.24 mV. This er- VogError | 0.358mV | 0500mV | 228mV | 9.24mv

RTO

ror is acceptable for the design under

. . K K 1 0.2pA 1.0pA 6.0pA 24pA
consideration. The primary contributor o
. . Ig Error 0.2mV 1mV 6.0mV 24mV
to the error at high temperature is of RTO
course the bias current. Operating the Total Error | 0.558mV 1.50mV 8.28mV | 33.24mV
RTO

amplifier at reduced supply voltages,
minimizing output drive requirements,
and heat sinking are some ways to
reduce this error source. The addition of an external offset nulling circuit would mini-
mize the error due to the initial input offset voltage.

Figure 4.4.16: AD795K preamplifier total
output offset error.

Thermoelectric Voltages as Sources of Input Offset Voltage

Thermoelectric potentials are generated by electrical connections which are made
between different metals at different temperatures. For example, the copper PC board
electrical contacts to the kovar input pins of a TO-99 IC package can create an off-
set voltage of 40 uV/°C when the two metals are at different temperatures. Common
lead-tin solder, when used with copper, creates a thermoelectric voltage of 1 to 3
uV/°C. Special cadmium-tin solders are available that reduce this to 0.3 pV/°C.

The solution to this problem is to ensure that the connections to the inverting and non-in-
verting input pins of the IC are made with the same material and that the PC board thermal
layout is such that these two pins remain at the same temperature. In the case where a Tef-
lon standoft is used as an insulated connection point for the inverting input (as in the case
of the photodiode preamp), prudence dictates that connections to the non-inverting inputs
be made in a similar manner to minimize possible thermoelectric effects.

Preamplifier AC Design, Bandwidth, and Stability

The key to the preamplifier AC design is an understanding of the circuit noise gain as
a function of frequency. Plotting gain versus frequency on a log-log scale makes the
analysis relatively simple (see Figure 4.4.17). This type of plot is also referred to as a
Bode plot. The noise gain is the gain seen by a small voltage source in series with the
op amp input terminals. It is also the same as the non-inverting signal gain (the gain
from “A” to the output). In the photodiode preamplifier, the signal current from the
photodiode passes through the C2/R2 network. It is important to distinguish between
the signal gain and the noise gain, because it is the noise gain characteristic which
determines stability regardless of where the actual signal is applied.
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Open Loop
Gain NG=1+B2(R1CIs+1)
RI{R2C2Zs+1)

= [1+ LZ:”:T 1:1—1:]
R1 Tas+ 1

1,= R1R2 [ ]
15 R1aRz |C1+C2

T2=R2C2

100k —
GAIN

10k -

100 foL=Closed Loop BW

7

01 1 10 100 1k 10k 100k 1™ 10M
FREQUENCY (Hz)

Figure 4.4.17: Generalized noise gain (NG) Bode plot.

Stability of the system is determined by the net slope of the noise gain and the open
loop gain where they intersect. For unconditional stability, the noise gain curve must
intersect the open loop response with a net slope of less than 12 dB/octave (20 dB per
decade). The dotted line shows a noise gain which intersects the open loop gain at a
net slope of 12dB/octave, indicating an unstable condition. This is what would occur
in our photodiode circuit if there were no feedback capacitor (i.e., C2 = 0).

The general equations for determining the break points and gain values in the Bode
plot are also given in Figure 4.4.17. A zero in the noise gain transfer function occurs
at a frequency of 1/2mt,, where T, = R1||[R2(C1 + C2). The pole of the transfer func-
tion occurs at a corner frequency of 1/2nt,, where T, = R2C2 which is also equal to
the signal bandwidth if the signal is applied at point “B”. At low frequencies, the
noise gain is 1 + R2/R1. At high frequencies, it is 1 + C1/C2. Plotting the curve on the
log- log graph is a simple matter of connecting the breakpoints with a line having a
slope of 45°. The point at which the noise gain intersects the op amp open loop gain is
called the closed loop bandwidth. Notice that the signal bandwidth for a signal ap-
plied at point “B” is much less, and is 1/2rR2C2.

Figure 4.4.18 shows the noise gain plot for the photodiode preamplifier using the
actual circuit values. The choice of C2 determines the actual signal bandwidth and
also the phase margin. In the example, a signal bandwidth of 16 Hz was chosen.
Notice that a smaller value of C2 would result in a higher signal bandwidth and a cor-
responding reduction in phase margin. It is also interesting to note that although the
signal bandwidth is only 16 Hz, the closed loop bandwidth is 167 kHz. This will have
important implications with respect to the output noise voltage analysis to follow.
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c1 c2
100k —
e
GAIN "\ R1 = 1000MQ @ +25°C
%7_ R1 R2 = 1000MQ
10k [ C1=50pF
A °  C2=10pF
A AD79s  fu =1MHz
Open Loop
Gain ~ AV T
* gnal B8 = 2r Rz c2
100 —
167kHz =1,
16Hz = Signal BW Closed Loop BW
10 — §.3Hz \ NG=6 f, =IMHz
NG=2 \ \ /
1 | ! ! ! ! ! |
0.4 1 10 100 1k 10k 100k 1M 10M
FREQUENCY (Hz)

Figure 4.4.18: Noise gain of AD795 preamplifier at 25°C.

It is important to note that temperature changes do not significantly affect the stabil-
ity of the circuit. Changes in R1 (the photodiode shunt resistance) only affect the low
frequency noise gain and the frequency at which the zero in the noise gain response
occurs. The high frequency noise gain is determined by the C1/C2 ratio.

Photodiode Preamplifier Noise Analysis

To begin the analysis, we consider the AD795 input voltage and current noise spectral
densities shown in Figure 4.4.19. The AD795 performance is truly impressive for a

JFET input Oop amp: 2.5 }J.V VOTAGE NOISE DENSITY CURRENT NOISE DENSITY
. 1k 100

p-p 0.1 Hz to 10 Hz noise, w m

and a 1/f corner frequency Vi vz

of 12 Hz, comparing favor-

ably with all but the best 0.6 A7 WHz

bipolar op amps. As shown 1 o / """
in the figure, the current 1/ Comer = 12Hz

nOlse is mUCh lower than 0 1 150 1:)0 1k 10k 100k 1M o4 1 10 100 1k 10k 100k 1M
bipolar op amps, making FREQUENCY (Hz) FREQUENCY (Hz)

it an ideal choice for high Figure 4.4.19: Voltage and current noise of AD795.

impedance applications.

The complete noise model for an op amp is shown in Figure 4.4.20. This model
includes the reactive elements C1 and C2. Each individual output noise contributor is
calculated by integrating the square of its spectral density over the appropriate fre-
quency bandwidth and then taking the square root:

RMS Output Noise Due to V, = | [V, (f)’ df Eq. 4.4.1

117



Chapter 4

In most cases, this integration can |
be done by inspection of the graph 0

of the individual spectral densities & | ' s
superimposed on a graph of the

noise gain. The total output noise
is then obtained by combining the

1kQ @ +25°C has 4nVi{Hz Noise

TOTAL NOISE RTO =
\,‘ f V4 (P2df + _f Vo (f2df + ...

Von

. L . NOISE SOURCE RTO INTEGRATION BW
individual components in a root- o Ve Noiss Gaim 7 57°Closed Loop BW
sum-squares manner. The table Ine Iy.*R3 Noise Gain 1.57-Closed Loop BW
. . . In Iy_*R2 1.57 «Signal BW
below the diagram in Figure 4.4.20 R Vg RER1) 157 ~Signal BW
CE LI R2 Vy gz 1.57 +Signal BW
shows how each individual source e e S o-Closed Loop BW

is reflected to the output and the

corresponding bandwidth for inte-
gration. The factor of 1.57 (1/2) is required to convert the single pole bandwidth into
its equivalent noise bandwidth. The resistor Johnson noise spectral density is given by:

V, = JAKTR Eq. 4.4.2

where k is Boltzmann’s constant (1.38 x 107> J/K) and T is the absolute temperature
in K. A simple way to compute this is to remember that the noise spectral density of a
1 kQ resistor is 4 nV/VHz at +25°C. The Johnson noise of another resistor value can
be found by multiplying by the square root of the ratio of the resistor value to 1000 €.
Johnson noise is broadband, and its spectral density is constant with frequency.

Figure 4.4.20: Amplifier noise model.

Input Voltage Noise

In order to obtain the output voltage noise spectral density plot due to the input volt-
age noise, the input voltage noise spectral density plot is multiplied by the noise gain
plot. This is easily accomplished using the Bode plot on a log-log scale. The total
RMS output voltage noise due to the input voltage noise is then obtained by integrat-
ing the square of the output voltage noise spectral density plot and then taking the
square root. In most cases, this integration may be approximated. A lower frequency
limit of 0.01 Hz in the 1/f region is normally used. If the bandwidth of integration
for the input voltage noise is greater than a few hundred Hz, the input voltage noise
spectral density may be assumed to be constant. Usually, the value of the input volt-
age noise spectral density at 1 kHz will provide sufficient accuracy.

It is important to note that the input voltage noise contribution must be integrated over the
entire closed loop bandwidth of the circuit (the closed loop bandwidth, f,, is the frequency
at which the noise gain intersects the op amp open loop response). This is also true of the
other noise contributors which are reflected to the output by the noise gain (namely, the
non-inverting input current noise and the non-inverting input resistor noise).

118



Sensor Signal Conditioning

The inverting input noise current flows through the feedback network to produce a
noise voltage contribution at the output The input noise current is approximately
constant with frequency, therefore, the integration is accomplished by multiplying
the noise current spectral density (measured at 1 kHz) by the noise bandwidth which
1s 1.57 times the signal bandwidth (1/2rR2C2). The factor of 1.57 (7/2) arises when
single-pole 3 dB bandwidth is converted to equivalent noise bandwidth.

High Impedance Sensors

Johnson Noise Due to Feedforward Resistor R1

The noise current produced by the feedforward resistor R1 also flows through the
feedback network to produce a contribution at the output. The noise bandwidth for
integration is also 1.57 times the signal bandwidth.

Non-Inverting Input Current Noise

The non-inverting input current noise, Iy,, develops a voltage noise across R3 which
is reflected to the output by the noise gain of the circuit. The bandwidth for inte-
gration is therefore the closed loop bandwidth of the circuit. However, there is no
contribution at the output if R3 = 0 or if R3 is bypassed with a large capacitor which
is usually desirable when operating the op amp in the inverting mode.

Johnson Noise Due to Resistor in Non-Inverting Input

The Johnson voltage noise due to R3 is also reflected to the output by the noise gain
of the circuit. If R3 is bypassed sufficiently, it makes no significant contribution to the
output noise.

Summary of Photodiode Circuit Noise Performance

Figure 4.4.21 shows the output wr T — TOTAL AREAS:
noise spectral densities for each RI i 20uVRMS
. R2 : 20pV RMS
of the contributors at +25°C. W i HVRMS
) ) . VN ) © 2465V RMS
Note that there is .no contribution L Toes S
due to I, or R3 since the non- AN
inverting input of the op amp is \ S
ro nded = Closed Loop BW
SO omme N\
C1 = 50pF
C2 = 10pF
AD795 fy =1MHz
01 I I I I L I I |

0.4 1 10 100 1k 10k 100k '] 10M
FREQUENCY (Hz)

Figure 4.4.21: Ouput voltage noise components
spectral densities (n VAHz) at +25°C.
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Noise Reduction Using Output Filtering

From the above analysis, the largest contributor to the output noise voltage at +25°C
is the input voltage noise of the op amp reflected to the output by the noise gain. This
contributor is large primarily

because the noise gain over | [109F

which the integration is per- y GAIN:
formed extends to a bandwidth Wy imV /A
of 167 kHz (the intersection of e STy EMS 28500 RS
the noise gain curve with the N 20Hz
open-loop response of the op N\ l"’ ApTasK SRlteR |
amp). If the op amp output is . 5V

filtered by a single pole filter (as

shown in Figure 4.4.22) with a Mo % 1O UL RANGE!
20 Hz cutoff frequency (R = 80 01k 1000 -15v 1.8y
MQ, C = 0.1 uF), this contribu- i

tion is reduced to less than 1 uV
rms. Notice that the same results
would not be achieved simply
by increasing the feedback capacitor, C2. Increasing C2 lowers the high frequency
noise gain, but the integration bandwidth becomes proportionally higher. Larger
values of C2 may also decrease the signal bandwidth to unacceptable levels. The
addition of the simple filter reduces the output noise to 28.5 LV rms; approximately
75% of its former value. After inserting the filter, the resistor noise and current noise
are now the largest contributors to the output noise.

Figure 4.4.22: AD795 photodiode preamp
with offset null adjustment.

Summary of Circuit Performance

The diagram for the final optimized design of the photodiode circuit is shown in
Figure 4.4.22. Performance characteristics are summarized in Figure 4.4.23. The total
output voltage drift over O to +70°C is 33 mV. This corresponds to 33 pA of diode
current, or approximately 0.001 foot-candles. (The level of illumination on a clear
moonless night). The offset nulling cir-
cuit shown on the non-inverting input can
be used to null out the room temperature
offset. Note that this method is better than
using the offset null pins because using the
offset null pins will increase the offset volt-
age TC by about 3 pV/°C for each millivolt
nulled. In addition, the AD795 SOIC pack-
age does not have offset nulling pins. Figure 4.4.23: AD795 photodiode circuit
performance summary.

Qutput Offset Error (0°C to +70°C) : 33mV

Output Sensitivity: 1mV / pA

Output Photosensitivity: 30V / foot-candlle

Total Cutput Noise @ +25°C : 28.5uV RMS

Total Noise RTI @ +25°C : 44fA RMS, or 26.4pA p-p
Range with R2 = 1000MQ : 0.001 to 0.33 foot-candles
Bandwidth: 16Hz
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The input sensitivity based on a total output voltage noise of 44 1V is obtained by di-
viding the output voltage noise by the value of the feedback resistor R2. This yields a
minimum detectable diode current of 44 fA. If a 12-bit ADC is used to digitize the 10V full
scale output, the weight of the least significant bit (LSB) is 2.5 mV. The output noise
level is much less than this.

Photodiode Circuit Tradeoffs

There are many tradeoffs which could be made in the basic photodiode circuit design
we have described. More signal bandwidth can be achieved in exchange for a larger
output noise level. Reducing the feedback capacitor C2 to 1 pF increases the signal
bandwidth to approximately 160 Hz. Further reductions in C2 are not practical be-
cause the parasitic capacitance is probably in the order of 1 to 2 pF. A small amount
of feedback capacitance is also required to maintain stability.

If the circuit is to be operated at higher levels of illumination (greater than approxi-
mately 0.3 fc), the value of the feedback resistor can be reduced thereby resulting in
further increases in circuit bandwidth and less resistor noise. If gain-ranging is to be
used to measure the higher light levels, extreme care must be taken in the design and
layout of the additional switching networks to minimize leakage paths.

Compensation of a High Speed Photodiode I/V Converter

A classical 1/V converter is shown in Figure 4.4.24. Note that it is the same as the
photodiode preamplifier if we assume that R1 >> R2. The total input capacitance, C1,
is the sum of the diode capacitance and the op amp input capacitance. This is a clas-
sical second-order system, and the following guidelines can be applied in order to
determine the proper compensation.

| |
1, = SIGNAL BW N

f, = OP AMP UNITY
GAIN BW PRODUCT

1 I 4 |

Total Input
Capacitance
L

- .= 1
1% 2Rz C1

1
N 2= rrzcz
OPEN LOOP
/ GAN fy=\[e 1,

7 UNCOMPENSATED

L c1

4 c2=Y 5pot
u

X~ — -~ COMPENSATED
FOR 45° PHASE MARGIN

f e N\
i i \ ¥
4 fommmmmnnenes | e f fz = TS Ruz e

Figure 4.4.24: Compensating for input capacitance in a current-to-voltage converter.
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The net input capacitance, C1, forms a zero at a frequency f, in the noise gain transfer
function as shown in the Bode plot.
f= 1
2nR2C1

Note that we are neglecting the effects of the compensation capacitor C2 and are
assuming that it is small relative to C1 and will not significantly affect the zero fre-
quency f, when it is added to the circuit. In most cases, this approximation yields
results which are close enough, considering the other variables in the circuit.

Eq.4.4.3

If left uncompensated, the phase shift at the frequency of intersection, f,, will cause
instability and oscillation. Introducing a pole at f, by adding the feedback capacitor
C2 stabilizes the circuit and yields a phase margin of about 45 degrees.
1
b= Skaca
Since f, is the geometric mean of f, and the unity-gain bandwidth frequency of the op
amp, f,

u’

L=\, Eq.4.4.5

These equations can be combined and solved for C2:

c,= <! Eq. 4.4.6
2nR2-f,

This value of C2 will yield a phase margin of about 45 degrees. Increasing the capaci-
tor by a factor of 2 increases the phase margin to about 65 degrees.

Eq. 4.4.4

In practice, the optimum value of C2 should be determined experimentally by varying
it slightly to optimize the output pulse response.

Selection of the Op Amp for Wideband Photodiode 1/V Converters

The op amp in the high speed photodiode I/V converter should be a wideband FET-in-
put one in order to minimize the effects of input bias current and allow low values of
photocurrents to be detected. In addition, if the equation for the 3 dB bandwidth, f,, is
rearranged in terms of f,, R2, and C1, then

Y Eq. 4.4.7
h= 2MR2C1 .

where Cl1 is the sum of the diode capacitance, Cy,, and the op amp input capacitance,
Cix- In a high speed application, the diode capacitance will be much smaller than that
of the low frequency preamplifier design previously discussed—perhaps as low as a
few pF.
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By inspection of this equation, it is Unity GBW |  Input f/Cn | MPUtBiss | voltage Noise

. .. Product | Capacitance | (MHz/pF) | Current @ 10kHz

clear that in order to maximize f,, fu(MHz) | Cy (oF) s (pA) (nVIHz)
the FET-input op amp should have AP8z 16 18 89 3 16
. . . . AD843 34 6 5.7 600 19
both a high unity gain-bandwidth = 5 24 o .
product, f,, and a low input capaci- apsss 16 s 2 500 18
tance, Cy. In fact, the ratio of f, to ~ _°P#? 10 6 16 1% 12
. . ADT745* 20 20 1 250 29
C\ 1s a good figure-of-merit when 5., . . p y s
evaluating different op amps for AD820 19 28 07 2 13
thlS applicatiOIl AD743 4.5 20 6.2 250 29

. *Stable for Noise Gains > 5, Usually the Case,
Figure 4.4.25 compares a number Since High Frequency Noise Gain = 1+ C1/C2,

of FET-input op amps suitable for and O Beually 24c2
photodiode preamps. By inspec-
tion, the AD823 op amp has the
highest ratio of unity gain-bandwidth product to input capacitance, in addition to
relatively low input bias current. For these reasons, it was chosen for the wideband
photodiode preamp design.

Figure 4.4.25: FET-input op amp comparison table
for wide bandwidth photodiode preamps.

High Speed Photodiode Preamp Design

The HP 5082-4204 PIN Photodiode will be used as an example for our discussion. Its
characteristics are given in Figure 4.4.26. It is typical of many commercially available

PIN photodiodes. As in most high-speed B Sensitivity: 350pA @ 1mW, 900nm
photodiode applications, the diode is

operated in the reverse-biased or phOtO- B Maximum Linear Cutput Current: 100pA
conductive mode. This greatly lowers the B Area: 0.002em? (0.2mm?)

diode junction capacitance, but causes a

small amount of dark current to flow even
when the diode is not illuminated (we B Shunt Resistance: 16710
will show a circuit which compensates for
the dark current error later in the section).

B Capacitance: 4pF @ 10V Reverse Bias

H Risetime: 10ns

This photodiode is linear with illumina- W Dark Current: 600pA @ 10V Reverse Bias
tion up to approximately 50 to 100 pA Figure 4.4.26: HP 5082-4204 photodiode.
of output current. The dynamic range is

limited by the total circuit noise and the diode dark current (assuming no dark current
compensation).

Using the circuit shown in Figure 4.4.27, assume that we wish to have a full scale out-
put of 10V for a diode current of 100 pA. This determines the value of the feedback
resistor R2 to be 10 V/100 pA = 100 kQ.
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Using the diode capacitance, C, = 4 pF, and the AD823 input capacitance, C;y = 1.8
pE, the value of C1 = Cj + Cy = 5.8 pF. Solving the above equations using C1 = 5.8
pF, R2 =100 k€2, and f, = 16 MHz, we find that:

f, = 274 kHz
c2 = 0.76 pF
f, = 2.1 MHz.

In the final design (Figure 4.4.27), note that the 100 k€2 resistor is replaced with three
33.2 kQ film resistors to minimize stray capacitance. The feedback capacitor, C2, is
a variable 1.5 pF ceramic and is

adjusted in the final circuit for best €2 || r =~ OBpF
. Cp = 4pF, Cy = 1.8pF A
bandwidth/pulse response. The C1=Cp+Cyy=58pF | 33.2k0 332k0 33.2k0
. . . . — "N NN—AN—¢  R2=100k0
overall circuit bandwidth is ap- X
proximately 2 MHz. DII
The full-scale output voltage of the -1ov D1

preamp for 100 pA diode current
is 10V, and the error (RTO) due to
the photodiode dark current of 600 OAF
pAis 60 mV. The dark current er- | FOR LA ASE
ror can be canceled using a second

photodiode of the same type in the Figure 4.4.27: 2 MHz bandwidth photodiode
non- inverting input of the op amp preamp with dark current compensation.
as shown in Figure 4.4.27.

D2

D1, D2: HP-5082-4204

-15v

High Speed Photodiode Preamp Noise Analysis

As in most noise analyses, only the key contributors need be identified. Because the
noise sources combine in an RSS manner, any single noise source that is at least three
or four times as large as any of the others will dominate.

In the case of the wideband photodiode preamp, the dominant sources of output noise
are the input voltage noise of the op amp, Vy, and the resistor noise due to R2, Vy,
(see Figure 4.4.28). The input current noise of the FET-input op amp is negligible.
The shot noise of the photodiode (caused by the reverse bias) is negligible because of
the filtering effect of the shunt capacitance C1. The resistor noise is easily calculated
by knowing that a 1 k2 resistor generates about 4 nV/Hz, therefore, a 100 kQ resis-
tor generates 40 nV/\Hz. The bandwidth for integration is the signal bandwidth, 2.1 MHz,
yielding a total output rms noise of:
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Vy x» RTO Noise = 4071.57-2.1-10° = 73uVrms Eq. 4.4.8

The factor of 1.57 converts the approximate single-pole bandwidth of 2.1 MHz into
the equivalent noise bandwidth.

The output noise due to the input voltage noise is obtained by multiplying the noise
gain by the voltage noise and integrating the entire function over frequency. This
would be tedious if done rigorously, but a few reasonable approximations can be
made which greatly simplify the math. Obviously, the low frequency 1/f noise can be
neglected in the case of the wideband circuit. The primary source of output noise is
due to the high-frequency noise-gain peaking which occurs between f, and f,. If we
simply assume that the output noise is constant over the entire range of frequencies
and use the maximum value for AC noise gain [1 + (C1/C2)], then

1
V, RTO Noise =V, (1 - %) [1.57f, =250uVrms Eq. 4.4.9
The total rms noise referred to the output is then the RSS value of the two compo-
nents:

Total RTO Noise = /(73)" +(250)" = 260uVrms Eq. 4.4.10

The total output dynamic range can be calculated by dividing the full scale output
signal (10 V) by the total output rms noise, 260 uV rms, and converting to dB, yield-
ing approximately 92 dB.

|
] C1="58pF
R2 €2 =0.76pF

Vi = 16nViHz r\/\,_®_4. R2 = 100k

Nyt 1+ €1

c2

Vgag = —10V

NOISE GAIN

.
f, f fu
274kHz 2.1MHz 16MHz

B VL RTONOISE =V [1 + %]\{1,5; f, = 2504V RMS
B Vg, RTONOISE = VakTR2 - 1.57¢, = 73V RMS
B TOTALRTONOISE =\/2502 + 732 = 260V RMS
H DYNAMIC RANGE =20 | [ 10V } =

og 2604V = 92dB

Figure 4.4.28: Equivalent circuit for output noise analysis
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High Impedance Charge Output Sensors

High impedance transducers such as piezoelectric sensors, hydrophones, and some
accelerometers require an amplifier which converts a transfer of charge into a change
of voltage. Because of the high DC output impedance of these devices, appropriate
buffers are required. The basic circuit for an inverting charge sensitive amplifier is
shown in Figure 4.4.29. There

are basically two types of | c2
charge transducers: capacitive AQ=AC Vg AA R2
and charge-emitting. In a ca-

.. AN h
pacitive transducer, the voltage ;:'
_ AC

V

across the capacitor (V) is held 1 o
constant. The change in capaci- I .
tance, AC, produces a change Ve
in charge, AQ = ACV_. This é
charge is transferred to the op B FOR CAPACITIVE SENSORS: AVgyr = igzic
amp output as a voltage, AVyyr Il FOR CHARGE-EMITTING SENSORS: AVg, ;= -Aa
=-AQ/C2 =-ACV/C2. e

L. . UPPER CUTOFF FREQUENCY = fp= ZnRZC2
Charge-emitting transducers 4
produce an output charge, AQ, B LOWER CUTOFFFREQUENCY = f= 3—p-co
and their output capacitance Figure 4.4.29: Charge amplifier for capacitive sensor.

remains constant. This charge

would normally produce an open-circuit output voltage at the transducer output equal
to AQ/C. However, since the voltage across the transducer is held constant by the
virtual ground of the op amp (R1 is usually small), the charge is transferred to capaci-
tor C, producing an output voltage AV, = —AQ/C2.

In an actual application, the charge amplifier only responds to AC inputs. The upper
cutoff frequency is given by f, = 1/2rR2C2, and the lower by f, = 1/2rRI1CI.

Low Noise Charge Amplifier Circuit Configurations

Figure 4.4.30 shows two ways to buffer and amplify the output of a charge output trans-
ducer. Both require using an amplifier which has a very high input impedance, such as
the AD745. The AD745 provides both low voltage and low current noise. This combina-
tion makes this device particularly suitable in applications requiring very high charge
sensitivity, such as capacitive accelerometers and hydrophones.

The first circuit (left) in Figure 4.4.30 uses the op amp in the inverting mode. Ampli-
fication depends on the principle of conservation of charge at the inverting input of
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the amplifier. The charge on
. . CHARGE OUTPUT MODE VOLTAGE OUTPUT MODE
capacitor Cg is transferred to — g

capacitor Cp, thus yielding source Re
an output voltage of AQ/Cx. J_cs%:s i

. . AD745
The amplifier’s input voltage N

noise will appear at the output ¢l = CezCrlGs
amplified by the AC noise l ®  Re=RellRs l Re
30

gain of the circuit, 1 + C¢/Cp. - Re>> Rl %2
RTI R e
The second circuit (right) "‘::ISE BALANCED
shown in Figure 4.4.30 is Ve 0\ i
simply a high impedance 0 pros <500
follower with gain. Here the INPUT GAPAGITANCE (pF)
noise gain (1 + R2/R1) is Figure 4.4.30: Balancing source impedances minimizes
the same as the gain from effects of bias currents and reduces input noise.

the transducer to the output.
Resistor Ry, in both circuits, is required as a DC bias current return.

To maximize DC performance over temperature, the source resistances should be
balanced on each input of the amplifier. This is represented by the resistor R; shown
in Figure 4.4.30. For best noise performance, the source capacitance should also be
balanced with the capacitor Cy. In general, it is good practice to balance the source
impedances (both resistive and reactive) as seen by the inputs of a precision low noise
BiFET amplifiers such as the AD743/AD745. Balancing the resistive high impedance
sensors components will optimize DC performance over temperature because balanc-
ing will mitigate the effects of any bias current errors. Balancing the input capacitance
will minimize AC response errors due to the amplifier’s nonlinear common mode
input capacitance, and as shown in Figure 4.4.30, noise performance will be opti-
mized. In any FET input amplifier, the current noise of the internal bias circuitry can
be coupled to the inputs via the gate-to-source capacitances (20 pF for the AD743 and
AD745) and appears as excess input voltage noise. This noise component is correlated
at the inputs, so source impedance matching will tend to cancel out its effect. Figure
4.4.30 shows the required external components for both inverting and noninverting
configurations. For values of C, greater than 300 pF, there is a diminishing impact on
noise, and Cy can then be simply a large mylar bypass capacitor of 0.01 UF or greater.
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A 40dB Gain Piezoelectric Transducer Amplifier Operates on
Reduced Supply Voltages for Lower Bias Current

Figure 4.4.31 shows a piezoelectric transducer amplifier connected in the voltage-
output mode. Reducing the power supplies to +5 V reduces the effects of bias current
in two ways: first, by lowering the total power

R2, 10k}
dissipation and, second, by reducing the basic My
gate-to-junction leakage current. The addition }C—el -
of a clip-on heat sink such as the Aavid #5801 ~1 ) R;V:(’,sgl -
will further limit the internal junction tempera- 100 S ’ AD745
ture rise. SOURCE | |+

. . . c1r —— -5V, Ig=8mA
Without the AC coupling capacitor C1, the =t ST
. . Cg=C.
amplifier will operate over a range of 0°C to < i e T
+85°C. If the optional AC coupling capaci-
. . . . . +5V Power Supplies Reduce
tor C1 is used, the circuit will operate over the I for 0°C to +85°C Operation, Pp = 80mW
entire —55°C to +125°C temperature range, but B C1 Allows ~55°C to +125°C Opration
DC information is lost. Figure 4.4.31: Gain of 100

Hydrophones piezoelectric sensor amplifier.

Interfacing the outputs of highly capacitive

transducers such as hydrophones, some accelerometers, and condenser microphones
to the outside world presents many design challenges. Previously designers had to use
costly hybrid amplifiers consisting of discrete low-noise JFETsS in front of conven-
tional op amps to achieve the low levels of voltage and current noise required by these
applications. Now, using the AD743 and AD745, designers can achieve almost the
same level of performance of the hybrid approach in a monolithic solution.

In sonar applications, a piezo-ceramic cylinder is commonly used as the active element
in the hydrophone. A typical cylinder has a nominal capacitance of around 6,000 pF
with a series resistance of 10 Q. The output impedance is typically 10® € or 100 MCQ.

Since the hydrophone signals of interest are inherently AC with wide dynamic range,
noise is the overriding concern among sonar system designers. The noise floor of

the hydrophone and the hydrophone preamplifier together limit the sensitivity of the
system and therefore the overall usefulness of the hydrophone. Typical hydrophone
bandwidths are in the 1 kHz to 10 kHz range. The AD743 and AD745 op amps, with
their low noise figures of 2.9 nV/Hz and high input impedance of 10'° Q (or 10 GQ)
are ideal for use as hydrophone amplifiers.
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The AD743 and AD745 are companion amplifiers with different levels of internal
compensation. The AD743 is internally compensated for unity gain stability. The
AD7435, stable for noise gains of five or greater, has a much higher bandwidth and
slew rate. This makes the AD745 especially useful as a high-gain preamplifier where
it provides both high gain and wide bandwidth. The AD743 and AD745 also operate
with extremely low levels of distortion: less than 0.0003% and 0.0002% (at 1 kHz),
respectively.

Op Amp Performance: JFET versus Bipolar

The AD743 and AD745 op amps are the first monolithic JFET devices to offer the
low input voltage noise comparable to a bipolar op amp without the high input bias
currents typically associated with bipolar op amps. Figure 4.4.32 shows input voltage
noise versus input source resistance of the bias-current compensated OP27 and the
JFET-input AD745 op amps. Note that the noise levels of the AD743 and the AD745
are identical. From this figure, it is clear that at high source impedances, the low cur-
rent noise of the AD745 also provides lower overall noise than a high performance
bipolar op amp. It is also important to note that, with the AD745, this noise reduction
extends all the way down to low source impedances. At high source impedances, the
lower DC current errors of the AD745 also reduce errors due to offset and drift as
shown in Figure 4.4.32.

INPUT VOLTAGE NOISE 100 INPUT OFF SET VOLTAGE
: 7 7

op27
Ve A/ L7
z Pie op27
L[ R R I % v\ ------ 10 o SUTETIR IR SHEERS E

Ay Rg NOISE ONLY 7

- Ry

H i 0.1
100 1k 10k 100k 1M 10M 100 1k 10k 100k 1M 10M

SOURCE RESISTANCE (Q ) SOURCE RESISTANCE ()

Figure 4.4.32: Effects of source resistance on noise and offset
voltage for OP27 (bipolar) and AD745 (BIiFET) op amps.
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A PH Probe Buffer Amplifier

A typical pH probe requires a buffer amplifier to isolate its 10° to 10° Q source resis-
tance from external circuitry. Such an amplifier is shown in Figure 4.4.33. The low
input current of the AD795 allows the voltage error produced by the bias current and
electrode resistance to be
minimal. The use of guard-
ing, shielding, high insulation
resistance standoffs, and other
such standard picoamp meth-
ods used to minimize leakage somv/pn
are all needed to maintain the '~ oo

OUTPUT
pH PROBE o
1V pH UNIT

19.6kQ

accuracy of this circuit. Sutput Impedance: . o

The slope of the pH probe +3500ppem 14
transfer function, 50mV per Frocieion Resistor Co, Inc.
pH unit at room temperature,

has an approximate +3500 Figure 4.4.33: A pH probe buffer amplifier with a
ppm/°C temperature coef- gain of 20 using the AD795 precision BIFET op amp.

ficient. The buffer shown in

Figure 4.4.33 provides a gain of 20 and yields an output voltage equal to 1 volt/pH
unit. Temperature compensation is provided by resistor RT which is a special tem-
perature compensation resistor, 1 kQ, 1%, +3500 ppm/°C, #PT146 available from

Precision Resistor Co., Inc. (Reference 18).

CCD/CIS Image Processing

The charge-coupled-device (CCD) and contact-image-sensor (CIS) are widely used
in consumer imaging systems such as scanners and digital cameras. A generic block
diagram of an imaging system is
shown in Figure 4.4.34. The imag-
ing sensor (CCD, CMOS, or CIS)
is exposed to the image or picture
much like film is exposed in a
camera. After exposure, the out-
put of the sensor undergoes some
analog signal processing and then
is digitized by an ADC. The bulk
of the actual image processing is
performed using fast digital signal  oiemzeo mace
processors. At this point, the im- Figure 4.4.34: Generic imaging system for
scanners or digital cameras.

SCENE LENS

LIGHT IMAGING ANALOG
SENSOR  [»  SIGNAL
(CCD, CIS, CMOS)| | CONDITIONING

DIGITAL
- SIGNAL [ ADC

PROCESSING
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age can be manipulated in the digital domain to perform such functions as contrast or
color enhancement/correction, etc.

The building blocks of a CCD are the individual light sensing elements called pixels
(see Figure 4.4.35). A single pixel consists of a photo sensitive element, such as a
photodiode or photocapacitor, which

outputs a charge (electrons) propor-

tional to the light (photons) that it is /\,/F\]/[\/\F/
exposed to. The charge is accumulated

during the exposure or integration time,

LIGHT (PHOTONS)

~— PHOTO SENSITIVE
ELEMENT

e

and then the charge is transferred to e % e e o0
<— POTENTIAL WELL

the CCD shift register to be sent to the ACCUMULATED CHARGE (ELECTRONS)

output of the device. The amount of

. ONE PHOTOSITE OR “PIXEL
accumulated charge will depend on the

light level, the integration time, and the Figure 4.4.35: Light sensing element.
quantum efficiency of the photo sensi-

tive element. A small amount of charge PHOTOSITES (PIXELS)  LINEAR CCD CONFIGURATION
will accumulate even without light | s

present; this is called dark signal or STAGE

dark current and must be compensated 0 ] o o

for during the signal processing. g g g g AREA CCD CONFIGURATION
The pixels can be arranged in a linear ,,,XE/L; O g g g T S

or area configuration as shown in Fig-  ~ql|| ol|| i//| O

ure 4.4.36. Clock signals transfer the Chi| Thl| On, Oh

charge from the pixels into the analog Cil Chl OL) Gl SUTPUT

| HORIZONTAL SHIFT REGISTER —» STAGE [ ™

shift registers, and then more clocks
are applied to shift the individual pixel  Figure 4.4.36: Linear and area CCD arrays.
charges to the output stage of the CCD.

Scanners generally use the linear configuration, while digital cameras use the area
configuration. The analog shift register typically operates at frequencies between 1
and 10 MHz for linear sensors, and 5 to 25 MHz for area sensors.

A typical CCD output stage is shown in Figure 4.4.37 along with the associated volt-
age waveforms. The output stage of the CCD converts the charge of each pixel to a
voltage via the sense capacitor, Cg. At the start of each pixel period, the voltage on

C; is reset to the reference level, Vg causing a reset glitch to occur. The amount of
light sensed by each pixel is measured by the difference between the reference and the
video level, AV. CCD charges may be as low as 10 electrons, and a typical CCD out-
put has a sensitivity of 0.6 uV/electron. Most CCDs have a saturation output voltage
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of about 500 mV to 1V for area sensors and 2 V to 4 V for linear sensors. The DC
level of the waveform is between 3 to 7 V.

Since CCDs are generally fabricated on CMOS processes, they have limited capabil-
ity to perform on-chip signal conditioning. Therefore the CCD output is generally
processed by external conditioning circuits. The nature of the CCD output requires
that it be clamped before being digitized by the ADC. In addition, offset and gain
functions are generally part of the analog signal processing.

CCD output voltages are small and quite often buried in noise. The largest source

of noise is the thermal noise in the resistance of the FET reset switch. This noise

may have a typical value of 100 to 300 electrons rms (approximately 60 to 180 mV
rms). This noise, called “kT/C” noise, is illustrated in Figure 4.4.38. During the reset
interval, the storage capacitor Cq is connected to Vg via a CMOS switch. The on-re-
sistance of the switch (R,y) produces thermal noise given by the well known equation:

Thermal Noise = \|4kT - BW - R, Eq.4.4.11

The noise occurs over a finite bandwidth determined by the Ry Cg time constant.
This bandwidth is then converted into equivalent noise bandwidth by multiplying the
single-pole bandwidth by /2 (1.57):

Noise BW = T ! - 1 Eq. 4.4.12
2| 2nR,,C, | 4R,,C

Substituting into the formula for the thermal noise, note that the R, factor cancels,
and the final expression for the thermal noise becomes:

Thermal Noise ‘/kFT Eq.4.4.13

This is somewhat intuitive, because smaller values of R,y decrease the thermal noise
but increase the noise bandwidth, so only the capacitor value determines the noise.

Note that when the reset switch opens, the kT/C noise is stored on Cy and remains
constant until the next reset interval. It therefore occurs as a sample-to-sample varia-
tion in the CCD output level and is common to both the reset level and the video level
for a given pixel period.

A technique called correlated double sampling (CDS) is often used to reduce the ef-
fect of this noise. Figure 4.4.39 shows one circuit implementation of the CDS scheme,
though many other implementations exist. The CCD output drives both SHAs. At

the end of the reset interval, SHA1 holds the reset voltage level plus the kT/C noise.
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g
RESET o—‘
PIXEL CHARGE, Q
FROM HORIZONTAL BUFFER
SHIFT REGISTER CCD OUTPUT
VOLTAGE

AV~ 1VTO4VFS SENSE R_ A o= @
DCLEVEL~ 3vTo7v CAPACITOR g Cs

REFERENCE
LEVEL

t—— PIXEL PERIOD ——»i

Figure 4.4.37: Output stage and waveforms.

VReF
THERMAL NOISE =)/ 4kT-BW-Rg,

RESET
SWITCH NOISEBW = & 1 _ 1
2 | 2mRoNCs 4RopCs

Ron THERMAL NOISE = V o
Q s

SAME VALUE PRESENT DURING
Cg REFERENCE AND VIDEC LEVELS
WHILE RESET SWITCH IS OPEN

Figure 4.4.38: KT/C noise.

REFERENCE + NOISE

— SHA 1

cch A +
OUTPUT REFERENCE CLOCK OUTPUT

¢— VIDEO CLOCK

SHA 2

OUTPUT =AV =

VIDEO + NOISE
REFERENCE - VIDEO

Figure 4.4.39: Correlated double sampling (CDS).
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At the end of the video interval, SHA?2 holds the video level plus the kT/C noise.

The SHA outputs are applied to a difference amplifier which subtracts one from the
other. In this scheme, there is only a short interval during which both SHA outputs
are stable, and their difference represents AV, so the difference amplifier must settle
quickly. Note that the final output is simply the difference between the reference level
and the video level, AV, and that the kT/C noise is removed.

Contact image sensors (CIS) are linear sensors often used in facsimile machines and
low-end document scanners instead of CCDs. Although a CIS does not offer the same
potential image quality as a CCD, it does offer lower cost and a more simplified opti-
cal path. The output of a CIS is similar to the CCD output except that it is referenced
to or near ground (see Figure 4.4.40), eliminating the need for a clamping function.
Furthermore, the CIS output does not contain correlated reset noise within each pixel
period, eliminating the need for a CDS function. Typical CIS output voltages range
from a few hundred mV to about 1 V full scale. Note that although a clamp and CDS
1s not required, the CIS waveform must be sampled by a sample-and-hold before
digitization.

START
PULSE

wee [1_ 1111

CIS QUTPUT
ov

e [T T

Figure 4.4.40: Contact image sensor (CIS) waveforms.

Analog Devices offers several analog-front-end (AFE) integrated solutions for the
scanner, digital camera, and camcorder markets. They all comprise the signal process-
ing steps described above. Advances in process technology and circuit topologies
have made this level of integration possible in foundry CMOS without sacrificing
performance. By combining successful ADC architectures with high performance
CMOS analog circuitry, it is possible to design complete low cost CCD/CIS signal
processing ICs.

The AD9816 integrates an analog-front-end (AFE) that integrates a 12-bit, 6 MSPS
ADC with the analog circuitry needed for three-channel (RGB) image processing

and sampling (see Figure 4.4.41). The AD9816 can be programmed through a serial
interface, and includes offset and gain adjustments that gives users the flexibility to
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perform all the signal processing necessary for applications such as mid- to high-end
desktop scanners, digital still cameras, medical x-rays, security cameras, and any
instrumentation applications that must “read” images from CIS or CCD sensors.

The signal chain of the AD9816 consists of an input clamp, correlated double sampler
(CDS), offset adjust DAC, programmable gain amplifier (PGA), and the 12-bit ADC
core with serial interfacing to the external DSP. The CDS and clamp functions can be
disabled for CIS applications.

The AD9814, takes the level of performance a step higher. For the most demanding
applications, the AD9814 offers the same basic functionality as the AD9816 but with
14-bit performance. As with the AD9816, the signal path includes three input chan-
nels, each with input clamping, CDS, offset adjustment, and programmable gain.

The three channels are multiplexed into a high performance 14-bit 6 MSPS ADC.
High-end document and film scanners can benefit from the AD9814’s combination of
performance and integration.
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O O O O O ®, 9, O O O O
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‘] PORT
OFFSET 6] SDATA
OFFSET [B]| [B] GAIN
REGISTERS REGISTERS

o o
CDSCLK1 CDSCLK2 ADCCLK

Figure 4.4.41: AD9816 Analog front end CCD/CIS processor.

Complete 12-Bit 6MSPS CCDI/CIS Signal Processor
3-Channel or 1-Channel Operation

On-Chip Correlated Double Sampling (CDS)

8-Bit Programmable Gain and 8-Bit Offset Adjustment
Internal Voltage Reference

Good Linearity: DNL = £0.4LSB Typical, INL = +1.5 LSB Typical
Low Output Noise: 0.5 LSB RMS

Coarse Offset Removal for CIS Applications

3-Wire Serial Interface

Single +5V Supply, 420mW Power Dissipation
44-Lead MQFP Package

Figure 4.4.42:
AD9816 key specifications.
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CHAPTER 5

Acceleration, Shock and Vibration Sensors

Craig Aszkler, Vibration Products Division Manager, PCB Piezotronics, Inc.

5.1 Introduction

Accelerometers are sensing transducers that provide an output proportional to accel-
eration, vibration' and shock. These sensors have found a wide variety of applications
in both research and development arenas along with everyday use. In addition to

the very technical test and measurement applications, such as modal analysis, NVH
(noise vibration and harshness), and package testing, accelerometers are also used in
everyday devices such as airbag sensors and automotive security alarms. Whenever a
structure moves, it experiences acceleration. Measurement of this acceleration helps
us gain a better understanding of the dynamic characteristics that govern the behavior
of the object. Modeling the behavior of a structure provides a valuable technical tool
that can then be used to modify response, to enhance ruggedness, improve durability
or reduce the associated noise and vibration.

The most popular class of accelerometers is the piezoelectric accelerometer. This type
of sensor is capable of measuring a wide range of dynamic events. However, many
other classes of accelerometers exist that are used to measure constant or very low
frequency acceleration such as automobile braking, elevator ride quality and even the
gravitational pull of the earth. Such accelerometers rely on piezoresistive, capacitive
and servo technologies.

5.2 Technology Fundamentals
Piezoelectric Accelerometer

Piezoelectric accelerometers are self-generating devices characterized by an extended
region of flat frequency response range, a large linear amplitude range and excellent
durability. These inherent properties are due to the use of a piezoelectric material as
the sensing element for the sensor. Piezoelectric materials are characterized by their
ability to output a proportional electrical signal to the stress applied to the material.
The basic construction of a piezoelectric accelerometer is depicted in Figure 5.2.1.

! For information on machinery vibration monitoring, refer to Chapter 13.
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Piezoelectric Element
Preload Ring

Seismic Mass

Accelerometer Base

Figure 5.2.1: Basic piezoelectric accelerometer construction.

The active elements of the accelerometer are the piezoelectric elements. The elements
act as a spring, which has a stiffness &, and connect the base of the accelerometer to
the seismic masses. When an input is present at the base of the accelerometer, a force
(F) 1s created on piezoelectric material proportional to the applied acceleration (a)
and size of the seismic mass (m). (The sensor is governed by Newton’s law of motion
F =ma.) The force experienced by the piezoelectric crystal is proportional to the seis-
mic mass times the input acceleration. The more mass or acceleration, the higher the
applied force and the more electrical output from the crystal.

The frequency response of the sensor is determined by the resonant frequency of the
sensor, which can generally be modeled as a simple single degree of freedom sys-
tem. Using this system, the resonant frequency (®) of the sensor can be estimated by:

o=~k/m.
The typical frequency response of piezoelectric accelerometers is depicted in Figure 5.2.2.

Piezoelectric accelerometers can be broken down into two main categories that define
their mode of operation.
Internally amplified accel- Relative

. 30, Amplitude Resonance Peak
erometers or IEPE (internal
electronic piezoelectric) con-
tain built-in microelectronic
signal conditioning. Charge 10 Useful Frequency Range

dB
Vibration of
Seismic Mass

20

mode accelerometers con- "
tain only the self-generating  © ~ Vibration of Base
piezoelectric sensing element \
. . -10
and have a high impedance 00001 0.001 001 0.1 1 10
charge output signal. Relative Frequency

Figure 5.2.2 Typical frequency response
of piezoelectric accelerometer.
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IEPE Accelerometers

IEPE sensors incorporate built-in, signal-conditioning electronics that function to
convert the high-impedance charge signal generated by the piezoelectric sensing ele-
ment into a usable low-impedance voltage signal that can be readily transmitted, over
ordinary two-wire or coaxial cables, to any voltage readout or recording device. The
low-impedance signal can be transmitted over long cable distances and used in dirty
field or factory environments with little degradation. In addition to providing crucial
impedance conversion, IEPE sensor circuitry can also include other signal condition-
ing features, such as gain, filtering and self-test features. The simplicity of use, high
accuracy, broad frequency range, and low cost of IEPE accelerometer systems make
them the recommended type for use in most vibration or shock applications. However,
an exception to this assertion must be made for circumstances in which the tempera-
ture at the installation point exceeds the capability of the built-in circuitry. The routine
upper temperature limit of IEPE accelerometers is 250°F (121°C); however, specialty
units are available that operate to 350°F (175°C).

IEPE is a generic industry term for sensors with built-in electronics. Many accelerom-
eter manufacturers use their own registered trademarks or trade name to signify sensors
with built-in electronics. Examples of these names include: ICP® (PCB Piezotronics),
Deltatron (Bruel & Kjaer), Piezotron (Kistler Instruments), and Isotron (Endevco), to
name a few.

Typical Coaxial or Constant Current

. ti1a: Quartz Two Conductor Signal
The electronics within IEPE accelerometers ICP® Sensor Cable Conditioner

require excitation power from a constant- 17~ T T T T, 7~ [
current, DC voltage source. This power : - '
source 1s sometimes built into vibration !
meters, FFT analyzers and vibration data :
|
|
|
|

Signal

~lov
Current
Regulating
Diode
collectors. A separate signal conditioner is
required when none is built into the read-
out. In addition to providing the required ' U
excitation, power supplies may also incor- Figure 5.2.3: Typical IEPE system.
porate additional signal conditioning, such
as gain, filtering, buffering and overload indication. The typical system set-ups for

IEPE accelerometers are shown in Figure 5.2.3.

Voo

—|_ Power

|
|
|
| |
| + 181030 |
|
|
|

Ground
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Charge Mode Accelerometers

Charge mode sensors output a high-impedance, electrical charge signal that is gener-
ated directly by the piezoelectric sensing element. It should be noted that this signal
is sensitive to corruption from environmental influences and cable-generated noise.
Therefore it requires the use of a special low noise cable. To conduct accurate mea-
surements, it is necessary to condition this signal to a low-impedance voltage before
it can be input to a readout or recording device. A charge amplifier or in-line charge
converter is generally used for this purpose. These devices utilize high-input-imped-
ance, low-output-impedance charge amplifiers with capacitive feedback. Adjusting
the value of the feedback capacitor alters the transfer function or gain of the charge
amplifier.

Typically, charge mode accelerometers are used when high temperature survivability
is required. If the measurement signal must be transmitted over long distances, it is
recommended to use an in-line charge converter, placed near the accelerometer. This
minimizes the chance of noise. In-line charge converters can be operated from the
same constant-current excitation power source as IEPE accelerometers for a reduced
system cost. In either case, the use of a special low noise cable is required between
the accelerometer and the charge converter to minimize vibration induced triboelec-
tric noise.

Qnm—@m—m oo

Charge Output | C |

_ Sensor _ _ e |
I I Cable | | .

: A

[ q rol [
[ ! [ |
[ : ! [
, B = =6 T Ve :
| l | | Figure 5.2.5:
[ ! [ | Laboratory charge
: , -
YT . = amplifier system.

Piezoelectric Crystal Charge Amplifier
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Sophisticated laboratory-style charge amplifiers usually include adjustments for
normalizing the input signal and altering the feedback capacitor to provide the desired
system sensitivity and full-scale amplitude range. Filtering also may be used to tailor
the high and low frequency response. Some charge amplifiers provide dual-mode op-
eration, which provides power for IEPE accelerometers and conditions charge mode
Sensors.

Because of the high-impedance nature of the output signal generated by charge mode
accelerometers, several important precautionary measures must be followed. As
noted above, always be attentive to motion induced (triboelectric) noise in the cable
and mitigate by using specially treated cable. Also, always maintain high insulation
resistance of the accelerometer, cabling, and connectors. To ensure high insulation
resistance, all components must be kept dry and clean. This will help minimize poten-
tial problems associated with noise and/or signal drift.

Piezoelectric Sensing Materials

Two categories of piezoelectric materials that are predominantly used in the design
of accelerometers are quartz and polycrystalline ceramics. Quartz is a natural crystal,
while ceramics are man-made. Each material offers certain benefits. The material
choice depends on the particular performance features desired of the accelerometer.

Quartz is widely known for its ability to perform accurate measurement tasks and
contributes heavily in everyday applications for time and frequency measurements.
Examples include everything from wristwatches and radios to computers and home
appliances. Accelerometers benefit from several unique properties of quartz. Since
quartz is naturally piezoelectric, it has no tendency to relax to an alternative state and
is considered the most stable of all piezoelectric materials. This important feature
provides quartz accelerometers with long-term stability and repeatability. Also, quartz
does not exhibit the pyroelectric effect (output due to temperature change), which pro-
vides stability in thermally active environments. Because quartz has a low capacitance
value, the voltage sensitivity is relatively high compared to most ceramic materials,
making it ideal for use in voltage-amplified systems. Conversely, the charge sensitiv-
ity of quartz is low, limiting its usefulness in charge-amplified systems, where low
noise is an inherent feature.

A variety of ceramic materials are used for accelerometers, depending on the re-
quirements of the particular application. All ceramic materials are man-made and

are forced to become piezoelectric by a polarization process. This process, known as
“poling,” exposes the material to a high-intensity electric field. This process aligns the
electric dipoles, causing the material to become piezoelectric. If ceramic is exposed to
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temperatures exceeding its range, or large electric fields, the piezoelectric properties
may be drastically altered. There are several classifications of ceramics. First, there
are high-voltage-sensitivity ceramics that are used for accelerometers with built-in,
voltage-amplified circuits. There are high-charge-sensitivity ceramics that are used for
charge mode sensors with temperature ranges to 400°F (205°C). This same type of
crystal is used in accelerometers that use built-in charge-amplified circuits to achieve
high output signals and high resolution. Finally, there are high-temperature piezo-
ceramics that are used for charge mode accelerometers with temperature ranges over
1000°F (537°C) for monitoring engine manifolds and superheated turbines.

Structures for Piezoelectric Accelerometers

A variety of mechanical configurations are available to perform the transduction prin-
ciples of a piezoelectric accelerometer. These configurations are defined by the nature
in which the inertial force of an accelerated mass acts upon the piezoelectric material.
There are three primary configurations in use today: shear, flexural beam, and com-
pression. The shear and flexural modes are the most common, while the compression
mode is used less frequently, but is included here as an alternative configuration.

Shear Mode

Shear mode accelerometer designs bond, ICP Sensor _
« PURTET . . Acoustic Circuit Applied
or “sandwich,” the sensing material Shiold \ Acceleration
between a center post and seismic mass. o S NN _ ‘
A compression ring or stud applies a f,,ea'jg” R R “P/;:tzeor(ie;?ctrlc
preload force required to create a rigid
linear structure. Under acceleration, the Preload
Rin h Lead Wire

mass causes a shear stress to be ap- 9 Y
plied to the sensing material. This stress Electrical
results in a proportional electrical output Base I ~/ Connector
by the piezoelectric material. The output b [
is then collected by the electrodes and —

. . . . Threaded
transmitted by lightweight lead wires Mounting
to either the built-in signal conditioning Hole
circuitry of ICP® sensors, or directly Figure 5.2.6: Shear mode accelerometer.

to the electrical connector for a charge

mode type. By isolating the sensing crystals from the base and housing, shear acceler-
ometers excel in rejecting thermal transient and base bending effects. Also, the shear
geometry lends itself to small size, which promotes high frequency response while
minimizing mass loading effects on the test structure. With this combination of ideal
characteristics, shear mode accelerometers offer optimum performance.
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Flexural Mode

Flexural mode designs utilize beam-shaped sensing crystals, which are supported to
create strain on the crystal when accelerated. The crystal may be bonded to a carrier
beam that increases the amount of strain when accelerated. The flexural mode enables
low profile, lightweight designs to Piezoslectric Element

be manufactured at an economical

price. Insensitivity to transverse

motion is an inherent feature of Seismic Mass

this design. Generally, flexural

beam designs are well suited for

low frequency, low gravitational Accelerometer Base
(g) acceleration applications such

as those that may be encountered

during structural testing.
g g Figure 5.2.7: Flexural mode accelerometer.

Compression Mode
Compression mode accelerometers are simple structures which provide high rigidity.
They represent the traditional or historical accelerometer design.

Upright compression designs sandwich the piezoelectric crystal between a seismic
mass and rigid mounting base. A pre-load stud or screw secures the sensing element
to the mounting base. When the sensor is accelerated, the seismic mass increases or
decreases the amount of compression force acting upon the crystal, and a proportional
electrical output results. The larger the seismic mass, the greater the stress and, hence,
the greater the output.

This design is generally very rugged and can withstand high-g shock levels. How-
ever, due to the intimate contact of the sensing crystals with the external mounting
base, upright compression designs tend to be more sensitive to base bending (strain).
Additionally, expansion and con-

traction of the internal parts act Pre-load

along the sensitive axis making the Stud
accelerometer more susceptible Mass Piezoelectric

to thermal transient effects. These Crystal

effects can contribute to erroneous

output signals when used on thin Electrode Built-in Electronics
sheet-metal structures or at low Signl (4
frequencies in thermally unstable

environments, such as outdoors or Ground (-)
near fans and blowers. Figure 5.2.8: Compression mode accelerometer.
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Piezoresistive Accelerometers

Single-crystal silicon is also often used in manufacturing accelerometers. It is an
anisotropic material whose atoms are organized in a lattice having several axes of
symmetry. The orientation of any plane in the silicon is provided by its Miller indices.
Piezoresistive transducers manufactured in the 1960s first used silicon strain gages
fabricated from lightly doped ingots. These ingots were sliced to form small bars or
patterns. The Miller indices allowed positioning of the orientation of the bar or pattern
with respect to the crystal axes of the silicon. The bars or patterns were often bonded
directly across a notch or slot in the accelerometer flexure. Figure 5.2.9 shows short,
narrow, active elements mounted on a beam. The large pads are provided for thermal
power dissipation and ease of electrical and mechanical connections. The relatively
short web avoids column-type instabilities in compression when the beam bends in
either direction. The gages are subsequently interconnected in a Wheatstone bridge
configuration. This fact that the gages are configured in a bridge indicates that piezo-
resistive accelerometers have response down to DC (i.e., they respond to steady-state
accelerations).

Since the late 1970s we have encountered a continual evolution of microsensors into
the marketplace. A wide variety of technologies are involved in their fabrication. The
sequence of events that occurs in this fabrication process are: the single crystal silicon
is grown; the ingot is trimmed, sliced, polished, and cleaned; diffusion of a dopant
into a surface region of the wafer is controlled by a deposited film; a photolithogra-
phy process includes etching of the film at places defined in the developing process,
followed by removal of the photoresist; and isotropic and anisotropic wet chemicals
are used for shaping the mechanical microstructure. Both the resultant stress distribu-
tion in the microstructure and the dopant control the piezoresistive coefficients of the
silicon.

Electrical interconnection of various controlled surfaces formed in the crystal, as well
as bonding pads, are provided by thin film metalization. The wafer is then separated
into individual dies. The dies are bonded by various techniques into the transducer
housing, and wire bonding connects the metallized pads to metal terminals in the
transducer housing. It is important to realize that piezoresistive accelerometers manu-
factured in this manner use silicon both as the flexural element and as the transduction
element, since the strain gages are diffused directly into the flexure. Figures 5.2.10
and 5.2.11 show typical results of this fabrication process.
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Figure 5.2.9: Bulk silicon resistors bonded Figure 5.2.10: MEMS piezoresistive
to metal beam accelerometer flexure. accelerometer flexure.

The advantages of an accelerometer constructed in this manner include a high stiff-
ness, resulting in a high resonant frequency (®) optimizing its frequency response.
This high resonant frequency is obtained

because the square root of the modulus-to-den-

sity ratio of silicon, an indicator of dynamic

performance, is higher than that for steel. Other

desirable byproducts are miniaturization, large

signal amplitudes (semiconductor strain gages

have a gage factor 25 to 50 times that of metal),

good linearity, and improved stability. If prop-

erly temperature compensated, piezoresistive

accelerometers can operate over a temperature

range of —65 to +250°F. With current tech- Figure 5.2.11: Multiple MEMS acceler-
nology, other types of piezoresistive sensors ometer flexure containing diffused
(pressure) operate to temperatures as high as and metallized piezoresistive gages in
1000°F. Wheatstone bridge configuration.
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Capacitive Accelerometers

Capacitive accelerometers are similar in operation to piezoresistive accelerometers, in
that they measure a change across a bridge; however, instead of measuring a change
in resistance, they measure a change in capacitance. The sensing element consists of
two parallel plate capacitors acting in a differential mode. These capacitors operate

in a bridge configuration and are dependent on a carrier demodulator circuit or its
equivalent to produce an electrical output proportional to acceleration.

Several different types of capacitive elements Center Post Washer
exist. One type, which utilizes a metal sens- | Spacers \\ / Electrode (A)
ing diaphragm and alumina capacitor plates, ¢ | / |
can be found in Figure 5.2.12. Two fixed

plates sandwich the diaphragm, creating two
capacitors, each with an individual fixed plate
and each sharing the diaphragm as a movable

lat Mass (m) Base Flexure (k)
prate. Figure 5.2.12: Capacitive sensor
When this element is placed in the Earth’s element construction.

gravitational field or is accelerated due to vibration on a test structure, the spring-
mass experiences a force. This force is proportional to the mass of the spring-mass
and is based on Newton’s Second Law of Motion.

F=ma where F =inertial force acting on spring-mass Eq.5.2.1
m = distributed mass of spring-mass
a = acceleration experienced by sensing element

Consequently, the spring-mass deflects linearly according to the Spring Equation.

X =Flk where X = deflection of spring-mass Eq.5.2.2
k = stiffness of spring-mass

The resulting deflection of the spring-mass causes the distance between the electrodes
and the spring-mass to vary. These variations have a direct effect on each of the op-
posing capacitor gaps according to the following equation.

C,=A;[e/(d+X)] and,

C,=A;[e/(d-X)] where C =element capacitance Eq.5.2.3
Aj = surface area of electrode
€ = permittivity of air

d = distance between spring-mass and electrode
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A built-in electronic circuit is required for proper operation of a capacitive acceler-
ometer. In the simplest sense, the built-in circuit serves two primary functions:

(1) allow changes in capacitance to be useful for measuring both static and dynamic
events, and (2) convert this change into a useful voltage signal compatible with
readout instrumentation.

A representative circuit is shown

in Figure 5.2.13 and Figure 5.2.14,
which graphically depicts operation
in the time domain, resulting from
static measurand input.

7 8
Y e
Standardization  Low Pass
(Gain) Filter

The following explanation starts
from the beginning of the circuit and
continues through to the output, and
describes the operation of the circuit.

To begin, the supply voltage is routed ]:-» T va I‘ T>

through a voltage regulator, which

provides a regulated dc voltage to the J/ IW l J/ J/
circuit. The device assures “clean” 1 2 3 4 5 6 7 8
power for operating the internal Response from Circuit due to applied +1g Static Acceleration
circuitry and fixes the amplitude of (x-axis =time and y-axis = voltage)

a built-in oscillator, which typically Figures 5.2.13 and 5.2.14: Operation of built-
operates at >1 MHz. By keeping the in circuit for capacitive accelerometer.

amplitude of the oscillator signal

constant, the output sensitivity of the device becomes fixed and independent of the
supply voltage. Next, the oscillator signal is directed into the capacitance-bridge as
indicated by Point 1 in Figure 5.2.13. It then splits and passes through each arm of the
bridge, which each act as divider networks. The divider networks cause the oscillator
signal to vary in direct proportion to the change in capacitance in C, and C,. (C, and
C, electrically represent the mechanical sensing element.) The resulting amplitude-
modulated signals appear at Points 2 and 3. Finally, to “demodulate” these signals,
they are passed through individual rectification/peak-picking networks at Points 4 and
5, and then summed together at Point 6. The result is an electrical signal proportional
to the physical input.

It would be sufficient to complete the circuit at this point; however, additional features
are often added to enhance its performance. In this case, a “standardization” ampli-
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fier has been included. This is typically used to trim the sensitivity of the device so
that it falls within a tighter tolerance. In this example, Point 7 shows how this ampli-
fier can be used to gain the signal by a factor of two. Finally, there is a low pass filter,
which is used to eliminate any high frequency ringing or residual affects of the carrier
frequency.

If silicon can be chemically machined and processed as the transduction element in

a piezoresistive accelerometer, it should similarly be able to be machined and pro-
cessed into the transduction element for a capacitive accelerometer. In fact, MEMS
technology is applicable to capacitive accelerometers. Figure 5.2.15 illustrates a
MEMS variable-capacitance ele-

ment and its integration into an

accelerometer. As with the previ-

ously described metal diaphragm

accelerometer, the detection of

acceleration requires both a pair of

capacitive elements and a flexure.

The sensing elements experience

a change in capacitance attribut-

able to minute deflections resulting

from the inertial acceleration Figure 5.2.15: MEMS capacitor plates and
force. The single-crystal nature completed accelerometer with top lid off.

of the silicon, the elimination of

mechanical joints, and the ability to chemically machine mechanical stops, result in
a transducer with a high over-range capability. As with the previous metal diaphragm
accelerometer, damping characteristics can be enhanced over a broad temperature
range if a gas is employed for the damping medium as opposed to silicone oil. A
series of grooves, coupled with a series of holes in the central mass, squeeze gas
through the structure as the mass displaces. The thermal viscosity change of a gas is
small relative to that of silicone oil. Capacitive MEMS accelerometers currently oper-
ate to hundreds of g’s and frequencies to one kHz. The MEMS technology also results
in accelerometer size reduction.

Most capacitive accelerometers contain built-in electronics that inject a signal into the
element, complete the bridge and condition the signal. For most capacitive sensors

it is necessary to use only a standard voltage supply or battery to supply appropriate
power to the accelerometer.
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One of the major benefits of capacitive accelerometers is to measure low level (less
than 2 g’s), low frequency (down to dc) acceleration with the capability of withstand-
ing high shock levels, typically 5,000 g’s or greater. Some of the disadvantages of the
capacitive accelerometer are a limited high frequency range, a relatively large phase
shift and higher noise floor than a comparable piezoelectric device.

Servo or (Force Balance) Accelerometers

The accelerometers described to date have been all “open loop” accelerometers. The
deflection of the seismic mass, proportional to acceleration, is measured directly us-
ing either piezoelectric, piezoresistive, or variable capacitance technology. Associated
with this mass displacement is some small, but finite, error due to nonlinearities in the
flexure. Servo accelerometers are “closed loop” devices. They keep internal deflection
of the proof mass to an extreme minimum. The mass is maintained in a “balanced”
mode virtually eliminating errors due to nonlinearities. The flexural system can be
either linear or pendulous (C2 and C4 electrically represent opposite sides of the
mechanical sensing element.) Electromagnetic forces, proportional to a feedback
current, maintain the mass in a null position. As the mass attempts to move, a capaci-
tive sensor typically detects its motion. A servo circuit derives an error signal from
this capacitive sensor and sends a current through a coil, generating a torque propor-
tional to acceleration, keeping the mass in a capture or null mode. Servo or “closed
loop” accelerometers can cost up to ten
times what “open loop accelerometers”
cost. They are usually found in ranges

of less than 50 g, and their accuracy is
great enough to enable them to be used

in guidance and navigation systems. For
navigation, three axes of servo acceler-
ometers are typically combined with three
axes of rate gyros in a thermally-stabi-
lized, mechanically-isolated package as
an inertial measuring unit (IMU). This
IMU enables determination of the 6-de- O
grees of freedom necessary to navigate in N
space. Figure 5.2.16 illustrates the oper-
ating principal of a servo accelerometer. Figure 5.2.16:

They measure frequencies to dc (0 Hertz)  Typical servo accelerometer construction.
and are not usually sought after for their

high frequency response.
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5.3 Selecting and Specifying Accelerometers

Table 5.3.1 summarizes the advantages and disadvantages of different type of acceler-

ometers along with some typical applications.

Table 5.3.1: Comparison of accelerometer types.

Accelerometer Type

Advantages

Limitations

Typical Applications

IEPE Piezoelectric
Accelerometer

Wide Dynamic Range
Wide Frequency Range
Durable

(High Shock Protection)

Powered by Low Cost
Constant Current Source

Fixed Output

Less Susceptible to EMI
and RF Interference
Can be Made Very Small
Less Operator Attention,

Training and Installation
Expertise Required

High Impedance Circuitry
Sealed in Sensor

Long Cable Driving without
Noise Increase

Operates into Many Data
Acquisition Devices with
Built-in Constant Current
Input

Operates across Slip Rings

Lower System Cost per
Channel

Limited Temperature
Range

Max Temperature of 175°C
(350°F)

Low Frequency Response
is Fixed within the Sensor

Built in amplifier is exposed
to same test environment
as the element of the
sensor

Modal Analysis

NVH

Engine NVH

Flight testing

Body In White Testing
Cryogenic

Drop Testing

Ground Vibration Testing
HALT/HASS

Seismic Testing

Squeak and Rattle
Helmet and Sport Equip-
ment Testing

Vibration Isolation and
Control

Charge Piezoelectric
Accelerometer

High operating tempera-
tures to 700°C

Wide dynamic Range
Wide Frequency Range
(Durable) High Shock
Protection

Flexible Output

Simpler Design fewer parts
Charge Converter electron-
ics is usually at ambient

condition, away from test
environment

More Care/attention is
required to install and
maintain

High impedance circuitry
must be kept clean and dry

Capacitive loading from
long cable run results in
noise floor increase

Powered By Charge Amp
which can be complicated
and expensive

Need to use Special Low

Noise Cable

Jet Engine

High Temperature
Steam Pipes
Turbo Machinery
Steam Turbine
Exhaust

Brake
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Table 5.3.1: Comparison of accelerometer types (continued).

Highest Accuracy for Low
Level Low Frequency Mea-
surements

High Cost

Fragile, Low Shock Protec-
tion.

Accelerometer Type Advantages Limitations Typical Applications
Piezoresistive DC Response Lower Shock Protection Crash Testing
Accelerometer Small Size Smaller Dynamic Range Flight testing
Shock testing
Capacitive DC Response Frequency Range Ride Quality
Accelerometer Better Resolution than PR | Average Resolution Ride Simulation
Type Accelerometer Bridge Testing
Flutter
Airbag Sensor
Alarms
Servo Accelerometer High Sensitivity Limited Frequency range, Guidance

Applications Requiring little
or no DC Baseline Drift

Table 5.3.2 lists some of the typical characteristics of different sensors types.

Table 5.3.2: Typical accelerometer characteristics.

Accelerometer Frequency | Sensitivity Measurement Dynamic Size/weight
Type Range Range Range

IEPE Piezoelectric 0.5 Hzto .05 mV/g to 0.000001 g’s to ~120 dB .2 Gram to 200 +
Accelerometer 50 000 Hz 10 V/g 100,000 g’s grams
Charge Piezoelec- 0.5 Hzto .01 pC/g to 0.00001 ¢’s to ~110 dB .14 grams to 200 +
tric Accelerometer 50 000 Hz 100 pC/g 100,000 g’s grams
Piezoresistive 0 to10000 0.0001 to 0.001 to ~80 dB 1 to 100 grams
Accelerometer Hz 10 mV/g 100000 g's
Capacitive 0 to 1000 10 mV/g to 0.00005 g’s to ~90 dB 10 grams to 100
Accelerometer Hz 1V/g 1000 g’s grams
Servo 0to 100 Hz 1to 10 V/g <0.000001 g’s >120 dB >50 grams
Accelerometer to10g’s

In order to select the most appropriate accelerometer for the application, you should
look at a variety of factors. First you need to determine the type of sensor response
required. The three basic functional categories of accelerometers are IEPE, Charge
Mode and DC responding. The first two categories of accelerometers, the IEPE and
Charge Mode type of accelerometers, work best for measuring frequencies starting at
0.5 Hz and above. The IEPE is a popular choice, due to its low cost, ease of use and
low impedance characteristics, whereas the Charge Mode is useful for high tempera-
ture applications. There are advantages of each design.

When looking at uniform acceleration, as may be required for tilt measurement, or
extremely low frequency measurements below 1 Hz, capacitive or piezoresistive
accelerometers are a better choice. Both accelerometer types have been designed to
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achieve true 0 Hz (DC) responses. These sensors may contain built-in signal condi-
tioning electronics and a voltage regulator, allowing them to be powered from a 5-30
VDC source. Some manufacturers offer an offset adjustment, which serves to null any
DC voltage offset inherent to the sensor. Capacitive accelerometers are generally able
to measure smaller acceleration levels.

The most basic criteria used to narrow the search, once the functionality category or
response type of accelerometer has been decided, includes: sensitivity, amplitude,
frequency range and temperature range. Sensitivity for shock and vibration acceler-
ometers is usually specified in millivolts per g (mV/g) or picocoulombs per g (pC/g).
This sensitivity specification is inversely proportional to the maximum amplitude that
can be measured (g peak range.) Thus, more sensitive sensors will have lower maxi-
mum measurable peak amplitude ranges. The minimum and maximum frequency
range that is going to be measured will also provide valuable information required
for the selection process. Another important factor for accelerometer selection is the
temperature range. Consideration should be given not only to the temperatures that
the sensor will be exposed to, but also the temperature that the accelerometer will be
stored at. High temperature special designs are available for applications that require
that specification.

Every sensor has inherent characteristics, which cause noise. The broadband resolu-
tion is the minimal amount of amplitude required for a signal to be detected over the
specified band. If you are looking at measuring extremely low amplitude, as in seis-
mic applications, spectral noise at low frequency may be more relevant.

Physical characteristics can be very important in certain applications. Consider-
ation should be given to the size and weight of the accelerometer. It is undesirable
to place a large or heavy accelerometer on a small or lightweight structure. This is
called “mass loading.” Mass loading will affect the accuracy of the results and skew
the data. The area that is available for the accelerometer installation may dictate the
accelerometer selection. There are triaxial accelerometers, which can be utilized to
simultaneously measure acceleration in three orthogonal directions. Older designs
required three separate accelerometers to accomplish the same result, and thus add
weight and require additional space.

Consideration should be given to the environment that the accelerometer will be
exposed to. Hermetically sealed designs are available for applications that will be
exposed to contaminants, moisture, or excessive humidity levels. Connector alterna-
tives are available. Sensors can come with side connections or top connections to ease
cable routing. Some models offer an integrated cable. Sensors with field-repairable
cabling can prove to be very valuable in rough environments.
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Accelerometer mounting may have an effect on the selection process. Most manufac-
turers offer a variety of mounting alternatives. Accelerometers can be stud mounted,
adhesively mounted or magnetically mounted. Stud mounting provides the best stiff-
ness and highest degree of accuracy, while adhesive mounts and magnetic mounting
methods offer flexibility and quick removal options.

There are a wide variety of accelerometers to choose from. More than one will work
for most applications. In order to select the most appropriate accelerometer, the best
approach is to contact an accelerometer manufacturer and discuss the application.
Manufacturers have trained application engineers who can assist you in selecting the
sensor that will work best for your application.

5.4 Applicable Standards

In order to verify accelerometer performance, sensor manufacturers will test various
characteristics of the sensor. This calibration procedure serves to help both the manu-
facturer and the end user. The end user will obtain a calibration certificate to confirm
the accelerometer’s exact performance characteristics. The manufacturer uses this
calibration procedure for traceability, and to determine whether the product meets
specifications and should be shipped or rejected. It can be viewed as a built-in quality
control function. It provides a sense of security or confidence for both the manufac-
turer and the customer.

However, be aware that all calibrations are not equal. Some calibration reports may
include terms such as “nominal” or “typical,” or even lack traceability, or accredited
stamps of approval. With the use of words like “nominal” or “typical,” the manufac-
turer does not have to meet a specific tolerance on those specifications. This helps the
manufacturer ship more products and reduce scrap, since fewer measured specifica-
tions means fewer rejections. While this provides additional profit for a manufacturer,
it is not a benefit to the end customer. Customers have to look beyond the shiny paper
and cute graphics, to make sure of the completeness of the actual measured data con-
tained in each manufacturer’s calibration certificate.

Due to the inconsistency of different manufacturer’s calibration techniques and
external calibration services, test engineers came up with standards to improve the
quality of the product and certification that they receive. MIL-STD-45662 was cre-
ated to define in detail the calibration system, process and components used in testing,
along with the traceability of the product supplied to the government. The American
National Standards Institute (ANSI) came up with its own version of specifications
labeled ANSI/NCSL Z540-1-1994. This ANSI standard along with the International
Organization for Standards (ISO) 10012-1, have been approved by the military as
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alternatives for the cancelled MIL standard. The ANSI Z540-1 and ISO 17025 require
that uncertainty analyses for verifying the measurement process be documented and
defined. Although the ANSI and ISO specifications are more common, the MIL speci-
fication, although cancelled in 1995, is still referenced on occasion.

Years ago, the National Bureau of Standards (NBS) recognized the inconsistencies

in calibration reports and techniques, and developed a program for manufacturers to
gain credibility and consistency. The National Institute of Standards and Technol-
ogy (NIST) replaced the NBS in 1988, as the standard for accelerometer calibration
approval. International compliance can be accredited by other sources. Physikalisch-
Technische Bundesanstalt (PTB) in Germany, and United Kingdom Accreditation
Service (AKAS) in Britain are popular organizations that supply this service. Manu-
facturers can send in their “Reference Sensors” that they utilize in back-to back
testing to NIST or PTB in order to obtain certification from NIST or PTB (or both) to
gain credibility and get the stamp of approval of these organizations.

The International Organization for Standardization initiated its own set of standards.
The initial ISO standards concentrated on the documentation aspects of calibrating
sensors. ISO 10012-1 addressed the MIL-45662 specifications, which added accuracy
standards to the documentation. ISO17025 concentrated on traceability and account-
ability for the calibration work performed by the organization or laboratory, for a
more complete set of standards. ISO standards that accelerometer customers should
look for include:

ISO 9001 — Quality systems for assurance in design, development and production

ISO 10012-1 — Standards for measurement in management systems

ISO 16063-21 — Methods for calibration of vibration and shock transducers

ISO 17025 — General requirements for competence of testing and calibration labo-
ratories

RP-DTEO11.1 — Shock and Vibration Transducer Selection, Institute of Environ-
mental Sciences

Today, end users can purchase with confidence sensors that have traceable certifica-
tions that comply with the standards set by the NIST, PTB, ANSI, ISO and A2LA,
provided that the data on the calibration is complete. The better manufacturers will
reference most, if not all, of the above organizations.
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5.5 Interfacing and Designs

One consideration in dealing with accelerometer mounting is the effect the mounting
technique has on the accuracy of the usable frequency response. The accelerometer’s
operating frequency range is determined, in most cases, by securely stud mounting
the test sensor directly to the reference standard accelerometer. The direct coupling,
stud mounted to a very smooth surface, generally yields the highest mechanical
resonant frequency and, therefore, the broadest usable frequency range. The addition
of any mass to the accelerometer, such as an adhesive or magnetic mounting base,
lowers the resonant frequency of the sensing system and may affect the accuracy and
limits of the accelerometer’s usable frequency range. Also, compliant materials, such
as a rubber interface pad, can create a mechanical filtering effect by isolating and
damping high-frequency transmissibility. A summary of the mounting techniques is
provided below.

Stud Mounting

For permanent installations, where a very secure attachment of the accelerometer to
the test structure is preferred, stud mounting is recommended. First, grind or machine
on the test object a smooth, flat area at least the size of the sensor base, according to
the manufacturer’s specifications. For the best measurement results, especially at high
frequencies, it is important to prepare a smooth and flat, machined surface where the
accelerometer is to be attached. The mounting hole must also be drilled and tapped

to the accelerometer manufacturer’s specifications. Misalignment or incorrect threads
can cause not only erroneous data, but can damage the accelerometer. The manufac-
turer’s torque recommendation should always be used, measured with a calibrated
torque wrench.

Adhesive Mounting

Occasionally, mounting by stud or screw is impractical. For such cases, adhesive
mounting offers an alternative mounting method. The use of separate adhesive mount-
ing bases is recommended to prevent the adhesive from damaging the accelerometer
base or clogging the mounting threads. (Miniature accelerometers are provided with
the integral stud removed to form a flat base.) Most adhesive mounting bases pro-
vide electrical isolation, which eliminates potential noise pick-up and ground loop
problems. The type of adhesive recommended depends on the particular application.
Wax offers a very convenient, easily removable approach for room temperature use.
Two-part epoxies offer high stiffness, which maintains high-frequency response and a
permanent mount.
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Magnetic Mounting

Magnetic mounting bases offer a very convenient, temporary attachment to magnetic
surfaces. Magnets offering high pull strengths provide best high-frequency response.
Wedged dual-rail magnetic bases are generally used for installations on curved sur-
faces, such as motor and compressor housings and pipes. However, dual-rail magnets
usually significantly decrease the operational frequency range of an accelerometer.
For best results, the magnetic base should be attached to a smooth, flat surface.

Probe Tips

Handheld vibration probes or probe tips on accelerometers are useful when other
mounting techniques are impractical and for evaluating the relative vibration charac-
teristics of a structure to determine the best location for installing the accelerometer.
Probes are not recommended for general measurement applications due to a variety
of inconsistencies associated with their use. Orientation and amount of hand pres-
sure applied create variables, which affect the measurement accuracy. This method is
generally used only for frequencies less than 1000 Hz.

Figure 5.5.1 summarizes the changes in the frequency response of a typical sensor us-
ing the various mounting methods previously discussed.
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Figure 5.5.1: Relative frequency response of
different accelerometer mounting techniques.
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Ground Isolation, Ground Noise, and Ground Loops

When installing accelerometers onto electrically conductive surfaces, a potential ex-
ists for ground noise pick-up. Noise from other electrical equipment and machines
that are grounded to the structure, such as motors, pumps, and generators, can enter
the ground path of the measurement signal through the base of a standard acceler-
ometer. When the sensor is grounded at a different electrical potential than the signal
conditioning and readout equipment, ground loops can occur. This phenomenon
usually results in current flow at the line power frequency (and harmonics thereof),
potential erroneous data, and signal drift. Under such conditions, it is advisable to
electrically isolate or “float” the accelerometer from the test structure. This can be
accomplished in several ways. Most accelerometers can be provided with an integral
ground isolation base. Some standard models may already include this feature, while
others offer it as an option. The use of insulating adhesive mounting bases, isola-
tion mounting studs, isolation bases, and other insulating materials, such as paper
beneath a magnetic base, are effective ground isolation techniques. Be aware that the
additional ground-isolating hardware can reduce the upper frequency limits of the ac-
celerometer.

Cables and Connections

Cables should be securely fastened to the mounting structure with a clamp, tape, or
other adhesive to minimize cable whip and connector strain. Cable whip can intro-
duce noise, especially in high-impedance signal paths. This phenomenon is known as
the triboelectric effect. Also, cable strain near either electrical connector can lead to
intermittent or broken connections and loss of data.

To protect against potential moisture and dirt contamination, use RTV sealant or
heat-shrinkable tubing on cable connections. O-rings with heat shrink tubing have
proven to be an effective seal for
protecting electrical connections
for short-term underwater use.
RTYV sealant is generally only used
to protect the electrical connection
against chemical splash or mist.

WRONG!
Cable unfastened.

CORRECT:

Cable fastened with tape or clamp.

Figure 5.5.2: Cable strain relief of accelerometers.
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Latest and Future Developments

Manufacturers are continually trying to develop sensor packages that are smaller and
lighter in weight than previous models. This minimizes mass loading effects and pro-
vides the user with the ability to test smaller and lighter components. Triaxial designs
are becoming more popular and manufacturers have been designing improved ver-
sions of this product. A triaxial accelerometer can take the place of three single-axis
accelerometers. The triaxial accelerometer can measure vibration in three orthogonal
directions simultaneously, in one small lightweight convenient package, with a single
cable assembly.

One of the emerging standards for accelerometers and other sensor types is the IEEE
1451 Smart Transducer Interface. This standard defines the hardware and commu-
nication protocol for interfacing a sensor onto a network. IEEE P1451.4 defines the
architecture and protocol for compiling and addressing non-volatile memory that is
imbedded within an analog measurement sensor. Accelerometers with this built-in
digital memory chip are referred to as TEDS accelerometers. TEDS is an acronym for
Transducer Electronic Data Sheet. TEDS allows the user to identify specific sensors
within a large channel group, or determine output from different sensors at multiple
locations very easily. TEDS can provide the user with technical information on the
particular sensor. For instance, Model Number, Serial Number, Calibration Date

and some technical specifications can be retrieved from each individual sensor that

1s TEDS compliant. Sensitivity specifications from calibration reports can be read
through the TEDS and compensated for, so that the data acquisition system or readout
can generate more accurate information.

With the need for high temperature models, manufacturers have been concentrating
on developing new designs that will make accurate measurements in the most severe
environments. End users have had requirements for sensors that can operate in colder
and hotter temperatures than the standard accelerometers are specified for. As long as
customers come up with new and unique applications, manufacturers will try to come
up with products to satisfy their requirements.

The most exciting development that is likely to occur over the next decade is plac-

ing an analog-to-digital converter (ADC) directly inside the accelerometer. This will
enable the accelerometer to provide digital output. Accelerometers enhanced with this
type of output will be able to have features such as 24-bit ADC, wireless transmission,
built-in signal processing, and the ability to be accessed over the world wide web.
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CHAPTER 6

Biosensors

Young H. Lee and Raj Mutharasan,
Department of Chemical Engineering, Drexel University

6.1 Overview: What Is a Biosensor?

Biosensor = bioreceptor + transducer. A biosensor consists of two components:

a bioreceptor and a transducer. The bioreceptor is a biomolecule that recognizes

the target analyte, and the transducer converts the recognition event into a measur-
able signal. The uniqueness of a biosensor is that the two components are integrated
into one single sensor (Figure 6.1.1). This combination enables one to measure the
target analyte without using reagents (Davis et al, 1995). For example, the glucose
concentration in a blood sample can be measured directly by a biosensor made spe-
cifically for glucose measurement, by simply dipping the sensor in the sample. This
1s in contrast to the commonly

performed assays, in which ANALYTE
many sample preparation steps \
are necessary and each step ma MEASURABLE
require a rea};ent to treat tlf)e ’ TRANSDUCER = siona
sample. The simplicity and the

speed of measurements that re-

quire no specialized laboratory BIORECEPTOR
skills are the main advantages Figure 6.1.1: Biosensor configuration.
of a biosensor.

Enzyme is a Bioreceptor. When we eat food such as hamburgers and french fries,

it is broken down into small molecules in our body via many reaction steps (these
breakdown reactions are called catabolism). These small molecules are then used to
make the building blocks of our body, such as proteins (these synthesis reactions are
called anabolism). Each of these catabolism and anabolism reactions (the combina-
tion is called metabolism) are catalyzed by a specific enzyme. Therefore, an enzyme
is capable of recognizing a specific target molecule (Figure 6.1.2). This biorecogni-
tion capability of the enzyme is used in biosensors. Other biorecognizing molecules
(= bioreceptors) include antibodies, nucleic acids, and receptors.
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Immobilization of Bioreceptor. One ma- le SIGNAL
jor requirement for a biosensor is that the > o TR i
bioreceptor be immobilized in the vicin- /
ity of the transducer. The immobilization "
is done either by physical entrapment or O
- - T~_C NO SIGNAL
chemical attachment. Chemical attach- ¢ TR
ment often involves covalent bonding to
IMMOBILIZE

transducer surface by suitable reagents. A
comprehensive treatment of immobiliza-
tion is available in Hermanson (1996). It
is to be noted that only minute quantities of bioreceptor molecules are needed, and
they are used repeatedly for measurements.

Figure 6.1.2: Specificity of biosensor
(TR: transducer).

Transducer. A transducer should be capable of converting the biorecognition event
into a measurable signal (Figure 6.1.3). Typically, this is done by measuring the
change that occurs in the bioreceptor reaction. For example, the enzyme glucose
oxidase is used as a bioreceptor in a glucose biosensor that catalyzes the following
reaction:

Glucose Oxidase

Glucose + O, > Gluconic acid + H,0,

To measure the glucose in aqueous

solutions, three different transducers Glucose + O, —auc0se OXidase | conic acid + HO;
can be used:

1. An oxygen sensor that mea-
sures oxygen Concentration’ a Glucoseo\ /—> Immobilized Glucose Oxidase

result of glucose reaction
0. Sensor Measures oxygen consumption
2
2. A pH sensor that measures the
acid (gluconic acid), a reaction
product of glucose oH Sensor Measures acid production
3. A peroxidase sensor that mea-
sures H,O, concentration, a
. Measures H,O, production
result of glucose reaction H20, Sensor
Note that an oxygen sensor is a Figure 6.1.3: Three possible transducers
transducer that converts oxygen con- for glucose measurement.

centration into electrical current. A pH
sensor is a transducer that converts pH change into voltage change. Similarly, a per-
oxidase sensor is a transducer that converts peroxidase concentration into an electrical
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current. An excellent review of glucose sensing technologies was reported by Wilkins
and Atansov (1996).

Biosensor Characteristics. Biosensors are characterized by eight parameters. These
are: (1) Sensitivity is the response of the sensor to per unit change in analyte con-
centration. (2) Selectivity is the ability of the sensor to respond only to the target
analyte. That is, lack of response to other interfering chemicals is the desired feature.
(3) Range is the concentration range over which the sensitivity of the sensor is good.
Sometimes this is called dynamic range or linearity. (4) Response time is the time
required for the sensor to indicate 63% of its final response due to a step change in
analyte concentration. (5) Reproducibility is the accuracy with which the sensor’s out-
put can be obtained. (6) Detection limit is the lowest concentration of the analyte to
which there is a measurable response. (7) Life time is the time period over which the
sensor can be used without significant deterioration in performance characteristics.
(8) Stability characterizes the change in its baseline or sensitivity over a fixed period
of time.

Considerations in Biosensor Development. Once a target analyte has been identi-
fied, the major tasks in developing a biosensor involve:

1. Selection of a suitable bioreceptor or a recognition molecule
2. Selection of a suitable immobilization method

3. Selection and design of a transducer that translates binding reaction into
measurable signal

4. Design of biosensor considering measurement range, linearity, and
minimization of interference, and enhancement of sensitivity

5. Packaging of the biosensor into a complete device

The first item above requires knowledge in biochemistry and biology, the second and
third require knowledge in chemistry, electrochemistry and physics, and the fourth
requires knowledge of kinetics and mass transfer. Once a biosensor has been de-
signed, it must be packaged for convenient manufacturing and use. The current trend
is miniaturization and mass production. Modern IC (integrated circuit) fabrication
technology and micromachining technology are used increasingly in fabricating bio-
sensors, as they reduce manufacturing costs. Therefore, an interdisciplinary research
team, consisting of the various disciplines identified above, is essential for successful
development of a biosensor.

163



Chapter 6

Table 6.1.1: Considerations for biosensor development.

Selection of a suitable biorecognition entity
Selection of chemical immobilization method

Selection and design of a suitable transducer

Designing of biosensor for measurement range, linearity,
and minimization of interference

Packaging of biosensor into a complete unit

6.2 Applications of Biosensors

Health Care

Measurement of Metabolites. The initial impetus for advancing sensor technology
came from the health care area, where it is now generally recognized that measure-
ments of blood chemistry are essential and allow a better estimation of the metabolic
state of a patient. In intensive care units, for example, patients frequently show rapid
variations in biochemical composition and levels that require urgent remedial ac-
tion. Also, in less severe patient handling, more successful treatment can be achieved
by obtaining instant assays. At present, available instant analyses are not extensive.
In practice, these assays are performed by analytical laboratories, where discrete
samples are collected and shipped for analysis, frequently using the more traditional
analytical techniques.

Market Potential. There is an increasing demand for inexpensive and reliable sen-
sors for use in doctor’s offices, emergency rooms, and operating rooms. Ultimately,
patients themselves should be able to use biosensors in the monitoring of a clinical
condition, such as diabetes. It is probably true that the major biosensor market may
be found where an immediate assay is required. If the costs of laboratory instrument
maintenance are included, then low-cost biosensor devices can be desirable in the
whole spectrum of analytical applications from hospital to home.

Diabetes. The “classic” and most widely explored example of closed-loop drug
control is found in the development of an artificial pancreas. Diabetic patients have a
relative or absolute lack of insulin, a polypeptide hormone produced by the beta cells
of the pancreas, which is essential for glucose uptake. Lack of insulin secretion causes
various metabolic abnormalities, including higher than normal blood glucose levels.
In patients who have lost insulin-secreting islets of Langerhan, insulin is supplied by
subcutaneous injection. However, fine control is difficult to achieve and hyperglycae-
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mia is often encountered. Further, even hypoglycaemia is sometimes induced, causing
impaired consciousness and the serious long-term complications to tissue associated
with this intermittent low glucose condition.

Insulin Therapy. Better methods for the treatment of insulin-dependent diabetes have
been sought and infusion systems for continuous insulin delivery have been developed
(Hall, 1991). However, regardless of the method of insulin therapy, its induction must
be made in response to information on the current blood glucose levels in the patient.
Three schemes are possible (Figure 6.2.1), the first two dependent on discrete manual
glucose measurement and the third a “closed-loop” system, where insulin delivery is
controlled by the output of a glucose sensor which is integrated with the insulin in-
fuser. In the former case, glucose is estimated based on analysis of finger-prick blood
samples with a colorimetric test strip or more recently with an amperometric pen-

size biosensor device by the patients themselves. Clearly, these diagnostic kits must
be easily portable, simple to use and require minimal skill and easy interpretation.
However, even with the ability to monitor current glucose levels, intensive conven-
tional insulin therapy requires multiple daily injections. This open-loop approach does
not anticipate insulin dosage due to changes in diet and exercise. For example, it was
shown that administration of glucose by subcutaneous injection, 60 minutes before a
meal provides the best glucose/insulin management.

Glucose measurement Insulin administration Advantages Disadvantages
Multiple
injection Available without implants Frequent glucose
2 measurement
Glucose test device  (a) <
I | I I I I I I 3 Inexpensive Multiple injection
®) £Q0 No fine control
Artificial pancreas ~ 2 G
—patient activated = =

Insulin
pump @ No multiple injections Frgqugnt glucose measuremen.t
Artificial pancreas must be carried

Susceptible to blocking and malfunction

—_
Insulin delivery

profile

Artificial pancreas
Implanted —automatic feedback
glucose operation

sensor o
No external Artificial pancreas
(© glucose measurement must be carried

el

[

=

3 Auto compression for Susceptible to blocking and malfunction
Lo exercise, diet, etc.

SE

23

Figure 6.2.1: Schemes for insulin therapy.
From Hall (1991).
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Artificial Pancreas. The introduction of a closed-loop system, where integrated
glucose measurements provide feedback control on a pre-programmed insulin ad-
ministration based on habitual requirements, would therefore relieve the patient of
frequent assay requirements and, perhaps more desirably, frequent injections. Ulti-
mately, the closed-loop system becomes an artificial pancreas, where the glycemic
control is achieved through an implantable glucose sensor. A proposed implantable
sensor is given in Figure 6.2.2 (Turner et al., 1990). Clearly, the requirements for this
sensor are very different from those for the discrete measurement kits. As summarized
in Table 6.2.1, the prolonged lifetime and biocompatibility represent the major re-
quirements.

{——- Copper

Figure 6.2.2: Cross-sectional -—— Epoxy adhesive (chemgrip)
view of an implantable glucose

electrode in whole blood.

(From Turner et al., 1990.) T Silicone type a (silastic)

N-trimethoxysilyipropyl-
N,N,N-trimethylammonium chloride

———— Perfluorosulfonic acid polymer
(naflon)
Glucose oxidase/BSA/glutaraldehyde

t—— 3-Aminopropyltr ethoxysilane

Platinum

=

Table 6.2.1: Requirements for an implantable glucose sensor.

Linear in physiological range 0-20 mM

Specific for glucose; not affected by changes in blood chemistry
Biocompatible

Small—causes minimal tissue damage during insertion

Response time < 1 min

Prolonged lifetime ~ in years
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Industrial Process Control

Bioreactor Control. Bioreactors are used to cultivate recombinant cells for produc-
tion of therapeutic proteins such as insulin. The productivity of such systems depends
on bioreactor conditions. Real-time monitoring of carbon sources, dissolved oxygen
and carbon dioxide, and products of metabolism in fermentation processes could lead
to optimization giving increased product yields at decreased processing and mate-
rial cost (Scheper et al., 1996). While real-time monitoring with feedback control
involving automated systems does exist, currently only a few common variables are
measured on-line, (e.g., pH, temperature, CO,, O,) which are often only indirectly
related to the culture activity under control. If cellular metabolic activity can be moni-
tored in real-time using sensors, one can suitably alter the environmental variable to
improve process productivity. The benefit of closed-loop control of a cellular state are
many, such as improved product yield and quality. It is the lack of sensors that limits
the use of closed loop online control of cell culture and fermentation processes.

Military and Homeland Security Applications

The requirement for rapid analysis is also present in military applications. Recent
military engagement in the Middle East has caused, rather rapidly, the deployment of
field-usable sensors for chemical and biological warfare agents. Many of the sensors
are small portable analytical kits that may be termed “dipsticks.” While they are rea-
sonably robust, their performance in the field has been reported to be variable. Thus,
there is a large need for robust sensors that require no maintenance. Both contact as
well as remote sensing for warfare agents are currently under development. Distrib-
uted sensors and systems for monitoring hazards due to terrorist activity are currently
being developed under the auspices of the Department of Homeland Security funding.

Environmental Monitoring

Environmental Protection Agency (EPA) Air and Water Monitoring. EPA’s Envi-
ronmental Monitoring and Assessment Program (EMAP) was established to provide
a comprehensive report card on the condition of the nation’s ecological resources
and to detect trends in the condition of those resources. EPA routinely monitors both
water and air in urban and rural areas. In recent times the Department of Homeland
Security has initiated efforts to monitor the environment in urban areas, particularly
large population centers, for potential bioterrorism agents. The primary measurement
media is water or air, but the variety of target analytes is vast. At sites of potential
pollution or terrorist activity, it would be desirable to install on-line real-time moni-
toring and alarm, targeted at specific analytes. Common environmental analytes are
biological oxygen demand (BOD), atmospheric acidity, and river water pH, detergent,
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herbicides, and fertilizer concentrations in drainage and river (Leonard et al., 2003).
The potential for biosensor technology for environmental monitoring is huge, and the
potential impact is far-reaching. Although the principle of detection may be the same
for a particular analyte, the actual technology platform used will be dependent on
application. For example, a glucose sensor for on-line use in a fermenter has very dif-
ferent requirements from those used for monitoring glucose concentration in diabetic
patients. Customization to meet application needs is often a very important part of
technology development. For details on biosensors for environmental monitoring see
Dennison and Turner (1995) and Wang et al., (1997).

6.3 Origin of Biosensors

Enzyme Electrode. The biosensor was first described by Clark and Lyons (1962),
when the term enzyme-electrode was introduced. In this first enzyme electrode, an
oxido-reductase enzyme, glucose oxidase, was held next to a platinum electrode in a
membrane sandwich (Figure 6.3.1). The platinum anode polarized at +0.6 V respond-
ed to the peroxide produced by the enzyme reaction with substrate. The primary target
substrate for this system was glucose:

Glucose + O, Glucose Oxidase » Gluconic acid + H,O,

and led to the development of the first glucose analyzer for the measurement of glu-
cose in whole blood. This Yellow Springs Instrument (Model YSI 23) appeared on the
market in 1974, and the same technique as employed here has been applied to many
other oxygen-mediated oxido-reductase enzyme systems.

Ag anode

— Pt cathode

b./ O permeable membrane
Electrolyte
- Enzyme layer containing
glucose oxidase
o)) Glucose

H202

Figure 6.3.1: The Clark Enzyme Electrode.
From Hall (1991).

168



Biosensors

Use of Membrane for Selectivity. A key development in the YSI sensor was the
employment of membrane technology in order to eliminate interference by other
electro-active substances. Polarized at +0.6 V, the major interference to the peroxide
measurement is ascorbic acid. Various combinations for a membrane-enzyme sand-
wich have been developed, all satisfying the following criteria:

m The membrane between electrode and enzyme layer should allow the passage
of H,0,, but prevent the passage of ascorbate or other interferents

m The membrane between enzyme layer and sample should allow substrate/ana-
lyte to enter the enzyme layer

This was accomplished in the YSI, for example, with an enzyme layer sandwiched
between a cellulose acetate membrane and a Nucleopore polycarbonate membrane.
For further discussion on membranes and their properties see Davies et al., (1992).

6.4 Bioreceptor Molecules

Enzymes have been the most widely used bioreceptor molecules in biosensor appli-
cations, with antibodies and protein receptor molecules increasingly incorporated in
biosensors. The specificity of a biosensor comes from the specificity of the biorecep-
tor molecule used. An enzyme is a good example. It has a three-dimensional structure
that fits only a particular substrate (Figure 6.4.1a). An enzyme is a protein synthesized
in the cell from amino acids according to the codings written in DNA. Enzymes act

as catalysts for biochemical reactions occurring in the cell. To maintain high enzyme
activity, the temperature and pH of the environment have to be maintained at proper
levels.

Antibody. Antibodies represent one of the major classes of proteins. They constitute
about 20% of the total plasma protein and are collectively called immunoglobulins
(Ig). The simplest antibodies are described as Y-shaped molecules with two identical
binding sites for antigen. An antigen can be any macromolecule that induces an im-
mune response. The antibody has a basic structural unit consisting of four polypeptide
chains: two light chains and two heavy chains (Figure 6.4.1b). The antibody binds
reversibly with a specific antigen. Unlike the enzyme proteins, the antibodies do not
act as catalysts. Their purpose is to bind foreign substances—antigens—so as to re-
move them from the circulatory system. Monoclonal antibodies belonging to the IgG
class of immunoglobulins are usually used in sensor applications. In many instances,
affinity-purified polyclonal antibodies are used as they show higher avidity to anti-
gen. Polyclonal and monoclonal antibodies to an antigen can be developed in a few
months. Currently, they cost $6,000 to $20,000 per gram when suitably manufactured
in large quantities.
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Antigen-binding sites
; < 1, ;

( ! Insulin

Insulin receptor

Protein phosphorylation

Active transport and second messenger Gluconeogenesis
moulation
Glycolysis Protein synthesis
Glycogen Lipid Lipid
Synthesis Synthesis Breakdown

Figure 6.4.1: Bioreceptor molecules used for biosensor applications:

(A) Enzyme, (B) Antibody, (C) Protein receptor.
From Bailey and Ollis (1996) and Garrett and Grisham (1995).

Receptor Protein. Receptor proteins have specific affinity for biologically active
compounds. These proteins are mostly bound to membrane (Figure 6.4.1c). There are
hormone receptors, taste receptors, olfactory receptors for smelling, photoreceptors for
eyes, and others. Receptor proteins activate opening and closing of membrane channels
for transport of specific metabolites. They also play a key role in transducing intracel-
lular messages for responsive action. Since the receptor proteins recognize specific
biological entities, they are often used to measure target analytes. For example, death
receptors on a cell surface transmit apoptosis signals initiated by specific ligands. They
play an important role in apoptosis and can activate caspase cascade within seconds of
ligand binding. Thus, when a death receptor is a sensing entity, one can potentially mea-
sure the presence of apoptotic-inducing chemicals in the environment.
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Other Approaches. In principle, any biomolecules and molecular assemblies that
have the capability of recognizing a target analyte can be used as a bioreceptor. In
fact, membrane slices or whole cells have been used in biosensors. Figure 6.4.2
summarizes possible bioreceptors that can be utilized in a biosensor. Note that the
bioreceptors require a suitable environment for maintaining their structural integrity
and biorecognition activity. These requirements are described in Figure 6.4.2 along
with the type of signal generated as a result of the biorecognition activity. The trans-
ducer in a biosensor should be responsive to this biochemical activity.

Biolayer Type Main needs for Typical signal
structural integrity generated

End of Organ Intact tissue Action potential

(e.g., Olfactory) architecture
Nutrient/O» Metabolic end
supply product

Whole cell
Cell organelle Osmotic/pH stability Product of electron
(e.g., mitochondorion) chain

Complexity Mechanic protection Released contents
hierarchy e.g., receptor, . . .
Figure 6.4.2: Possible bioreceptor
pH/electrolyte stability Reaction product .
molecules and molecular assemblies

PH stabilit Antigen uptake/  for pjosensor applications, their
mass change .

requirements for structural integrity
and signals generated.

lonophore Adequate retention EMF/absorbance
change
(chromionphore)

6.5 Transduction Mechanisms in Biosensors

Conventional Transducers. The majority of biosensors in use today use three types
of transducers for converting the action of the bioreceptor molecule into a measurable
signal. These are: amperometry based on H,0O, or O, measurement; potentiom-

etry based on pH or plon measurement; and photometry utilizing optical fibers.
Biorecognition reactions often generate chemical species that can be measured by
electrochemical methods. In these, typically the reaction product is H,O, (or the re-
actant is O,) which can be measured by a pair of electrodes. When a suitable voltage
is impressed on one of the electrodes against a reference electrode (typically Ag/
AgCl or Calomel), the target species (H,O, or O,) is reduced at the electrode and this
generates electrical current (hence the name amperometry). In potentiometry, a glass
membrane or a polymeric membrane electrode is used for measuring the membrane
potential (hence the name potentiometry) resulting from the difference in the concen-
trations of H* or other positive ions across the membrane. In photometry, the light
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from an indicator molecule is the measured signal. In this method, one of the reac-
tants or products of the biorecognition reaction results in colorimetric, fluorescent or
luminescent changes that are measured using photodetectors. Usually, an optical fiber
is used for guiding the light signals from the source to the detector. Adaptation and
exploitation of these three routes, (amperometric, potentiometric and photomet-
ric), where user acceptability is already established, has been an obvious approach to
the development of reagentless biosensor devices.

Piezoelectric Transducers. The transducer of a biosensor is not restricted to the
three described above. In principle, any variable that is affected by the biorecognition
reaction can be used to generate the transduced signal. The piezoelectric materials
and surface acoustic wave devices offer a surface that is sensitive to changes in mass.
These transducers have been used where the biorecognition reaction causes a change
in mass. For example, piezoelectric silicon crystals—called quartz crystal microbal-
ance (QCM)—have been used to measure very small mass changes in the order of
picograms. For example see Bunde et al., (1998). QCM with immobilized antibody
to pathogens have been successfully used to measure the presence of pathogens in
aqueous samples. Piezoelectrically driven cantilevers have also been used to measure
adsorption of very minute quantities of biochemicals (Raiteri et al., 2001).

Conductimetric Transducers. Monitoring solution conductance was originally
applied as a method of determining reaction rates. The technique involves the
measurement of changes in conductance due to the migration of ions. Many enzyme-
linked reactions result in a change in total ion concentration and this would imply that
they are suitable for conductimetric biosensors.

Electrical Capacitance as Transducer. When the biorecognition reaction causes a
change in the dielectric measurement constant of the medium in the vicinity of

the bioreceptor, the capacitance measurement method can be used as a transducer.
Antigen-antibody reaction is a good example. Suppose antibody molecules are immo-
bilized between two metal electrodes of known area. When antigen is added and binds
with the antibody, the dielectric constant of the medium between the two electrodes is
expected to change significantly. This change translates into a change in capacitance.

Thermometric Transducer. All chemical reactions are accompanied by the ab-
sorption (endothermic) or evolution (exothermic) of heat. Measurements of AH, the
enthalpy of reaction at different temperatures, allows one to calculate AS (entropy)
and AG (Gibbs free energy) for a reaction and therefore collect basic thermodynamic
data. The hydrolysis of ATP for example is exothermic:

ATP* + H,0~ADP* + HPO* + H*; AH,; = -22.2kJ (pH 7)
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or the immunoreaction between anti-HSA and its antigen HSA yields —30.5 kJ/mol.
For this latter reaction, the total increase in temperature for 1 mmol of antibody is of
the order of 10~ K, but many enzyme-catalyzed reactions have greater AH, and pro-
duce more easily measurable changes in temperature.

Enzyme Thermistor. For a biosensor device, the biorecognition compound must be
immobilized on a temperature-sensing element capable of detecting very small tem-
perature changes. The major initiative in this area has come from the Mosbach group
at the University of Lund. Initially, they immobilized glucose oxidase or penicillinase
in a small column, so that temperature changes in the column effluent were moni-
tored by thermistors to give an enzyme thermistor sensitive to glucose and penicillin,
respectively. They have also applied the technique to other substrates and to immuno-
assay using an enzyme-labeled antigen.

FET as a Transducer. As advances are made in biosensors, a need has developed for
miniaturization and mass production. Field effect transistors (FET) used extensively
in the semiconductor industry in memory chips and logic chips respond to changes

in electric field (in front of the “gate” of the FET). An FET is thus capable of detect-
ing changes in ion concentration when the gate is exposed to a solution that contains
ions. Therefore, pH and ion concentration can be measured with an FET. The advan-
tage of this transducer is that it can be incorporated directly into the electronic signal
processing circuitry. In fact, a pen-size FET-based pH sensor is being marketed com-
mercially.

Table 6.5.1: Other transducers used in biosensors.

Category Measured property Examples
Piezoelectric change in mass microbalance based sensors

Microcantilever based sensors
SAW device based sensors

Conductive conductivity change lon concentration
Capacitive dielectric constant antibody sensors
Thermometric Temperature or heat flux enzyme thermistor

microcalorimeter

6.6 Application Range of Biosensors

Current Status. Since the development of Clark’s glucose sensor for monitoring
fermentation processes, many enzyme electrodes have been developed based on
amperometry, potentiometry, and photometry. A sample of these biosensors is sum-
marized in Tables 6.6.1, 6.6.2, and 6.6.3. The term “optode” (see Table 6.6.3) is used
for sensors utilizing optical fiber for light signal transmission. Note that the biorecep-
tors used are all enzymes except the antibody sensor.
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Table 6.6.1: Amperometric biosensors.

Substrate Bioreceptor Product detected Range, g/L
Choline choline oxidase H,0, 0.5
Ethanol alcohol oxidase H,0, 3
Methanol f. dehydrogenase NADH 2.5
Glucose glucose oxidase H,0,, O, 0-25
L-Glutamine Glutaminase and glutamate H,O, 10 mM
L-Glutamate oxidase H,0, 10 mM
Glutamate oxidase
Hypoxanthine Xanthine oxidase H,0, 180
Lactate Lactate oxidase H,0, 40
Oligosaccharides Glucoamylase, glucose oxidase H,0, 2.5
Sucrose Invertase, mutarotase, glucose H,0,, O, 25
oxidase

Table 6.6.2: Potentiometric Biosensors.

Substrate Bioreceptor Product detected Range, mM
Aspartamine L-aspartase NH; 5

Fats lipase fatty acids 0.05
Glucose glucose oxidase gluconic acid 2g/L

Urea urease NH,, CO, 10

Nitrite nitrite reductase NH, 1

Penicillin penicillinase H-+ 70

Sulfate sulfate oxidase HS

Antigen or antibody partner of couple Complex and various 100 ppm

Table 6.6.3: Enzyme sensors based on optodes

Substrate Bioreceptor Product detected Range, mM
Ethanol alcohol dehydrogenase NADH 1

Glucose glucose oxidase 0, 20

Urease urease ammonia 3

Lactate lactate monooxygenase pyruvate 1

Penicillin penicillinase penicillinic acid 10
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Products Detected. As is noted in Table 6.6.1-3, the analyte is indirectly measured
by measuring the product of a reaction due to the enzyme. In Table 6.6.1, it is oxygen
that is actually measured, and its concentration is directly proportional to the analyte
concentration. For amperometry, the majority is H,O, (with the exception of NADH),
which is the common product for oxido-reductase enzymes. For potentiometric
biosensors, the majority is acid which is detected by a pH sensor. In fermentor and
cell culture reactors, products of metabolism CO, and NH; are indirectly detected by
measuring the change in pH.

Biosensor Configurations. When bioreceptor molecules are combined with a
suitable transducer, a biosensor is made. Figure 6.6.1 shows various biosensor con-
figurations. Note that the bioreceptor molecules are immobilized in a suitable matrix
to form a bioactive layer, which is then placed in the immediate vicinity of a trans-
ducer. The transducer’s ion-selective electrode and FET belong to the potentiometric
transducer category; the coated wire belongs to the amperometric sensor category; the
surface plasmon detector and the surface acoustic wave detector belong to the piezo
transducer category. The materials of construction for the transducers are also given in
the figure.

Carbon, Pt, Au, Carbon paste, electron
Ni, Ag/AgCl mediator, lipid,
/ conducting polymer
Amperometric
sensor
Metal couple, Glass, PVC,
oxide ionophore
\ Thermistor lon-selective
electrode
Polymeric
encapsulant
Quartz, Optical fiber Field effect
glass waveguide | [BIOLAYER [ transistor
~ pn
junction,
SiO,,SizN4
Surface Coated wire
plasma electrode
detector
Quartz Pt, Cu, Fe,
glass, Ag, Au PVC

Surface acoustic
wave/ gravimetric
detector

Quartz Si, Pt, Au

Figure 6.6.1: Various biosensor configurations.
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Table 6.6.4: Biosensors based on FET (pH).

Substrate Bioreceptor Product detected Range, mM
glucose glucose oxidase gluconic acid 0-20

urea urease CO,, NH, 0-6
penicillin penicillinase penicillic acid 0.2-20
triolein lipase fatty acids 0.6-3

Discriminative Membranes. Membranes are one of the most essential components
of a biosensor. They are used for (1) barriers to non-analyte molecules, (2) protection
of enzyme-immobilized membrane, thus preventing fouling; and (3) controlling the
operating range of the biosensor. When a small molecule is the analyte, macromole-
cules such as proteins can be prevented from entering the active sensing area by using
a small pore membrane. Note that proteins adsorb readily on most surfaces and thus
foul sensing surfaces. The transport of charged molecules can be modulated by plac-
ing ion selective membranes. A combination of various discriminative membranes can
be used for blocking the passage of different interfering molecules. It is to be noted
that the use of a discriminative membrane increases time lag as it introduces diffusive
transport resistance, and thus judicious choice of its thickness is essential for proper
functioning. A summary is given in Table 6.6.5.

Table 6.6.5: Discriminative coatings for amperometric biosensors.

Transport mechanism Seletive Membrane
Size exclusion Cellulose acetate

Ceramic membranes (Alumina,
Zirconia)

Polyaniline, Polypyrrole

Polyphenol
Charge exclusion Nafion
Poly(vinylpyridine)
Polarity Phospholipid
Gas permeability silicone membrane

Sensitivity Requirements. The range and type of analytes fall into wide and varied
values and thus cannot be considered using a single criterion. A particular applica-
tion dictates the concentration range needed. It is often determined on the basis of
expected target concentration range in samples. For example, a metabolite’s concen-
tration range is often in the uM range, whereas hormones are in nM range. Viruses
and pathogens are found in 10-10,000 per mL. This vast range of concentrations is
summarized in Figure 6.6.2. It is thus clear that often a varied approach is needed for
a sensor designed for a metabolite compared with measuring tumor antigens.
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Evolution of Biosensors. Bio-

sensors can be classified into
three generations according to the
degree of integration of the sepa-
rate components—i.e. the method
of attachment of the biorecogni-
tion or bioreceptor molecule to
the base transducer element. In
the first generation, the biorecep-
tor is physically entrapped in the 12
vicinity of the base sensor be-
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Hormones
Antibodies
Cellular
Antigens
Viral Antigens
Tumor
Antigens

. . . . . 14
hind a discriminating membrane

such as a dialysis membrane. In
subsequent generations, immobi-
lization is achieved via covalent
bonds at a suitably modified
transducer interface or by incorporation into a
polymer matrix at the transduction surface. In
the second generation, the individual compo-
nents remain essentially distinct (e.g., control
electronics—electrode—biomolecule),

while in the third generation the biorecep-

tor molecule becomes an integral part of the
base sensing element (Figure 6.6.3). While
these definitions were probably intended for
enzyme electrode systems, similar classifi-
cations appropriate to biosensors in general

Figure 6.6.2: Detection ranges required for
some clinically important analytes.

(Adapted from Hall [1991].)
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R
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1st generation:

Figure 6.6.3: Three biosensor

generations (R: Bioreceptor molecule).

can be made. It is in the second and third generations of these families that the major

development effort can now be seen.

6.7 Future Prospects

In recent years the emerging area of nanotechnology has produced very interest-

ing materials, some of which provide opportunities for new sensing transduction
technologies useful for biosensor development. In addition, use of self-assembly tech-
niques and nano-electromechanical systems have produced new laboratory sensing
methodologies. Some of these approaches, while not robust for common analytical
instrumentation or field use, will emerge in future as practical sensors. The short dis-
cussion given below is to provide a snapshot of emerging methods.
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Mass change sensors rely on changes in resonant frequency, as natural frequency
depends on mass of oscillating mass. In this category, the quartz crystal microbalance
(QCM) or thickness shear mode oscillator has been extensively used for detecting the
presence of antigens by modifying the surface of QCM with an antibody specific to
the target antigen. The same principle has been attempted in other forms of oscillat-
ing devices, such as silicon microcantilevers (Tang et al., 2004), piezoelectric-excited
microcantilevers (Zhou et al., 2003), surface acoustic wave (SAW) sensors and others.
In a SAW device, electrodes are on the same side of the crystal and interdigital trans-
ducers act as a transmitter and receiver to excite surface waves that travel across the
crystal face. The changes to the wave caused by target antigen binding to the surface
is confined to the crystal face, and is measured. SAW sensors are considerably more
sensitive than QCM, but when aqueous phase is present on the surface, the signals are
considerably attenuated. On the other hand, when no liquid solution is in contact, it
provides very sensitive measurements for gas phase composition.

Raman spectroscopy is a useful tool for analysis because of its excellent chemical
group identification capability; however, its limitation is low sensitivity. Recent obser-
vation that Raman scattering efficiency can be enhanced by many orders of magnitude
when the analyte is adsorbed or near a gold or silver surface has made this technique
a very powerful sensing methodology. This modified technique, known as surface-
enhanced Raman scattering (SERS), has been shown to be suitable in a laboratory
setting to observe DNA hybridization. Thus, single strands of DNA fragments can be
labeled to SERS probes. The resulting SERG probes may be used to identify genes

or detect bacterial and viral components. A further improvement can be achieved by
using peptide nucleic acid (PNA), which was originally developed as a gene-targeting
drug. PNA has demonstrated remarkable hybridization properties towards comple-
mentary oligonucleotides. Consequently, biosensors based on replacement of the
DNA recognition layer with a PNA one, offer significantly improved distinction be-
tween closely related DNA sequences, as well as several other attractive advantages.

There has also been considerable interest in biophotonic sensors and DNA sensors
(Junhui et al., 1997). For example, resonance enhancement due to gold nano-par-
ticles bound to recognition molecules has been shown to be effective in biophotonics
(Homola et al., 1999). The advantage of photonics is the ability to measure without
contacting the sample. Use of fiber optics and its variants have provided a rich source
of transducing elements. In these cases, the surface of the fiber (glass) is deriva-
tized with an amine group and then covalently linked to a bioreceptor via carboxylic
group. When an analyte binds, the light transmission characteristics are altered and
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that is measured. Due to availability of inexpensive monochromic light sources (light
emitting diodes) and inexpensive light sensing devices (photo diodes), biophotonic
devices offer a relatively inexpensive sensing platform.

In this chapter an overview of biosensors was presented, various elements of biosen-
sors were described, and a brief review of bioreceptors and transduction mechanisms
were provided.
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CHAPTER 7

Chemical Sensors

Dr. Thomas Kenny, Department of Mechanical Engineering,
Stanford University

Chemical sensors are used to detect the presence of specific chemical compounds or
elements, and their concentrations. This chapter covers some basic concepts for sens-
ing of chemical quantities and some important applications.

7.1 Technology Fundamentals
The Nose

The human nasal sensing apparatus contains a remarkably flexible and sensitive de-
tection capability. Humans are capable of detecting and distinguishing thousands of
different smells with almost instantaneous recognition. Odor detection is made very
complicated because of the lack of uniqueness in the
chemical basis of most smells. There

is no “garlic molecule” that is distinct

from the “enchilada molecule,” yet

. . . . OLFACTORY BULB
a person can easily distinguish these

OLFACTORY AREA ::--.......
SmeHS. TURBINATE BONES «+-+-eu s

All biological odor detection systems
are based on a fairly small num-

ber of distinguishable sensors. The
smell recognition system is based

on pattern-matching of the response
of the different chemical sensors in
the nose to various odors. Garlic and
enchiladas produce a slightly differ- Figure 7.1.1: Human nose.

ent collective response in the entire

set of sensors in your nose, and your brain has stored an extensive collection of these
patterns which are used for comparisons. Psychologists have found that these odor
patterns can be among the strongest of memories, and smells are often used to aid in
the reconstruction of memories.

TONGUE
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Chemical sensing system designers need to draw lessons from these biological sys-
tems. An important lesson is that a multifunctional system will probably need to use a
small set of distinct sensors and a pattern-matching algorithm to identify odors accu-
rately.

Detectors of Particular Molecules

If a chemical sensing application requires detection of a particular molecule, several
techniques are available. These techniques are based on the unique properties of par-
ticular molecules.

One set of properties is associated with the vibrational and rotational modes of
molecules. The exact energies of these modes are generally unique to a particular
molecule, and may be used for identification purposes. Most vibrations and rotations
are “optically active,” meaning that they may be excited by absorption of a photon,
or may relax by emission of a photon. These photon absorptions are generally most
likely to occur in the infrared, so infrared spectroscopy is a generally useful way to
identify molecules.

For example, CO is a very simple molecule (visualize two balls and a spring), capable
of oscillating at a single frequency (visualize them bouncing together and away) and
rotating about two axes, both perpendicular to the line connecting the atoms. In quan-
tum mechanics, a vibration is represented as a single frequency—the molecule may
be in the ground state, or in any of a number of excited states, each of which is sepa-
rated by the energy of the mode: hw/(2r). Quantum mechanics includes "Selection
Rules" which strongly favor relaxation a single step of hw/(2mw) at a time. This feature
shows up in the infrared spectrum as a single absorption.

In the spectrum of the absorption of CO, shown in Figure 7.1.2, we see a pair of
absorption peaks. This peak splitting is due to the fact that carbon exists in isotopes
which have atomic mass of 12 or 13. The additional mass of the C13 reduces the vi-

brational energy simply because it lowers the resonant frequency (w =k/ m) .
In addition to vibrations, molecules also can have rotational energy. In the spectrum
of NH3 (ammonia), the rotational spectrum contributes a series of closely spaced

lines centered about the vibrational peaks. These excitations involve the absorption of
a photon and the change of both the vibrational and rotational energy.
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Figure 7.1.2: CO absorption spectrum.

Ammonia
INFRARED SPECTRUM

3000. 2000. 1000.

Wavenumber
NIST Chemistry WebBook (http://webbook.nist.gov/chemistry)

Figure 7.1.3: NH3 spectrum.
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Each molecule has a distinct infrared spectrum. Infrared spectrometers may be used
to measure the absorption spectrum of a gas sample, and to look for features which
indicate the presence of particular gas constituents. The simplest possible infrared
instrument is shown in the next figure. In this instrument, light from a source passes
through a sample-filled chamber, then through a chopper wheel, a filter selector, and
is focused onto a detector. The filter selector consists of a pair of filters with very
narrow infrared transmission bands. One of the filter’s transmission bands is centered
on the molecular absorption, and the other is centered just off the peak of the absorp-
tion band of interest. By alternating between these two filters, a difference signal
may be detected only when the molecule of interest is present. This approach can be
optimized only for a single molecule at a time, but is very reliable for such single-
molecule applications. An example of such an application would be a CO detector for
an automotive exhaust inspection/monitoring system.

Clearly, more complicated optical systems can be constructed. In addition to the use
of a filter pair, it is possible to obtain complete spectra (as shown in the figures above)
through use of an infrared spectrometer. Spectrometers are available in two basic de-
signs, either of which tend to be very large and very expensive. One such instrument
uses a rotating grating to disperse the light into separate wavelengths, and scan the
spectrum across a detector.

Besides the vibrations and rota}tlons,
molecules may also be recognized by

their mass (or mass spectra). There-
fore, mass spectrometers are also used
to detect and distinguish molecules. r AL .
A diagram of a magnetic mass spec- _

. k N vaporized
trometer is shown in Figure 7.1.4. sample

electromagnet

to vacuum

/ pump

In this device, gas molecules are
ionized by bombarding them with

electrons from a heated filament. i
Some of the molecules in the gas be- amplifier
come positively charged because the ——
electron bombardment is generally
more effective at stripping electrons Figure 7.1.4: Mass spectrometer.

than adding electrons (except for

electronegative species like Cl.) Once the molecules are charged, they are accelerated
to a constant kinetic energy by an electric field, and they enter the main body of the
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spectrometer. Here, there is a magnetic field, which exerts a Lorentz force on each
molecule, tending to deflect the trajectory of the molecules. The amount of deflection
depends on the velocity and on the mass, and therefore acts to separate the molecules
by their mass. A series of detectors acts to record the molecule concentration vs.
deflection angle, and the output can be displayed as a mass spectrum. One important
drawback to such an instrument is that the molecules must travel their entire path
without scattering from other molecules. In air at atmospheric conditions, the aver-
age distance between collisions is 1 micron. Since typical mass spectrometers need
10-100 cm of trajectory, the pressure must be 6-9 orders of magnitude lower than at-
mospheric pressure. Therefore, mass spectrometers generally require vacuum pumps.

In addition to the magnetic mass spectrometers, there are spectrometers based on
oscillating electric fields (quadruple analyzers), and on the mass-velocity relationship
for particles with the same kinetic energy (time of flight). These spectrometers all
have similar requirements on pressure.

Finally, a series of chromatography instruments are available. In these instruments,
the varying molecular diffusivities are used to detect specific molecules. A typical gas
chromatograph is schematically shown in Figure 7.1.5.

Injector

Flow
controller Ip,oitl A “
T &} _\\ Recorder

|
—

Detector

Column

Column oven

Carrier gas

Figure 7.1.5: Gas chromatograph.

Here, a sample is added to a pressurized carrier gas, and forced to diffuse through

a “column,” which is essentially a very long narrow tube. The components of the
sample diffuse at different rates through the column, and the detector at the end re-
cords a signal-vs.-time trace which contains peaks that may be identified as belonging
to a specific sample. Chromatography has been in use for a long time, and is generally
carried out in table-top instruments costing $10,000 to $100,000. Miniaturization of
these instruments is currently the subject of much research in industry and academia.
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Microfabrication techniques BOND PAD
can be used to manufacture the
column and the detector area.
An example is shown from
research in the Kovacs group at
Stanford, in the form of a capil-
lary electrophoresis instrument

shown in Figure 7.1.6. SAMPLE
INJECTION

S| SUBSTRATE CHANNEL

DETECTOR

In electrophoresis, an electric
voltage bias is applied to the
column, and the carrier fluid
is conductive. Therefore, there
is a steady flow of carrier fluid + HIGH
ions through the column, which VOLTAGE

BUFFER
RESERVOIR

CAPILLARY

BUFFER
RESERVOIR

. DETECTION
sweeps the sample along with ELECTRONICS

it. Again, the diffusivity dif-
ferences for different sample
components causes the sample
to be spread out into a spectrum, and the resulting output trace may be analyzed to
identify the components and quantify their concentrations.

Figure 7.1.6: Electrophoresis instrument and its data.

Electrochemical Detection Techniques

The human body also does a great many chemical measurements on body fluids. The
basic principles behind such measurements are discussed in the following paragraphs.

If a semi-permeable membrane separates two solutions, it may be possible for one
component of the solutions to diffuse through from one side to the other. This notion
of “semi-permeable membranes” may sound fanciful, but there are many biological
examples of cell membranes that pass only a few nutrients.

In H20 solutions, many atoms and molecules exist in a charged state (Na generally
has a +1 charge, for example), so the diffusion of these molecules also represents a
diffusion of charge.

Now, when the two solutions are introduced, it is possible for a difference to exist in
the concentration of the mobile ion on the two sides of the membrane. In general, one
side is a reference sample, and the other side is a sample to be tested. lons from each
side begin immediately to diffuse through the membrane.
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Figure 7.1.7 shows a glass membrane separat- 1l
ing a sample solution (on the outside) from a
reference solution (inside), and electrodes to
measure the potential difference.

Electrode
If the concentrations are different on the two
sides of the membrane, the amount of diffu- ° ‘Weﬂifzne
sion will be different, leading to a net diffusion.
Since there is also a charge associated with pternal
these ions, there is a current. Very quickly, the ~ Selution
motion of charge across the membrane causes Figure 7.1.7: pH electrode.

the formation of an electric field, which opposes

the flow of ions. An equilibrium is established when the electric field is large enough
to overcome the concentration difference and the diffusion rates become balanced.
At this point the potential difference across the membrane is absolutely related to the
concentration ratio. The relationship is given in introductory chemistry textbooks as
the Nernst equation:

V=

RT i ( concentration on one side )
—1In

nF concentration on other side

In the normal units for chemistry, we have:

(8'3 1%101 -K ) (3OOK ) ln( concentration on one side )

(lmol) (9.65 x10* valenc%wl

V=

concentration on other side

concentration on one side
=2.6x107V-In - :
concentration on other side
So, if there is a concentration ratio of 2, there will be a potential difference of about

20 mV. Such a potential difference is very easily measured.

In most actual situations, the thickness of the membrane is not too thin, so the
potential difference builds up before there has been much actual transfer of concen-
tration. This is important, because otherwise the required diffusion would alter the
concentrations.
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7.2 Applications
Automotive

An important automotive application for such a sensor is the automotive exhaust oxy-
gen sensor. In an automobile, fuel and air are mixed and introduced into the cylinder
for combustion. The mixture can contain too much fuel (rich) or too much air (lean).
In older cars, this mixture was adjusted manually. Optimal performance was obtained
by a slightly rich mixture, because this maximizes the compression ratio.

However, the EPA began to monitor automotive emissions, and determined that a rich
mixture also leaves a large amount of undesirable hydrocarbons in the exhaust, which
foul the air and have undesirable consequences for the ozone. In the 70s and 80s, it
became required to have a control system that maintained the fuel-air ratio at the pre-
cise value needed for optimal combustion.

This legislative mandate was made possible by a very fortunate coincidence. Accurate
measurement of the fuel and air input to the mixing chamber would be very expen-
sive. However, after combustion, measurements can be carried out in the exhaust.
During combustion of a rich mixture, very nearly all of the oxygen is consumed. Dur-
ing combustion of a lean mixture, the oxygen concentration is nearly the same as in
the atmosphere (1-10%). So, it is possible to determine the state of the mixture very
accurately by doing a simple measurement of the oxygen in the exhaust.

In a good automotive system, the concentration ratio for rich and lean may be dif-
ferent by 10-20 orders of magnitude. An electrochemical sensor that compared the
oxygen concentration in the exhaust to that in the surrounding air would produce volt-
ages near 1 V or near O V for those SPARK PLUG

.. . .. SHROUD
two conditions—easily distin- THREAD

/

guished by an engine controller. SEAL/SUPPORT ELECTROLYTE
. . . GROUND ELECTRODE
02 can diffuse in ceramic, so
oxygen sensors can be made by
producing a ceramic “nipple,”
whose inside surface is coated with CUSTOMER INNER
BOOT/SEAL ELECTRODE

a metal electrode. The potential
between the inside surface and the
surface exposed to the exhaust is
measured and used to control the
fuel/air mixture. Figure 7.2.1 shows
the arrangement of electrodes.

Figure 7.2.1: O2 sensor.
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However, this basic technology has some undesirable characteristics. The sensor oper-
ates differently cold, and so cars are not optimized until the emissions system warms
up. At present, most emissions from an automobile take place in the first few minutes
after starting. In coming years, you should expect to see the EPA mandate heaters for
more rapid warming of these sensors.

Other Miscellaneous Chemical Sensing Techniques and Applications

The measurement of impurities in water is becoming very important. Before using
more expensive detection techniques, it is often easiest to simply measure the con-
ductivity directly. Water’s conductivity varies by several orders of magnitude as it
varies from ultrapure to ordinary tap water. As for any other resistance measurement,
a simple resistance bridge is often sufficient, as shown in Figure 7.2.2a.

If it is important to avoid direct electrical contact with the fluid because of chemi-

cal effects, the noncontact approach shown in Figure 7.2.2b will work. In this case, a
measurement like the metal detector measurements is carried out. The conductivity of
the fluid decreases the mutual inductance between a pair of coils wound around the
fluid conduit. The disadvantage of this approach is that it is hard to detect the fluid
conductivity if the pipes are themselves conductive.

CONDUCTING LOOP
FORMED BY SOLUTION

F“_H"_!

INPUT g OUTPUT
TOROID = TOROID
WINDING g l WINDING

..J

READOUT
DEVICE

| 7%,
| THANSFOHMER THANSFOHMEH
#1 #2

L(‘J-ONDUCTIVITYI

—CEL_..J

R, INPUT SUPPLY
AND

AC VOLTAGE MEASURING
CIRCUITS

SOURCE

Figure 7.2.2a: Figure 7.2.2b:
Conductivity measuring circuits. Noncontact conductivity measurement.
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CHEMFETs

Another method for chemical detection in solutions or in gas relies on the charge
transfer that can occur during a chemical reaction on a surface. In these devices, the
surface of interest is a metal electrode which is actually the exposed gate of a field ef-
fect transistor (FET). Since the conduction from source to drain in a FET is modified
by charge on the gate, this device can be a remarkably sensitive detector of certain
absorbed species. These sensors are called CHEMFETs.

Of course, to build a selective detector, it is necessary to select a metal electrode that
allows only one chemical reaction to occur. Simple metals are not very selective, so
simple CHEMFETs suffer from a lack of selectivity—meaning that they respond to
many different chemical species. One way to improve the selectivity of such a sensor
is to follow a biological example, and to coat the electrode with molecules that are in-
deed very selective. Antibodies are molecules that tend to react only with a particular
(virus) molecule, and are more chemically selective than any simple metal electrode.

Finally, there are a number of medical applications that rely on detection of oxygen in
the bloodstream. Unfortunately, the bloodstream is a difficult place to work because
white blood cells interpret the presence of almost any foreign matter as an invading
organism, and tend to form scabs on all surfaces of such objects.

Blood does exhibit a detectable change in
color upon the absorption of oxygen, and
blood oxygen may be crudely measured by
looking at blood color. For example, a sensor
that measures blood reflectivity at 700 nm
and at 800 nm ought to be able to measure
the blood oxygen content very accurately.
The measurement at 800 nm is used to cancel

Hb

RELATIVE OPTICAL ABSORPTION

out effects of scab overcoating. Hb O,

One possible implementation is a fiber-op- J T
tic system that transmits light of two colors Hb CO

(700 and 800 nm), and senses the reflected "

light intensity as a measure of blood oxy- 600 800 1000
gen. Such a system is often used during WAVELENGTH, nm

surgical procedures but is not typically Figure 7.2.3: Optical absorption spectra.

used for long-term implants.
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One device uses an LED emitter and a pair of detectors, each mounted looking out the
side of a I-mm thick catheter. The emitter and detector are separated by a few mil-
limeters, so this instrument samples to a depth of a few millimeters, and is not badly
affected by an overcoating of “scab.”

This same technique can be applied to the measurement of skin color.

TO OXIMETRY INSTRUMENT

3P
CVP INJECTION PORT
CARDIAC OUTPUT THERMISTOR
COMPUTER CONNECTOR
AL 2 \\.\\ BALLOON
§ ~__TRANSMITTING
A % FIBER-OPTIC
a7 ¢ (LB - \ (4 //I
ﬁ \ RECEIVING
OPTICAL MODULE FIBER-OPTIC
/ SAMPLING AND PRESSURE
PROXIMAL 5 " MONITORING LUMEN
(CVP) LUMEN ¥ & O\ BALLOON INFLATION
DISTAL < LUMEN

(PA) LUMEN

Figure 7.2.4: Opticath® catheter.

(Courtesy of Hospira, Inc.)

Summary

There are many different applications for chemical sensors, and many techniques
which can be applied for any given application. In general, chemical sensing devices
do not compare favorably to biologically developed detectors. Devices generally suf-
fer from a lack of sensitivity, selectivity, and speed. For some applications, the signals
of interest are large and easy to detect. For others, it is very tough going. Research
can be expected to grow in detection of toxins in groundwater, vehicle emissions,
biotoxins in public settings, and a large variety of chemicals in manufacturing process
control.
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CHAPTER 8

Capacitive and Inductive Displacement Sensors

Mark Kretschmar and Scott Welsby, Lion Precision

8.1 Introduction

Noncontact sensors and measurement devices—those that monitor a target without
physical contact—provide several advantages over contacting devices, including the
ability to provide higher dynamic response to moving targets, higher measurement
resolution, and the ability to measure small fragile parts. Noncontact sensors are
also virtually free of hysteresis, the error that occurs with contacting devices at the
point where the target changes direction. With these noncontacting sensors there is
no risk of damaging a fragile part because of contact with the measurement probe,
and parts can be measured in highly dynamic processes and environments as they
are manufactured.

Noncontact sensors are based on various technologies including electric field, elec-
tromagnetic field, and light/laser. Two complementary sensor technologies will be
discussed in detail in this chapter: capacitive—electric field based, and inductive
(eddy current)—electromagnetic field based.

A capacitive or inductive sensor consists of a probe, Sensor —|
which is the actual physical device that generates the

sensing field, and a driver, the electronics that drive the
probe and generate the resulting output voltage propor-
tional to the measurement. In some sensors, the driver is
physically integrated in the probe itself.

Driver

. . . . P
Capacitive and inductive noncontact sensors have many fobe

similar characteristics as well as some characteristics Figure 8.1.1:
unique to each technology. In the following pages we Noncontact sensor system.
will discuss those things which are common to each of

the technologies, compare those things which are different, and look at applications
for each and at the unique solutions that are possible when using them together. We
will start with capacitive sensors.
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8.2 Capacitive Sensors

Capacitive sensors are noncontact devices used for precision measurement of a con-
ductive target’s position or a nonconductive material’s thickness or density. When
used with conductive targets they are not affected by changes in the target material;
all conductors look the same to a capacitive sensor. Capacitive sensors sense the sur-
face of the conductive target, so the thickness of the material is not an issue; even thin
plating is a good target. Capacitive sensors are widely applied in the semiconductor,
disk drive and precision manufacturing industries where accuracies and high frequen-
cy response are important factors. When sensing nonconductors they are popular in
packaging and other industries to detect labels, monitor coating thickness, and sense
paint, paper, and film thicknesses.

Capacitive displacement sensors are known for nanometer resolutions, frequency
responses of 20 kHz and higher, and temperature stability. They typically have mea-
surement ranges of 10 um to 10 mm although in some applications much smaller or
larger ranges can be achieved.

Capacitive sensors are sensitive to the material in the gap between the sensor and the
target. For this reason, capacitive sensors will not function in a dirty environment

of spraying fluids, dust, or metal chips. Generally the gap material is air. Capacitive
technology also works well in a vacuum, but the sensors must be properly designed
for the peculiarities of a vacuum environment to prevent the probes from compromis-
ing the vacuum. Under some circumstances they can be
used while immersed in a fluid but this is not common.
When used with a conductive target, capacitive sensors
are usually factory calibrated. Using capacitive sensors
with nonconductive materials requires experimentation
to determine the sensor’s sensitivity to the material and
the technology’s suitability for the measurement. Capacitive Probe

Typical Capacitor

Capacitive Technology Fundamentals N—

Target

Capacitance is an electrical property that exists between

any two conductors that are separated by a nonconduc-

tor. The simplest model of this is two metal plates with | Conductive Plates
an air gap between them. When using capacitive sensors,
the sensor is one of the metal plates and the target is the
other. Capacitive sensors measure changes in the ca- Figure 8.2.1: A capacitor is
pacitance between the sensor and the target by creating ~ formed by the target and the
an alternating electric field between the sensor and the capacitive probe’s sensing
target and monitoring changes in the electric field. surface.

Nonconductive Gap
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Capacitance is affected by three things: the sizes of the probe and target surfaces, the
distance between them, and the material that is in the gap. In the great majority of
applications, the sizes of the sensor and target do not change. When used with con-
ductive targets, the gap material does not change. The only remaining variable is the
distance between the sensor and target, so the capacitance is an indicator of the gap
size, or the position of the target. Capacitive sensors are calibrated to produce a cer-
tain output change to correspond to a certain change in the distance between sensor
and target. This is called the sensitivity.

Target Considerations

The electric field generated by a capacitive
sensor typically covers an area on the target
approximately 30 percent larger than the sensor
area. Therefore, best results are obtained when | |
the target is at least 30 percent larger than | / / ‘\\l
the sensing area of the probe. Sensors can be | |
specially calibrated to smaller targets when the

. . —>
application demands it. : :
When used to measure nonconductive ma- ~130% of sensing surface diameter
terials, the gap between the sensor and a Figure 8.2.2: “Spot size” on the target
conductive target is held constant and the is about 30 percent larger than the
material to be measured is passed through the probe’s sensing surface area.
‘/

e

Output

e

/

/

Nonconductive Material Thickness

ﬁh Nonconductive Material

[ ] Grounded Conductive Reference

L

Figure 8.2.3: When measuring nonconductors, the electric field from a capacitive sensor
passes through the nonconductive material on its way to a conductive target.
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gap. This way the gap is unchanging and the only remaining capacitance variable is
the gap material. The output of the sensor will change with changes in the material’s
thickness, density, or composition. Holding two of these variables constant enables
measurement of the third; for example, when a strip of plastic has a constant composi-
tion and density, changes in the capacitance can only indicate a change in thickness.

8.3 Inductive Sensors

Inductive sensors, also known as eddy current sensors, are noncontact devices used
for precision measurement of a conductive target’s position. Unlike capacitive sen-
sors, inductive sensors are not affected by
material in the probe/target gap so they /
are well adapted to hostile environments

where oil, coolants, or other liquids may
appear in the gap. Inductive sensors are
sensitive to the type of target material.
Copper, steel, aluminum and others react Electromagnetic field
differently to the sensor, so for optimum ' I penetrates target surface
performance the sensor must be calibrated ! '
to the correct target material.

Inductive sensors are known for nano- : : — " KT

meter resolutions, frequency responses — > | T

of 80 kHz and higher, and immunity to <_‘

contaminants in the measurement area. ~300% of probe coil diameter

They typically have measurement ranges Figure 8.3.1: Inductive sensors use
of 0.5mm to 15mm although in some ap- electromagnetic fields.

plications much smaller and larger ranges
can be achieved. Inductive sensors’ tolerance of contaminants make them excellent
choices for hostile environments or even for operating while immersed in liquid.

An inductive sensor’s magnetic field creates electrical currents within the target
material and therefore the targets have a minimum thickness requirement. Details are
provided in the next section.

Inductive Technology Fundamentals

While capacitive sensors use an electric field for sensing the surface of the target,
inductive sensors use an electromagnetic field that penetrates into the target. By pass-
ing an alternating current through a coil in the end of the probe, inductive sensors
generate an alternating electromagnetic field around the end of the probe. When this
alternating field contacts the target, small electrical currents are induced in the target
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material (eddy currents). These electrical currents, then, generate their own electro-
magnetic fields. These small fields react with the probe’s field in such a way that the
driver electronics can measure them. The closer the probe is to the target, the more the
eddy currents react with the probes field and the greater the driver’s output.

Inductive sensors are affected by three things: the sizes of the probe coil and target,
the distance between them, and the target material. For displacement measurements
the sensor is calibrated for the target material and the probe size remains constant,
leaving the target/probe gap as the only variable. Because of its sensitivity to material
changes, eddy current technology is also used to detect flaws, cracks, weld seams, and
holes in conductive materials.

Target Considerations

Inductive sensors are sensitive to different conductive target materials. Sensors must
be calibrated to the specific material with which they will be used. Some materials
behave similarly and others differ significantly. There are two basic types of target
materials: ferrous (magnetic) and nonferrous (not magnetic). Some inductive sensors
will work with both materials, while others will only work with one type or the other.
Some ferrous materials include iron, and most steels. Nonferrous materials include
aluminum, copper, brass, zinc and others.

Inductive sensors are frequently used to monitor rotating targets such as crankshafts
and driveshafts. However, measurements of rotating ferrous targets generate small
errors because of tiny variations within the target material. This is called electrical
runout or magnetic runout. These errors are quite small, on the order of 0.001 mm,
which is negligible in the measurement of larger motions such as driveshafts. But in-
ductive sensors are not well suited to high resolution measurement of rotating ferrous
targets where they are expected to measure changes of 0.0001 mm.

Ideally, the target’s measured surface must offer an area three times larger than the
probe’s diameter. This is because the electromagnetic field from an inductive sensor’s
probe is approximately three times the probe’s diameter. Sensors can be specially
calibrated to smaller targets when the application demands it.

Another target consideration is the thickness of the target material. Because electro-
magnetic fields penetrate the target, there is a minimum thickness requirement for the
target. The minimum thickness is dependent on the electrical and magnetic properties
of the material and on the frequency at which the probe is driven. As the frequency
goes up, the minimum thickness goes down. This table lists some minimum thick-
nesses for common materials with a typical 1 MHz drive frequency.
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Copper 0.2 mm
Aluminum 0.25 mm
304 Stainless Steel 0.4 mm
Brass 1.6 mm
1040 Steel 0.008 mm
416 Stainless 0.08 mm
Iron 0.6 mm

8.4 Capacitive and Inductive Sensor Types

Capacitive and inductive sensors are available in three basic types: proximity switch-
es, analog output, and linear output.

Proximity switches simply provide an on or off output to indicate whether or not the
target is present in front of the probe. The distance from the probe to the target re-
quired to activate the proximity switch may be adjustable or may be fixed. Proximity
switches do not provide any indication of the target’s actual position, only whether
or not its position is within the set proximity. Proximity sensors often have the driver
electronics integrated in the probe body. They are inexpensive and readily available
but they are not suited to precision positioning applications that require continuous
readings of the target position.

Proximity Switch Output
Normally Low Figure 8.4.1: Proximity type sensors

only provide off or on outputs which

are triggered by the target position.

Sensor Output

Distance from Probe to Target

Analog output sensors provide a continuous analog output voltage that changes pro-
portionately to the changes in the probe/target gap. Common output ranges are 0 to

10 VDC, £10 VDC, 0-20 mA, or 4-20 mA. With analog sensors, the relationship of
the output to the changing gap is not linear. While the output is not linear, it is repeat-
able, allowing for the accurate detection of a repeated position of the target. Analog
output sensors frequently have gain and offset adjustments for adjusting the sensor to
each application. Adjustable setpoint outputs are often provided on this type of sensor.
These allow the user to set target position points at which digital outputs are activated.
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These sensors are useful where repeatability of position is more critical than knowing
the position’s exact dimension, and where the same sensor will be used in a variety
of applications requiring recalibration in each. This type of sensor is used for coarse
control of position or other production related servo controls where simple closer/far-
ther information is sufficient as opposed to accurate, absolute position information.

Analog Sensor Output

10 vs. ldeal Straight Line .
P 7 Figure 8.4.2: Analog sensor outputs

8 = are proportional to the target position
5 6 Pid but not in a linear fashion.
3 Pid
g 4 7
c
3 2 /

0

0 2 4 6 8 10

Target Displacement

Linear output sensors produce a proportional output voltage whose relationship to the
changing gap is linear. Common output ranges are 0 to 10 VDC, £10 VDC, 0-20 mA,
and 4-20mA. Linear output sensors are usually precisely calibrated at the factory to
traceable calibration standards and therefore rarely have readily accessible calibration
adjustments for the user.

These sensors are used when precise dimensional or position measurements are
required throughout the range of the sensor. In critical dimensional measurement
situations, these precision sensors are needed. They are used in positioning of photo-
lithography stages in the production of semiconductor wafers, the disk drive industry,

precision engineering applications, and anywhere that precise, continuous position
information is required.

Linear Sensor Output
10 Figure 8.4.3: Linear output
8 sensor provides accurate, linear
= representation of the target position.
3 6
(@)
5 4
2
b 2
0
0 2 4 6 8 10
Target Displacement
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8.5 Selecting and Specifying Capacitive and Inductive Sensors

Selecting the proper sensor starts by determining which of the three sensor types dis-
cussed previously is appropriate to the application. Proximity switches can be used to
simply detect the presence of a target. Analog output sensors can be used for simple
control of a process. Linear output sensors can be used for precision dimensional
measurement of position, vibration, and motion.

Physical Configuration

Sensors are available in a large variety of shapes and sizes. The probes are usually
cylindrical and are available with varied mounting schemes including threaded bod-
ies for thru-hole or tapped hole mounting and smooth bodies for clamp mounting.
Cylindrical probes range in size from 3mm to over 50mm. Probes are also available in
other shapes as well, such as rectangular or flat, coin-like disks. These probes provide
a lower profile design for sensing in areas where the length of a cylindrical probe may
be prohibitive.

The physical size of the probe is directly related to the measurement range and offset
of the sensor. Larger probes have a larger range and offset. Capacitive and inductive
sensors are readily available with measurement ranges from 10 um to 15 mm. Some
manufacturers are willing to create custom probe designs for individual applications.
These may be larger or smaller versions of standard probes or they may be incorpo-
rated into PCB designs or flex circuits for inclusion in equipment designs.

Drivers are available in various packages including: DIN rail mount, plug-in cards,
bench top boxes, and small modules that are inline with the cable to the probe. Some
drivers are integrated into the probe body itself, especially with the proximity switch
type sensor.

Terminology

To make the best selection of sensor from the wide variety available you must first
understand the terms used in the specifications. Unfortunately, not all manufacturers
use precisely the same definitions but they are at least similar. These are some terms
and definitions that you will encounter.

Output (or Output Range)

Output describes the type and range of the sensor’s output which will be used to
determine the measured dimension. Typical outputs are: 0-10 VDC, 10 VDC, 4-20
mA, and 0-20 mA. The output indicates the total change of the output as the target
moves through the total range. (Proximity switch sensors only have on/off switched
outputs).
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Range (or Measurement Range)

Range i1s simply the operating range of the sensor. Sometimes the sensor’s range is
plainly stated as a range such as 2 mm-3 mm. This indicates that the sensor can mea-
sure the position of the target when its distance from the face of the probe is between
2 mm and 3 mm. However, range is sometimes given as a single dimension such as
Imm. This means that the total range over which the sensor can measure the target

is Imm but it gives no information as to where this 1mm range is located in terms of
absolute distance from the probe face. In this case another specification is given called
offset or standoff.

Minimum _

Output Output I _TARGET
Ran%e Measurement Range
[ Maximum _
Output " TARGET 1

Figure 8.5.1: How the “Output” and
“Range” of a sensor relate to target position.

Offset or Standoff

Offset or Standoff indicates where the active range is located relative to the probe’s
face. The range example above of 2 mm—3 mm may be listed as having a range of
Imm and an offset of 2 mm. This is typical for sensors with a single polarity output
such as 0-10 VDC.

Some manufacturers may take a bipolar approach and define this same sensor as hav-
ing a 2.5 mm standoff with a £0.5 mm range. This is commonly used for sensors that
have a bipolar output such as +10 VDC.

[ Offset [Standoﬁ

|_TARGET | A I_TARGET ;A
Raige Raroe = Banee
| _TARGET ) TARGET _
Figure 8.5.2: Some ranges are Figure 8.5.3: Some ranges are
defined with an “offset” value. defined with a “standoff” value.
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Sensitivity

Sensitivity indicates how much the driver output changes as a result of a change in the
gap between the target and the probe. If the sensitivity were 0.1 mm/1 V then for ev-
ery 0.1 mm of change in the gap, the output voltage will change 1 V. When the output
voltage is plotted against the gap size, the slope of the line is the sensitivity.

Linearity

This specification applies only to linear output type sensors, although it may be given
occasionally for analog output sensors. This is a measure of how straight the line is
when the target position is plotted against the driver’s output. It describes how far the
actual output varies from a perfect straight line drawn through the points, typically us-
ing a least squares fit calculation. It is usually given as a percent of full scale.

Linearity is important for precise measurements throughout the active range of the
sensor. Linearity is only a measure of the straightness of the sensor’s output. It is a
major contributor to the accuracy of the sensor but it is not equivalent to accuracy. A
sensor may be very linear, but be very inaccurate due to gross sensitivity errors, but a
nonlinear sensor’s accuracy will always be limited by the nonlinearity.

Bandwidth (Frequency Response)

When measuring a vibrating target the output is frequency dependent. As the frequen-
cy of the vibration increases, at some frequency the output begins to decrease due to
frequency limitations within the driver electronics. Bandwidth usually specifies the
frequency at which the output falls to -3 dB—approximately 70 percent; for example,
1 mm of vibration at the bandwidth frequency would appear as 0.7 mm at the output.

Resolution

Resolution is defined as the smallest reliable measurement that a system can make.
The resolution of a measurement system must be smaller than the smallest mea-
surement the sensor will be required to make. The primary determining factor of
resolution is electrical noise. Electrical noise appears in the output causing small in-
stantaneous errors in the output. Even when the probe/target gap is perfectly constant,
the output of the driver has some small but measurable amount of noise that would
seem to indicate that the gap is changing. This noise is inherent in electronic compo-
nents and can be minimized, but not eliminated.

To measure resolution the noise voltage from the driver is viewed on an oscilloscope
and measured. That measurement is listed as the resolution of the sensor. But there
are two ways to calculate the measurement of the noise. The first is peak-to-peak
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(p-p)- This simply measures the difference from the highest point to the lowest point.
The other is RMS (root mean square) which is a mathematical calculation similar to
but not the same as averaging. The RMS measurement of resolution is considerably
lower than the p-p resolution. Both can be legitimate measurements, but be sure when
comparing that all the sensors you are considering are using the same method.

Resolution is bandwidth dependent. Lower bandwidth means less electrical noise and
therefore smaller resolution. Be careful when comparing resolutions that you know
the bandwidth at which the measurement was taken. Many manufacturers list resolu-
tions at several bandwidths, while others do not specify the bandwidth over which the
resolution specification applies, resulting in an ambiguous specification.

Thermal Errors

All things electronic have the possibility of changing with temperature. In addi-
tion to electronic drift, physical changes in probes due to expansion and contraction
can create output change that is related to temperature. Many of today’s sensors are
well designed to minimize and/or compensate for thermal errors but they are always
present to some extent. Specifications may include thermal information listed as
temperature coefficient or thermal drift. These specifications normally indicate the
amount of change in the output per degree of temperature change.

Accuracy

Accuracy is the final result of the accumulated error sources that exist in any mea-
surement system. Some error sources are part of the sensor itself, such as linearity,
sensitivity errors, and thermal drift. Other sources are part of the measurement system
as a whole, including fixturing, ambient temperature changes inducing differential
thermal expansion within the system, mechanical alignment, electrical noise sources,
and the accuracy of the equipment interpreting the sensor output. Because accuracy
includes many factors outside of the sensor itself, it is rare for sensor specifications to
include accuracy.

8.6 Comparing Capacitive and Inductive Sensors

Capacitive and inductive sensors each have unique characteristics. Below is a compar-
ison of typical parameters for standard sensors. This is intended to provide a general
idea of how the technologies differ. This data is by no means exhaustive; sensors are
available with parameters exceeding those listed in Table 8.6.1.
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Table 8.6.1: Comparing capacitive and inductive sensors.

Parameter Capacitive Inductive

Typical Range .01 mm—-10 mm 0.1 mm-15 mm

Resolution 2nm 2nm

Required Sensing Area 130% of probe diameter 300% probe diameter

Typical Probe Size 800% of Range 300% of range

Rotating Targets Unaffected Small errors on ferrous targets

Target Material Conductive targets Conductive targets only
Not affected by material differences Affected by conductive material

differences

Also measures nonconductors Does not measure nonconductors
(i.e., plastics)

Gap Material Senses changes in nonconductive gap | Ignores nonconductive gap materials
material

Cost $$ $

8.7 Applications

A myriad of applications exist for these sensor technologies. Some of these applications
can use either technology equally well, while others require one technology over the other.

Typical Sensor Operation

Noncontact sensors generally indicate a change from a known state. They are not
frequently used for absolute measurements. The probes are mounted to make the mea-
surement and the output is adjusted to some reference, usually zero, while the sensor
is measuring the current state of the part. Measurement then proceeds with changes in
the sensor output indicating changes from this initial condition.

Linear or Analog

Whether an analog sensor or linear sensor is necessary will depend on the required
accuracies and specifications of the application. Generally, where the application is
intended to produce a specific dimensional measurement of a particular feature or
parameter, linear is the best option. When the application can operate with a simple
“more or less” type of measurement, an analog type sensor is sufficient.

Interpreting the Output

Converting the output of the sensor into dimensional units is accomplished with this
simple formula:

Dimension = Output x Sensitivity

When using linear sensors the calculation is straightforward. A linear sensor’s
sensitivity is listed in calibration certificates or is otherwise listed on the sensor.
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Multiplying the change in the sensor output by the sensitivity yields the dimensional
change; for example:

2V)x (1 mm/1 V) =2 mm

When using nonlinear sensors the sensitivity is not consistent throughout the range.
The average sensitivity can be determined experimentally by measuring two part
masters of known dimension, recording the sensor output for each part master and
calculating the sensitivity:

Sensitivity = (Change in Dimension)/(Change in Output)

Because of the nonlinearity there will be measurement errors for parts that have a dif-
ferent dimension than the masters.

7
— Figure 8.7.1: Calibrating a
Measured Part —| — — —|— — — tZ pL — nonlinear sensor with two
= 7 part masters creates errors at
e nonmastered points.

5 -~

% Potential Error

o

Actual Dimension \ / Calculated Dimension

Sensor Output
= == = Calculated Sensitivity

@ Master Part Measurements

For more precise measurements with nonlinear sensors, an array of master parts

is measured and recorded. The sensitivity is calculated for each sequential pair of
parts The sensitivity will be different for each pair. These test measurements can be
used to calculate accurate measurements with a computer program. The program
can simply determine which sensitivity applies to the measured part, or, for maxi-
mum accuracy, a polynomial can be constructed based on the test measurements.

Dimension Output Sensitivity
mm volts mm/volt
0.00 0.00
0.008
0.01 1.25
0.009
0.02 2.40 o011 | Figure 8.7.2: Using multiple masters to calculate
0.03 330 |——— different sensitivities throughout the range of a
004 4.00 001 | nonlinear sensor.
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Multiple Channel Systems

Multiple channel measurements of the same physical target usually require that the
sensors’ drive oscillators be synchronized in frequency and phase. Sensor systems
for multiple channel measurements need to be specified as such when ordered from
the manufacturer so they are configured and calibrated to work together. Some less
demanding applications may work with two independent, off-the-shelf sensors, but
precision measurements will require synchronized sensors.

Applications for Capacitive or Inductive Sensors

These are typical applications in which either technology is effective assuming the
measurement is taken in a relatively clean environment. Change the environment to
include liquid, coolant, lubricant or other foreign material in the measurement gap
and these all become applications for inductive sensors only.

All of the applications in this section assume a conductive target.

Relative Position (Displacement)

Figure 8.7.3: Measuring target position, the most
fundamental application of noncontact sensors.

T

This is the most typical application for displacement sensors. This measurement is
used in servo systems, part inspection, photolithography stages, and a host of other
applications ranging from nanometers to millimeters.

The probe is mounted to monitor the position of the target.

Changes in the output of the sensor indicate changes in position of the target. When
using linear sensors, the output change of the sensor is multiplied by the sensitivity of
the sensor to produce a dimensional value. Some sensing systems are available with
integral displays that convert the sensor output and display the dimensional value.

206



Capacitive and Inductive Displacement Sensors

Position Window

Figure 8.7.4: Detecting a position window using
a single sensor with two setpoint outputs or two
proximity type sensors.

Not In Position

In Position p—

. S
t Not In Position

This is a very specific application in which the position must be above a certain point
but below another. This type of application is usually performed with an analog type
sensor with two or more setpoints.

The probe is placed in the process to sense the position of the target.

A calibration routine follows in which each setpoint is adjusted to activate as a test or
master target reaches the setpoint positions.

When setpoint 1 is active and setpoint 2 is inactive, the part is in the desired window.
If the setpoint outputs are in any other condition the part is no longer in the acceptable
window and the system takes appropriate action.

This same application can be accomplished by using two proximity type sensors.

The outputs of the proximity sensors would be evaluated in the same way as the two
setpoint outputs of the analog sensor. Cost, performance, and probe space determine
the best solution. If there is room for two probes and the application doesn’t require
the higher performance and adjustability of analog sensors, proximity switches may
be a more economical solution. Analog sensors are the choice if flexibility and adjust-
ability drive the application.

Applied essentially as a multichannel dis-
placement measurement, this application
specifically measures the intentional or unin-

Deflection, Deformation, Distortion
Top View |ﬁ |ﬁ |ﬁ ﬁ

tentional distortion of an object.
—F—~
—F—~
Figure 8.7.5: Measuring deformation ——
of a surface with an array of sensors. T Side View
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Several probes are mounted to measure the positions of different areas of the part. As
distortion occurs, the position change for each channel can be collected. This data can
be interpreted directly by the user, or can be fed to computer software to analyze and
report on the distortion and predict the end effect of the distortion on the process be-
ing monitored.

Thermal Expansion

— — Z Axis Movement
—— Xand Y Axes Movement

20 Figure 8.7.6: Capacitive and inductive
sensors monitor thermal expansion in

10 precision machine tools,; here indicating
" — 25 um growth in the Z axis.
[
2 0 T~
O 7N\
= \ /

-10 /

\ /
20 N\ I /
N — —
0 2 4 6 8 10
Hours

Thermal expansion and contraction can have profound effects on precision processes.
For example, high-performance machine tools (mills, lathes, etc.) suffer from thermal
expansion of the spindle and the machine as a whole. This is from machine generated
heat and, to a lesser extent, ambient temperature changes.

There are a few approaches to solving thermal expansion problems: (1) measure the
expansion throughout the temperature range and compensate during production based
on the current temperature, (2) in the case of machine generated heat, measure the
expansion over time and determine the amount of time required for the process to
thermally stabilize and include an appropriate warm-up time, (3) if possible, use a
sensor to monitor the expansion during production and compensate in real time.

Thickness

There are two ways to measure thickness with sensors. The first is a basic single chan-
nel position measurement of the top surface of the target while it rests on a reference
surface. Surface finish, contaminants, and other factors affecting the way the target
rests on the reference surface will create errors in the thickness measurement.
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Figure 8.7.7a: A simple one channel thickness
measurement depends on the quality of the
contact between the target and the surface plate.

More precise thickness measurements which do not depend on a reference surface are
accomplished with a two channel measurement. One channel measures the position of
the top surface while the other measures the position of the bottom surface. The sum
of the two indicate any changes in thickness while canceling any errors caused by the
target moving up or down between the sensors.

Figure 8.7.7b: A two-channel, differential

Thickness = AsB | A thickness measurement nullifies errors
l A created by changes in the target position.
|
y |B
Position changes

are nullified.

L

As mentioned earlier in this chapter, inductive sensors require a minimum target
thickness. Thin targets such as foils may not be thick enough for inductive sensors.
This is dependent on the specific material and inductive sensor.

Assembly Inspection

Many assemblies include conductive and nonconductive parts. For critical assemblies
100 percent inspection is required to assure that the assembly includes the metallic
component, which may or may not be visible.

Mount a probe such that the part to be inspected passes the probe such that the metal-
lic part passes within the sensor’s range.

Adjust the setpoint or a proximity switch to activate only when the metal is present.

Proximity type sensors can work in this application (especially inductive) but may not
provide the level of adjustability required.
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Figure 8.7.8: Incomplete assemblies
are detected on a production line by

/\ a sensor with a switched output.

Reject Part 7/

________\\ ______ —__[J-_Z-_1__ Setpoint
Threshold

Output

Vibration

Vibration is just a position measurement over time, but the output of the sensor is not
only analyzed for position data but also for time-based information about the motion
of the target. The sensor output is either viewed on an oscilloscope or collected by a
computer data acquisition system for mathematical analysis.

Some manufacturers have basic signal processing modules designed to work with
their sensors. These modules include peak capture functionality which can provide a
TIR (total indicator reading) output. TIR is the difference between the maximum and
minimum excursions of the output. A TIR output will indicate the total magnitude of
the vibration of the target, but it provides no information on the time-based nature of
the vibration.

Figure 8.7.9: Vibration can be
monitored over time for detailed
analysis of simple TIR measurements.

N A JAY NI
[ /\\//\ LU ot ndicator

VAVAVAVAVAVAVAVA i

VLV NV VT v

Output
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When measuring vibration, bandwidth (frequency response) is a critical consider-
ation in selecting a sensor. If the measurement is only concerned with total magnitude
of the vibration, bandwidth must be only slightly higher than the highest expected
vibration frequency. If the measurement is to analyze detailed time-based behavior of
the vibration, a bandwidth from three to ten times higher than the highest vibration
frequency is required.

Applications for Capacitive Sensors

Precision Spindle Error Motion (Runout)

formance machine tools are achieving error
motions of less than 100 nanometers. The error
motion in disk drive spindles is directly related
to the amount of information that can be packed

on a disk. The error motion in a machine tool is E e
directly related to hole roundness, feature loca- Top View
tion, and the quality of surface finish. The only
way to properly measure the error motion of these
spindles is when they are at full speed. This is a
perfect application for capacitive sensing technol-
ogy because of inductive sensors’ rotating target . ‘
errors (electrical runout) when measuring ferrous zas} —L L

Thermal Growth "
targets. n

Precision spindles in disk drives and high-per- }_‘
L]

| ‘3|: o

In the machine tool application, a precision mas- Z\Z‘)(T/Y Axis Error Motion
ter is mounted in the tool holder of the spindle to
function as the target. In the disk drive application Figure 8.7.10: Error motions of high-

the disk spindle itself is the target. precision spindles are measured by

) capacitive probes in all three axes.
Two probes each are mounted in the X and Y P P

plane (90° apart).

While the spindle rotates at operational speeds the outputs of the two channels are
viewed on an oscilloscope or analyzed by computer software. When using an oscil-
loscope, the X channel is used to drive the horizontal axis and the Y channel is used
to drive the vertical axis. This creates a lissajous pattern. The size and shape of the
pattern gives indication of the amount and nature of the error motion of the spindle.
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T I I
5 Degrees of
= Rotation
[
&
>
Figure 8.7.11: Driving the horizontal and
vertical axes of an oscilloscope with the X
| | | and Y outputs indicates the motions of the
X Channel rotating target.

For detailed analysis, computer software is required to calculate measurements for
synchronous error motion (runout) and asynchronous error motion (nonrepeating
runout NRR).

When precision rotating measurements of ferrous materials is required in a dirty
environment, inductive sensors can be used by placing a nonferrous sleeve around
the target or by characterizing the electrical runout of the target and using computer
software to remove it from the result.

Rotor to Stator Gap (Embedded Sensors)

Stator to rotor gap can be a critical dimension in precision rotating devices such as air
bearings and magnetic bearings. Capacitive probes can be designed to be embedded
in the wall of the stators and monitor the position of the rotor. The sensor outputs are
used as inputs to the servo system controlling the magnetic field or air pressure.

The specially designed probes are embedded by the bearing manufacturer and are in
place for the final boring process of the stator. After final machining, the stator face
with embedded sensors is as smooth as a standard stator. When the bearing is installed
in the system, cables from the probes are connected to the driver electronics and the
driver outputs connected to the system’s servo inputs. When used in machine tools,
these sensors provide extremely sensitive force measurements during the machining
process. \

Figure 8.7.12: Embedded capacitive
probes monitor rotor motion in air
bearings and magnetic bearings.

Embedded Capacitive
Probes (4X)
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Nonconductive Material Thickness

Because capacitive sensors are sensitive to gap material they are effective at mea-
suring nonconductive targets. Assuming that the composition and density of a
nonconductive material are constant, changes in thickness can be measured by capaci-
tive sensors.

The electric field from the sensing area of a capacitive probe must eventually return
to ground. Nonconductors by definition cannot provide a ground. Nonconductive
measurement is usually performed while the target material is between the probe
and a grounded reference as shown in Figure 8.7.13. The gap between the probe and
the grounded reference must be kept constant. Any change in that gap will appear as
changes in the thickness of the target material.

Output

e

v

yd

Nonconductive Material Thickness

Iﬁh Nonconductive Material
—I__III Grounded Conductive Reference

Figure 8.7.13: A nonconductive target can be measured against a conductive
surface but the conductive surface must remain stationary.

In some less critical applications, measurements of nonconductive targets can be
made without the grounded reference target. In this instance, the electric field from

the probe wraps back to the grounded outside shell of the probe or the fixturing that is
holding it.

Figure 8.7.14: Using a fringe field to sense a
non-conductor without a conductive backplate.

Nonconductive Material
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As the nonconductive target nears the probe it interacts with the electric field causing
a change in the output. But in this case the output will change in response to either
changing thickness or changing position of the material. For measuring thickness, the
gap between the probe and either the front or back surface must be held constant. Or,
if the thickness is constant, changes in the output will indicate changes in position.

When measuring nonconductors, tests must be performed to determine the sensor’s
sensitivity to changes in the material thickness. See Interpreting the Output above.
Manufacturers can determine and/or calibrate sensitivity when provided with a mate-
rial sample, but the calibration will depend on consistency of test material with the
sample material.

Double Feed Detection (Paper)

A frequent use of capacitive sensors is sensing double feeds of paper. This may be
done in a top-of-the-line copier, a high-volume mailing machine, or a paper currency
counter.

The application is straightforward. As paper is fed through the system, it passes
between a capacitive probe and a grounded reference target. During setup a single
thickness of paper is placed under the probe and the sensor is adjusted to some known
output, usually zero. Then a double-thickness is placed under the probe and the sen-
sor gain is adjusted for a known

output, maybe 1 V or 5 V. A sensor

used in this application will usu- Capacitive Probe

ally include an adjustable setpoint ~ Peperstock el ™!

output. The setpoint is normally \ \@ @
adjusted to activate at about half of

the double sheet output. For exam- —
ple, if the double sheet output was

1V, the setpoint would be adjusted
to activate at 0.5 V. In this way, any

output over 0.5 V would trigger a
fault in the system.

-

_ Setpoint
Threshold

Output

As with all nonconductive appli-
cations, it is important to control Single Sheet  Double Sheet

the gap between the probe and the Figure 8.7.15: Capacitive sensors detect
reference target behind the noncon- increases in the amount of material in the
ductive target. gap such as paper thickness.

214



Capacitive and Inductive Displacement Sensors

Label Sensing

The current state of the art in label sensing employs capacitive technology. During
the process of placing labels on containers such as bottles, the location of the lead-
ing edge of the label is critical to locating the label in the center of the bottle. Optical
sensors were used to perform this function. Then in the 1990s, clear labels on clear
backing became common and optical sensors were no longer functional. Because
capacitive sensing only senses changes in density or thickness, and is not affected by
color, it is an ideal solution.

. Sensor 2
In label sensors, the detection of Sensor 1 =
|

the label edge is accomplished us- >« < LabefMotion
ing a differential sensor. The sensor

actually has two sensing areas that —
are driven by the same circuit. The

sensor only activates its output Sensor 1 | |

when there is a difference between Sensor 2 []
the two sensors. (This particular

configuration and application is I
covered under a U.S. Patent.) Label Edge/

|

gl

Output

Difference

Zﬁ

The advantage to the differential ~ Figure 8.7.16: Differential capacitive measurement
configuration is that the sensor is senses the gap between labels on a web.
much more immune to changes in

the gap between the sensor and the grounded reference. Any changes in the gap size
are common to both sensors so there is no difference between them and the change
does not affect the output.

Glue or Paper Additive Sensing

The presence and/or amount of glue or other material deposited on a nonconductive
material has been solved in many industries using capacitive technology. If the thick-
ness/density of the underlying material is constant, changes in the amount of glue or
other material is easily detected with capacitive sensors.

The probe is mounted in a position such that the applied material passes through its
sensing area. Tests are performed to determine the sensor’s sensitivity to the mate-
rial and gain adjustments are made to an appropriate level. The output of the sensor is
then monitored by the control system and either warns an operator if the material is
no longer present, or in more sophisticated systems, the output is used to control the
flow of the applied material.
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Glue/Adhesive
Dispenser

Capacitive
Probe

Figure 8.7.17: Capacitive sensors’
sensitivity to varying amounts of
nonconductive material make them
ideal glue, adhesive, or additive
Sensors.

)
>

Time/Position

Applications for Inductive Sensors Only

These applications require a sensor that can operate in a dirty, hostile environment
that would render a capacitive sensor ineffective or that exploit the unique nature of
an electromagnetic field as opposed to an electric field.

Driveshaft Runout/Motion
Figure 8.7.18: Inductive sensors are ideal

Inductive
P“’beﬁ for measuring rotating motion when the
5 — 3 environment is dirty and accuracy less

than a micron is not required.

™\ N\ ™\
N /1 N\ /1 \
—~

| |
l«—One Rotation —»|

Output

Time/Position

While inductive sensors have small errors when measuring rotating, ferrous targets,
these errors are usually less than a micron. There are many rotating target applications
that take place in a dirty environment for which inductive sensors are well suited that
do not require that level of resolution.
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These measurements may be performed as part of a testing process or permanently
installed in the final product. Examples are driveshafts or crankshafts running in an
oil bath, or marine propeller driveshafts which may have water spraying or splashing
in the sensing area, or power generator shafts which are monitored during operation
to indicate bearing wear. The output of the sensor may be monitored by an operator or
a computerized control system.

Inductive Figure 8.7.19: Inductive sensors are
unaffected by oil and can be used to
test parameters of internal combustion
engine while they are in operation.

Valve Position

Time

Valve Stroke, Piston Dynamics

Tests on internal combustion engines while they are running are ideal for inductive
sensors. Their immunity to oil allows them to be installed directly in an engine for test
during operation. One such test measures the position of the valve stem at its highest
point. The probe is installed in the engine and positioned to sense the position of the
end of the valve stem at its highest point. Measurements are taken while the engine is
running and indicate the position of the valve stem as well as the repeatability of the
valve stem position on consecutive excursions.

Calender Roller Gap

Rolling of sheets, coils, bars, and shapes is a process used to fabricate metals to
proper thickness, shape, and texture. This rolling process also controls thickness, per-
foration, and texture on paper products, rubber, plastics, drywall, engineered wood,
and other materials.

The calender rolling process squeezes the material to shape and thickness through the
bite area between two parallel calender rollers, which can be up to three feet in diam-
eter and ten or more feet long. Depending upon material characteristics and process
requirements, the material might be pre-heated or process working fluids could be
present such as steam and solvents.
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The process requires precise control of roller gap to control quality and prevent roller
crash damage and premature wear.

Inductive position sensors can measure the roller gap accurately in the hostile process
environment while the material is running. This enables precision machine setup, real-
time roller gap control, and SPC data on the setup and running gap for all material
produced.

Figure 8.7.20: Inductive probes help
control material thickness by monitoring
the gap between calender rollers.

Inductive
Probe

Thread Detection

Inductive sensors are a perfect technology for detecting the presence/absence or the
quality of threads in tapped holes. A traditional probe design in which the electromag-
netic field radiates from the end of the probe

can function as a thread sensor, but sensitivity

is increased with specially designed thread

detection probes. These probes have internal Thread Degﬁggg
coils turned 90° so that the field emanates

from the side of the probe’s cylindrical body.

Traditional
Probe

This gives deeper penetration of the field into g"éME\
the tapped surface. In its simplest application, ié’i%;

&

these are used in automated production lines
to check presence/absence of thread to check Figure 8.7.21: Inductive sensors can
for a broken tap; especially when Oppm de- detect the presence or quality of
fects are the requirement. A more sophisticated threads in a tapped hole.
application uses the probes to monitor thread

quality and depth to indicate the need to replace a worn tap. Thread detection probes
are also monitored during insertion to detect a broken tap still present in the hole. The
automation system stops the insertion if a broken tap is detected, thereby preventing
damage to the probe.
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Stamping/Molding Die Protection

When parts are formed through a stamping or molding process, offline measurement
of finished product may not be desirable, since a significant quantity of product could
be manufactured before a defect would be discovered.

Using inductive sensors during the forming pro- -=1 -

cess, real-time measurements can be made on part ] : : —
dimensions, die-half position/movement, mold ! [

closure, and mold core movement. Inductive sen- - - P ;L/—\
sors are the only choice because a stamping process

will produce significant shock, often in an oily Target Surface  |nductive Sensor
environment; the molding process can impart high  Figure 8.7.22: Inductive sensors
temperatures (200°C) and significant pressures monitor injection molds for
(20,000 psi) on the sensor. proper closure.

In addition, these systems can be used to measure critical machine setup dimensions
such as die closure position and the gap between the mold and core to ensure proper
setup.

Application Using Capacitive and Inductive Sensors Together

This is a unique application that exploits the differences of the two technologies

Film/Paint Thickness of Conductive Part

For years measuring the thickness of paint or film against a moving metal substrate in
a noncontact fashion has presented a difficult challenge. By using the unique aspects
of capacitive and inductive sensors together, this can now be accomplished.

Capacitive sensors can measure the nonconductive paint or film, but they are also af-
fected by any changes in the gap distance to the moving substrate. When the substrate
is moving, it is not possible to discern if changes in the output are due to changes in
the thickness of the paint or film or movement of the substrate.

Inductive sensors can measure movement of the substrate but they do not sense any
changes in the paint or film thickness. (See Figure 8.7.23.)

If both technologies are used and their outputs combined differentially, any movement
of substrate is cancelled through the differential operation, leaving only the changes
due to thickness of the film or paint.
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Paint

Inductive/Capacitive Sprayer

Combination Probe

h/_/x/l_—lf_\%

Substrate Movement

Paint/Film Thickness | - - -~ ~  ~~-—-—--7

Inductive Output
Substrate Only

Capacitive Output —_ ~
Substrate + Paint e - -

Capacitive - Inductive
Paint Only

Figure 8.7.23: Combining inductive and capacitive technologies in one
application to measure film or paint thickness on a metal substrate

Thickness Change = Capacitive Output — Inductive Output

which is essentially:
Thickness Change = (Substrate Movement + Thickness Change) — (Substrate Movement)

For greatest accuracy, the application should be performed with a specially designed
probe that contains both capacitive and inductive sensing elements that are constructed
to be coaxial. Coaxial construction assures that
both sensors are reading precisely the same area of
the target. If independent sensors are used, differ-
ences in the displacement of the substrate at the two
different locations will appear as changes in the
thickness of the film or paint. Don’t underestimate

Inductive Sensing Coil ~ Capacitive Sensing Surface

this potential error source. When using sensors with Figure 8.7.24: End view of
sub-micron sensitivities, small differences can have a combination probe with
profound effects. capacitive and inductive elements.
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Considerations for Maximum Effectiveness

Temperature effects are usually the largest source of error in a precision measurement.
Capacitive and inductive sensors exhibit some finite amount of drift associated with
temperature. But with current design strategies these effects are minimized to very
small amounts in comparison with temperature effects on fixturing and the physical
properties of the target.

During design of the measurement system, care should be taken to minimize the
structural loop—the total distance from the probe mount to the point of the measure-
ment. The larger this loop, the more susceptible it is to temperature variations. There
is also the potential for vibration. If not carefully designed, the probe mount system
can function as a large tuning fork and vibrate at a resonant frequency. Stiffness of the
mount is a key to minimizing these error sources.

Z

Figure 8.7.25: Larger structural loops are sensitive
to vibration and thermal expansion. Keep them as
small as possible.

Obviously, the best way to deal with temperature-related errors is to perform the mea-
surement in a temperature stable environment.

8.8 Latest Developments

The physics of capacitive and inductive sensing has long been understood, not leaving
much room for radical improvement in the physical design of probes. The relation-
ship between the area of the sensor and its measurement range will remain essentially
unchanged. Electronics, however, continues to advance at a tremendous pace. One
advancement is in reducing the electrical noise inherent in electronic amplifiers. This
has resulted in increasing resolutions, which can now be measured in nanometers for
high-end systems.

Another advancement has occurred in miniaturization. As circuitry gets smaller, more
and more sensors will be produced with the electronics contained in the actual probe
body. That style of sensor can’t offer as much adjustability, so external electronics
with adjustment knobs and switches are still the order of the day for applications re-
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quiring user setup and adjustment. But with miniaturization of computer technology,
probes with embedded electronics will become available in which the adjustments are
made through a simple serial interface to internal, electronic adjustments instead of
external, physical adjustments. Obviously, these sensors would need to be connected
to an external computer or controller that can transmit the setup commands to the sensor.

8.9 Conclusion

Capacitive and inductive sensors have been solving measurement problems for several
decades. With each new decade and advancement of technologies such as automa-
tion, the demand and opportunities for these sensors continues to increase. Every year
capacitive and/or inductive sensing solutions are discovered for problems that have
nagged engineers for years. Increasing awareness of these sensing technologies will
lead to better solutions sooner and provide an abundant saving of resources.

Resources

1. Capacitive Sensing Theory Website hosted by Lion Precision
www.lionprecision.com/theory

2. Lion Precision Capacitance Displacement Measurement for 2003
Includes eleven page tutorial on capacitive sensing theory. Available from:
Lion Precision
563 Shoreview Park Road
St. Paul, MN 55126
USA
651-484-6544
www.lionprecision.com
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CHAPTER 9

Electromagnetism in Sensing

Dr. Thomas Kenny, Department of Mechanical Engineering,
Stanford University

9.1 Introduction

This chapter discusses the basic principles behind the use of electromagnetism in
sensing. Since many established sensor types rely on electromagnetism, it covers a
broad set of designs and reviews several product types.

9.2 Electromagnetism and Inductance

Before we get too far into electromagnetism, we begin with a review of the properties
of an inductor as used in electronic circuits. An inductor is a passive circuit element
that resists changes in current. The equation governing its behavior is:

i
ot
where L is the inductance in units of henrys. As we can see from this equation, there
is a voltage across the inductor whenever the current changes. The minus sign in-
dicates that the voltage (V) opposes the change in current (/)—which is to say that
whenever an external circuit tries to cause more current to flow, it must provide a volt-

age in order to overcome the voltage that arises in the inductor.

If we assume (as for all of the differential equations in this chapter) that the current
and voltage are both oscillating quantities:

V — ‘/Oeiwt
=1,
then we have
Vo =—ioLl,

If we recognize Ohm’s Law here (V = IR), then the effective resistance of the inductor
is “R” = —(i o L). As was the case for a capacitor (“R” = 1/(i o C)), the i implies that
there is a shift in phase between voltage and current, and the ® (Greek omega) im-
plies that the effective resistance increases with frequency.
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Using this analogy, we can easily see how to build a large array of inductance-mea-
suring circuits, which are exactly like resistance-measuring circuits (dividers and
bridges). In fact, the most common approach to inductance measurement is a bridge.

How big is a typical inductance? The inductance of a coil is given by:
I H,N’A
length

Assume we have a coil with a 1-cm diameter and a 1-cm length, with 1000 loops of
wire. Then,

(4nx10'7%)(1><103)2 (n(5><10‘3m)2)

= =9.9%x107°H
( )

L=

Now, if we want to measure the effective resistance of this device, we will need to
apply an oscillating voltage at some frequency. Normally, if we used a frequency of 1
kHz, the effective resistance of this device would only be about 60 ohms. Clearly, this
is a small resistance, and measuring it to a high degree of accuracy will be difficult.
We may go to a higher frequency to improve this situation.

What is really preferred is an inductor with a higher inductance. This is achieved in a
way that is very much like what is done in capacitors. In an inductor, we can fill the
coil with a material that has a higher magnetic permittivity. For example, iron has a
relative permittivity of about 300, and permalloy has a relative permittivity of as much
as 5000. So, we generally see coils filled with metallic materials such as iron.

To understand the situation with coils, we must review some electromagnetic theory.
We will look at a few “laws” of electromagnetism and some example discussions of
their effects.

Oersted discovered that whenever electrical charges move (current), a magnetic field
is created. For the simple case of a straight wire, there is a magnetic field around the
wire given by:

27R

Since the magnetic field is a vector, we need also to be concerned about the direction.
For this case, the field lines form a loop around the wire, and the direction in the loop
is determined by the righthand rule.
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For a current of 1 ampere, the magnetic field 1 cm away from the wire is

) (4n><10*7 %)(m)

B= Gm){ix10m) =2.0x107 Tesla

The earth’s magnetic field is generally about 5 x 107> Tesla, so this field is smaller
than the earth’s field. As we can see, the fields around wires are not generally large
enough to be noticeable.

Whenever charges move in magnetic fields, there are forces on those charges. The
expression for this force (known as the Lorentz force) is:

F=qVxB

Since V, B, and F are vectors, we need to recognize this as a vector cross-product, and
use a different righthand rule to determine the direction of the resulting force.

In this case, the force is always perpendicular to the velocity, and causes a freely
moving electron to be deflected into a circular orbit. Since the force and velocity are
perpendicular, the speed of the electron is unchanged.

Finally, Faraday’s law of induction states that whenever the magnetic field that passes
through a loop of wire is changed, there will be a voltage induced in the coil. We de-
fine the flux, ¢ (phi), as the product of the area of the loop and the component of the
magnetic field perpendicular to the surface of the loop.

The induced voltage is therefore:

_ 99
ot

We can put all of this together to see what is going behind the concept of inductance.
If we have a simple coil, and try to suddenly cause a current to flow through it, the
initial current flow causes a magnetic field to begin to form in the coil. Since this
magnetic field is increasing, there is a change in the flux through the coil, and an op-
posing voltage appears. Eventually, the current rises to its limiting value, the magnetic
field is stable, and the opposing voltage dies away.

Throughout all of these equations, there are many minus signs to keep track of. Rather
than become accurate bookkeepers, it is easier to become familiar with Lenz’s Law,
which simply states that the combined effect of all of these interactions is to resist

the modification of the magnetic field. In the case of an inductor, the electromagnetic
interactions resist current changes as a way to resist any change of the magnetic field
in the coil. We shall see this effect in all inductance-based sensors.
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9.3 Sensor Applications

A good example of the Faraday law of induction is illustrated in Figure 9.3.1. Here a
loop of wire is positioned between the pole faces of a permanent magnet. The mag-
netic field is confined to the region between the pole faces, and is essentially zero
elsewhere. Therefore, the magnetic flux through the loops in this situation is simply
the area of the loop that is within the magnetic field multiplied by the value of the
field.

N Figure 9.3.1:
Magnet Magnetic sensor.
18
NS D)

Motion
I<—X—>

Loop Magneﬂc
Field B

Induced
voltage

A voltage V is induced in the loop whenever it moves laterally. In this case, we
assume it is confined to motion left and right in the figure, and that the flux at any mo-
ment is given by:
0 =Bwx
where w is the width of the loop, x is the length of the loop within the coil, and B is
the field in the magnet. Therefore, the voltage is:
_ 00 dax

V= =—Bw
ot ot
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Magnet

Figure 9.3.2: Geophone.

Since dx/dt is really the velocity of the coil, we see that this configuration is useful
as a motion detector, and useless as a position detector. This approach is the basis

of many so-called “moving coil” detectors, in which a voltage is generated when-
ever an external signal causes a coil to move relative to a permanent magnet. A good
example of a commercial product based on such a device is the Geophone, as made
by GeoSpace Corp (see Figure 9.3.2). In this device, a set of coils measures a differ-
ential voltage whenever a spring-supported magnet moves. This device is generally
constructed with a fairly low frequency resonance—about 1 Hz. It is commonly used
for detection of seismic signals or other low-frequency ground vibrations. It is also
commonly used in the oil exploration business with buried explosive charges to map
underground resource deposits.

Another very common approach to the use of electromagnetics in sensors is the
inductive proximity sensor shown in Figure 9.3.3. Here, a pair of coils are wired in a
bridge circuit and biased with an ac signal. If a conducting object is positioned near
the end of the device, it is closer to the sense coil than the reference coil. The presence
of a conductor has an important and complicated effect in this situation.
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Figure 9.3.3:
Inductive proximity sensor.

Conductor

Reference

Coil Sense
Coil

A sheet of metal may be described as an assortment of essentially free electrons. If

an electric field is applied to the metal, the electrons are free to move, and do so with
very little resistance—hence the low resistance of a sheet of metal. In the presence of
a magnetic field, the electrons feel a Lorentz force, which causes their trajectories to
be curled into circles. These circular trajectories create a new magnetic field, which
extends out of the sheet of metal back through the coils in the device. Since the sense
coil is closer to the metal sheet, the flux through the coil due to the sheet is larger in
the sense coil. These additional magnetic fields cause an additional opposing voltage
in the coil, and the effect is to increase the inductance of the coils. Since the sense coil
is closer to the sheet, its inductance is increased more.

228



Electromagnetism in Sensing
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Figure 9.3.4: A bridge circuit using inductors.

A bridge circuit is used to measure these changes in inductance, as shown in Figure
9.3.4. Here, we can see that the effect of the sense coil changing more than the ref-
erence coil is that there will be an AC voltage appearing at the bridge outputs. The
amplitude of this difference is proportional to the inductance difference, which is
related to the distance to the metal sheet in a very complicated way. The actual rela-
tion between distance and inductance change is too complicated to derive in general,
since it relies on the geometry of the situation, so this approach is not generally used
for accurate position sensing.

However, there are a number of important applications that benefit from a signal that
indicates the presence of a metal object. For example, many automotive interchanges
these days rely on this sort of inductive proximity sensing to detect the presence of a
car in the left-turn lanes or waiting in other lanes. Late at night, these systems control
many intersections on streets. You will find that the speed with which left-turn sig-
nals are activated depends on the location of your car. If you look closely, you will
find that a circular patch of the road surface has been cut open. These cuts allowed
the burial of a pair of loops that sense the presence of the metal in a car. In order to
activate the sensor, a car must be positioned so that there is a fair amount of metal

in the region above the coils that are filled with a magnetic field when the coils are
energized.
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A number of commercial inductive proximity sensors are also available based on this
general technique, some miniaturized for robotic applications.

An important but different sort of phenomena can be present if the metal object used
to modify the inductance is a ferromagnetic material. Ferromagnetism is an effect

in which the magnetic moments of the bound electrons and the nuclei also interact
with external fields. In a ferromagnet, the orientation of the magnetic moments in the
material can become aligned with external fields, causing an effective field amplifica-
tion, which can be very large. In addition, this internal alignment can persist after the
external field is removed, or even if its direction is changed.

Because the field amplification may be as much as 1000 times, the presence of fer-
romagnetic materials greatly increases the sensitivity of inductance coil bridges to
their presence. Therefore, such sensors are very much more sensitive to ferromagnetic
objects, and one often sees sensors which are tuned to detect a small piece of ferro-
magnet attached to a moving metal part.

A very common example of the use of a ferromagnetic element is as shown in Figure
9.3.5. In this system, the amount of magnetic field from one coil that is directed towards
part of a second coil is dependent on the position of a ferromagnetic element. In the sys-
tem shown in the drawing, the two halves of the pick-up coil (wired to V,,) are wound
in opposite directions. If the ferromagnet were not present, the flux in each half of the
pick-up coil would be equal and opposite, and V,,, would be zero. When the ferromagnet
is positioned in the middle, there is also a complete cancellation of the flux. However,
whenever the ferromagnet is displaced, the flux balance is changed, and the net effect is
that there will be a voltage across the pickup coil whose amplitude is proportional to the

displacement of the ferromagnet from its center position.

— Figure 9.3.5: Inductive sensor
— circuit diagram.

Vref VOUt

230



Electromagnetism in Sensing

This sort of inductive position sensor is very commonly used in a class of devices
called linear variable displacement transducers (LVDT). These transducers can have
very good accuracy (much better than 1% of the total range of motion, which is
commonly called “stroke”), and are often used for precision position measurement
applications, such as flap and rudder position measurements on aircraft.

One method of analysis for these systems is based on a magnetic circuit analogy, in
which the inductance is seen as the sum of a series of “reluctances,” which are indi-
vidually defined as

_ length

|
L= 2; where R,

where the length is of a segment of the magnetic circuit, the W is the permittivity of
that segment, and A; is the cross-sectional area of that segment.

T
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Figure 9.3.6: A magnetic circuit example #1.

An example of a device that relies on a magnetic circuit is shown in Figure 9.3.6. A
coil is wrapped about one part of a ferromagnetic structure. The magnetic field creat-
ed when there is a current in the loop is almost entirely confined within the magnetic
material. A moving ferromagnet is placed within the extended legs of the structure.
Since the magnetic field will mostly pass through the moving element, the length of
the total magnetic circuit is dependent on the position of the moving element. Since
the reluctance of the circuit is the sum of the reluctance of the elements, the total
inductance that is measured at the coil is also dependent on the position of the moving
element.
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Alternatively, these systems may be used in situations where the reluctance is a
continuous function of the position of a moving element, as in Figure 9.3.7. The
reluctance is inversely proportional to the permittivity, and the inductance is inversely
proportional to the sum of reluctances, so the total inductance is maximized when the
magnetic circuit has a minimum of air gap. In these systems, the inductance of the
total element is increased by a large factor when the moving element is positioned so
as to minimize the air gap.

J 5o
_ul_u_j] I Hllll_gg
s | P—Q
_____ I

Figure 9.3.7: A magnetic circuit example #2.

9.4 Magnetic Field Sensors

There is another class of instruments used for detection of static magnetic fields.
Magnetometers can be made in several ways, and here we will review a couple of spe-
cific devices that are of widest commercial use.

The flux gate magnetometer relies on measurement of the behavior of a ferromagnet-
filled inductor. In the absence of external magnetic fields, current passed through the
coil causes the formation of a magnetic field, which acts to polarize the ferromagnetic
material. In general, the memory of the ferromagnetic material causes a hysteresis in
the relation between the applied field and the polarization of the ferromagnet.

We can see this by thinking about the starting situation, where the ferromagnet is unpo-
larized and there is no current. If a current is applied, it polarizes the ferromagnet. As the
current is increased, the polarization increases until satu-

ration. Now, the current may be reduced to zero, and the B

resulting situation will include some residual polarization ‘

of the ferromagnet. If a current in the opposite direction is //7
applied, the polarization is reversed, eventually saturated, 0 / 7 ~H
and retains some residual reverse polarization when the _/,5

current is again turned off. A graph of magnetization (B)

versus applied magnetic field (H) is shown in Figure 9.4.1. 0

The applied magnetic field is proportional to the current Figure 9.4.1: Hysteresis loop.
through the electromagnetic field and we see that the mag-

netization of the core responds to the applied field with hysteresis.
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In the absence of an external magnetic field, the hysteresis loop is perfectly symmet-
ric, and the graph of voltage versus current would only include the odd harmonics of
the drive frequency.

If there is an external magnetic field, the hysteresis loop is shifted away from the
origin. This is because there is a residual applied magnetic field when the current is
off, due to the external magnetic field. One result of this is that the symmetry of the
hysteresis loop is spoiled. If the I-V graph is analyzed, there will be a component at
the second harmonic of the drive frequency, and the amplitude of this harmonic will
be proportional to the component of the external magnetic field vector along the coil
axis. Therefore, this device may be used to sense external magnetic fields.

In fact, when properly constructed and wired, this sort of sensor can be very sensitive
to small changes in external magnetic field. This class of magnetometers is generally
used for space science missions, and for all precision terrestrial applications.

A miniature flux-gate magnetometer is available from Applied Physics Systems, fea-
turing resolution of less than 1071° T/sqrt(Hz), very good linearity, and very small size.
It is a fairly expensive instrument.

This style of magnetometer is also used for a number of prospecting applications. In
several important applications, buried objects produce magnetic fields, and instruments
that can measure local magnetic field gradients are very useful. Instruments available from
Schonstedt feature a pair of flux gate magnetometers operated in a differential mode. If
magnetic objects are positioned near the pair, the earth’s magnetic field is distorted and
the difference between the two magnetometers does not cancel perfectly. In this mode, the
gradiometer can sense the presence of a magnetic object. This kind of instrument is com-
monly used by road-repair crews to locate buried cables prior to digging.

Another class of magnetometer is called the Hall
effect sensor. In the Hall effect sensor, the transport
of electrons through an electrical device is affected
by the presence of an external magnetic field. As
shown in Figure 9.4.2, current flowing from the top  —
to the bottom of a device is deflected to the right,
causing a charge build-up, and a measurable volt-
age. This sort of sensing approach offers ease of
fabrication as a substantial advantage, but does

not offer the performance of the flux-gate devices
discussed above. In general, a Hall effect sensor can

measure down to about 5% of the earth’s magnetic Figure 9.4.2: Hall effect sensor.
field.

Magnetic
field
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Instead of measuring the build-up of a Hall voltage, it is also possible to measure the
increased resistance of the device due to the deflected electrons. In this case, the Hall-
based sensor is called a magnetoresistor. Recent years have seen much research on
materials for magnetoresistors at Honeywell and elsewhere. A very important advan-
tage of a Hall magnetoresistor is that the resistive film may be easily patterned into
geometries that are easily connected into resistance bridges, as shown in Figure 9.4.3.
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Figure 9.4.3: Magnetoresistors: Resistive film patterned into Wheatstone bridge on chip
(offset trimmed to zero by R;). (Courtesy Philips Semiconductors.)

A newer magnetoresistor material, which offers a larger magnetoresistance effect
(called the Giant Magnetoresistance Effect or GMR for short), is being used for a
number of applications. Several companies are marketing devices based on these new
materials.

One very important application for miniature magnetic sensors is as the data-read
head for disk drives. Clearly, improved sensitivity is important because it can enable
increased storage density in disk drives. As a result, GMR read heads have become
common on the newer generations of hard disk drives.
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9.5 Summary

We have reviewed the basic principles of induction, and examined several examples
of devices that use this principle to measure the position or presence of objects. We
have also looked at flux-gate and magnetoresistance magnetometers, and looked at
some products based on both. In general, a wide variety of magnetic sensor-based
instruments are available. The emergence of thin-film sensors is important for the
disk-drive industry, and other applications of thin-film magnetometers can be expected.
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CHAPTER 1 O

Flow and Level Sensors

William Hennessy, BMT Scientific Marine Services, Inc.

Flow sensors are used in many monitoring and control applications, to measure both
air and liquid flows. There are many ways of defining flow (mass flow, volume flow,
laminar flow, turbulent flow). Usually the amount of a substance flowing (mass flow)
is the most important, and if the fluid’s density is constant, a volume flow measure-
ment is a useful substitute that is generally easier to perform. There are numerous
reliable technologies and sensor types used for this purpose. Some technologies have
been applied to both air and liquid flow measurements, as their principles of operation
hold true in either application. Other technologies lend themselves to being airflow
or liquid flow specific. In this chapter, we will discuss several of the most commonly
used techniques for measuring both airflow and liquid flow. Complementary to flow
measurement is level measurement. Used together, flow and level sensors answer the
basic question of “how much” in laboratories and industries worldwide. Both mea-
surement processes also share the distinction of being fairly complicated.

10.1 Methods for Measuring Flow

Flow rate is typically obtained by first measuring the velocity of a fluid in a pipe,
duct, or other structure and then multiplying by the known cross-sectional area at the
point of measurement. Methods for measuring airflow include thermal anemometers,
differential pressure measurement systems, and vortex shedding sensors. Methods
used for measuring liquid flow include differential pressure measurement systems,
vortex shedding sensors, positive displacement flow sensors, turbine based flow sen-
sors, magnetic flow sensors, and ultrasonic flow sensors.

Thermal Anemometers

Thermal (or “hot wire”) anemometers use the principle that the amount of heat re-
moved from a heated temperature sensor by a flowing fluid can be related to that
fluid’s velocity. These sensors typically use a second, unheated temperature sensor
to compensate for variations in the air temperature. Hot wire sensors are available as
single point instruments for test purposes, or in multi-point arrays for fixed installa-
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tion. These sensors are better at low airflow measurements than differential pressure
types, and are commonly applied to air velocities from 50 to 12,000 feet per minute.

Differential Pressure Measurement

Differential pressure measurement sensor technologies can be used for both airflow
and liquid flow measurements. A variety of application-specific sensors used for both
airflow and pressure measurements are on the market, as well as differential pressure
sensors used for liquid measurements. Differential pressure flowmeters are the most
common type of unit in use, particularly for liquid flow measurement.

The operation of differential pressure flowmeters is based on the concept that the
pressure drop across the meter is proportional to the square of the flow rate; the flow
rate is found by measuring the pressure differential and taking the square root.

Differential pressure flow devices, like most flowmeters, have a primary and second-
ary element. The primary element causes a change in the kinetic energy, to create
the differential pressure in the pipe. The unit must be correctly matched to the pipe
size, flow conditions, and the properties of the liquid being measured. In addition,
the measurement accuracy of the element must be good over a reasonable range. The
secondary element measures the differential pressure and outputs the signal that is
converted to the actual flow value.

For airflow measurements, common differential pressure flow devices include Pitot
tubes (see Figure 10.1.1) and numerous other types of velocity pressure-sensing tubes,
grids, and arrays. All of these
sensing elements are combined

. . . Static
with a low differential pressure Pressure
transmitter to produce a signal
proportional to the square root

of the fluid velocity. Velootty

A Pitot tube consists of two

tubes that measure pressure A A
aF different locations within a 8 Holes - 0.04" DA Static Pressure
pipe. One tube measures static B A
pressure, usually at the pipe

. Inner Tubing
yvall, and the other measures Section A {0l ot 58S GA Copper N
impact pressure (static pressure
plus velocity head). The faster Outer Tubing
the flow rate, the larger the 5/16" 0Dx18 B8S GA Copper
impact pressure. Pitot tubes use Figure 10.1.1: The Pitot tube.
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the difference between impact and static pressure to calculate flow rate. Pitot tubes are
low-cost devices, but they have the drawback that they only measure flow at a single
point and need to be installed at the point of maximum flow. Changes in velocity
profile can cause major errors. They are also prone to clogging. Averaging Pitot tubes
have several ports for measuring flow at multiple locations; this makes it possible to
take changing velocity profiles into account.

Figure 10.1.2 shows an example of a Ve'oc;t%,m‘fs“re

velocity pressure measurement with a U n
tube manometer.

1.0'w.e
Some differential pressure-based flow T
measurement systems include transmit-
ters with the ability to extract the square
. i .
root of the measured pressure electroni- Air Flow = 4005 Tpm.
cally and provide a signal that is linear Figure 10.1.2: Velocity pressure

with respect to velocity. Others provide a measurement using U tube manometer.
signal proportional to measured pressure

and depend on the control system to calculate the square root. Once the velocity is ob-
tained, flow can then be found by multiplying by the cross-sectional area of the duct.
Velocity range is limited by the range and resolution of the pressure transmitter used.
Most differential pressure units are limited to a minimum velocity in the range of 400
to 600 feet per minute. Maximum velocity is limited only by the sensor’s durability.

To measure water flow, differential pressure flow devices typically either measure ve-
locity pressure (insertion tube type), or measure the drop in pressure across a known
restriction. Orifice plates, flow nozzles, Venturis, and Pitot tubes are types of restric-
tions commonly used.

Insertion tube flow sensors are typically made of a tube with multiple openings across
the width of the flow stream, to give an average of the velocity differential across the
tube and an internal baffle between upstream and downstream openings to obtain a
differential pressure. Insertion tube meters have a low permanent pressure loss and
can be satisfactory for many common applications.

A concentric orifice plate is the simplest and least costly of the differential pressure de-
vices. The orifice plate constricts the flow of a fluid and produces a differential pressure
across the plate (see Figure 10.1.3). This results in a high pressure upstream and a low
pressure downstream that is proportional to the square of the flow velocity. An orifice
plate usually produces a greater overall pressure loss than other flow elements. One
advantage of this device is that cost does not increase significantly with pipe size.
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Venturi tubes are the largest and most D D2

expensive differential pressure device. 5 and D/2
They work by gradually narrowing Pressure Taps
the diameter of the pipe, and measur-

ing the pressure drop that results (see D d g?itflii;eggtgeed
Figure 10.1.4). An expanding section

of the differential pressure device then

returns the flow to close to its original Elraer;%ire
pressure. As with the orifice plate, the Taps

differential pressure measurement is
converted into a corresponding flow

Fig. 10.1.3: The concentric orifice.

rate. Venturi tubes can typically be Convergent o

used only in those applications requir- Cylindrical Divergent
ing a low pressure drop and a high Inlet Outlet
accuracy reading. They are often used

in large diameter pipes.

Flow nozzles are actually a variation i i

on the Venturi tube, with the nozzle

opening being an elliptical restric- Pr;::st;re

tion in the flow, but having no outlet
area for the pressure recovery (Fig-
ure 10.1.5). Pressure taps are located
approximately 1/2 pipe diameter down-
stream and 1 pipe diameter upstream.
The flow nozzle is a high-velocity flow
meter used where turbulence is high
(Reynolds numbers above 50,000), as
in steam flow applications. The pres-
sure drop of a flow nozzle is between
that of a Venturi tube and the orifice
plate (30 to 95 percent).

Figure 10.1.4: The Venturi tube.

D D/2

Nozzle

Figure 10.1.5: The flow nozzle.

Benefits of differential pressure instruments include their low cost, simplicity of
operation and installation, and proven performance. It is a well-understood technol-
ogy. Disadvantages of these devices can include permanent pressure loss; dirt buildup
and clogging; large size and bulkiness of some devices; and unsuitability for use with
certain types of fluids.
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Vortex-Shedding Sensors

These flow sensors use the principle (Von Karman) that when a fluid flows around an
obstruction in the flow stream (bluff object), eddies or vortices are shed alternately
downstream of the object. The frequency of the vortex shedding is proportional to

the velocity of the flowing fluid. Single sensors are used in small ducts, and arrays of
sensors are applied to larger ducts, as with the other types of airflow measuring instru-
ments. Vortex shedding airflow sensors are commonly used with air velocities in the
range of 350 to 6000 feet per minute. These meters are equally suitable for flow rate
or flow total measurements. Use with slurries or high viscosity fluids is not recom-
mended.

Positive Displacement Flow Sensors

These flow measurement devices are used where high accuracy at high rurndown (ra-
tio of the full range of the device to the minimum measurable flow) is necessary and
some permanent pressure loss will not cause excessive energy consumption. These
units operate by separating liquids into measured segments, and then moving them
on. Each segment is then counted by a connecting register. They are useful for viscous
liquid flows or where a single mechanical meter is needed. Common types of positive
displacement flow meters include lobed and gear type meters, nutating disk meters,
rotary-vane meters, and oscillating piston meters. These meters are typically made of
metals such as brass, bronze, and cast iron, but can also be constructed of engineered
plastic, depending on the application.

Because of the close tolerances needed between moving parts of positive dis-
placement flow meters, they can be prone to mechanical problems resulting from
suspended solids in the flow stream. Positive displacement meters are available with
flow indicators and totalizers that can be read manually. These devices are relatively
costly.

Turbine-Based Flow Sensors

Turbine and propeller type meters use the principle that liquid flowing through the
turbine or propeller will cause the rotor to spin at a speed directly related to flow rate.
Electrical pulses can be counted and totaled. These devices are available in full bore,
line-mounted versions and insertion types where only a part of the flow being mea-
sured passes over the rotating element. Turbine flow meters, when properly specified
and installed, offer good accuracy, especially with low viscosity fluids. Insertion types
are used for less critical applications; however, they are often easier to maintain and
inspect because they can be removed without disturbing the main piping.
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Mass Flowmeters

Mass-related processes such as chemical reactions, heat transfer, etc. require more
accurate flow measurements, and this has led to the development of mass flow meters.
A number of designs are available, but the most common is the Coriolis meter, the
operation of which is based on the phenomenon called the Coriolis force. Coriolis
meters are true mass meters that measure the mass rate of flow directly, as opposed

to measuring volume flow. Since mass does not change, the meter is linear without
having to be adjusted for variations in liquid properties. Also, there is no need to com-
pensate for changing temperatures and pressure conditions. This type of flowmeter is
particularly useful for measuring liquids with a viscosity that varies with velocity at
given temperatures and pressures.

Coriolis meters are available in various designs. One popular device consists of a U-
shaped flow tube enclosed in a sensor housing connected to an electronics unit. The
sensing unit can be installed directly into any process, and the electronics unit can be
located up to 500 feet from the sensor. Inside the sensor housing, the U-shaped flow
tube is vibrated at its natural frequency by a magnetic device located at the bend of
the tube. This is similar to the vibration of a tuning fork, covering less than 0.1 in. and
completing a full cycle about 80 times/sec. As the liquid flows through the tube, it is
forced to take on the vertical movement of the tube. This causes the liquid to exert a
force on the tube, causing the tube to twist. The amount of twist is directly propor-
tional to the mass flow rate of the liquid flowing through the tube. Magnetic sensors
located on each side of the flow tube measure the tube velocities, which change as the
tube twists. The sensors feed this information to the electronics unit, where it is pro-
cessed and converted to a voltage proportional to mass flow rate. This flowmeter has a
wide range of applications, from adhesives and coatings to liquid nitrogen.

Electromagnetic Flow Sensors

Operation of these sensors is based upon Faraday’s Law of electromagnetic induction,
which says that a voltage will be induced when a conductor moves through a magnetic
field.

The liquid is the conductor, and the magnetic field is created by energized coils out-
side the flow tube. The voltage produced is proportional to the flow rate. Electrodes
mounted in the pipe wall sense the induced voltage, which is measured by the second-
ary element.

Electromagnetic flow meters are applied in measuring the flow rate of conducting
liquids (including water) where a high quality, low maintenance system is needed. The
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cost of magnetic flow meters is high rela- Conduciive

tive to other types of flowmeters. They Process Variable Flow
. . Medium Rate (FPS)

do have many advantages, including:

. . Lining Flange

they can measure difficult and corrosive Sonei

L. . ensing
liquids and slurries, and they can mea- Elegrcl:ges SST Tube
sure reverse flow. Cails

. Magnetic Field “B”

Ultrasonic Flow Sensors (Constant Strength)
Ultrasonic flow sensors can be divided -

into Doppler sensors and transit, or
time-of-travel, sensors. Doppler sensors
measure the frequency shifts caused by
liquid flow. Two transducers are mount-
ed in a case attached to one side of the
pipe; a signal of a known frequency is
delivered to the liquid to be measured.
Bubbles, solids or any other discontinu-
ity in the liquid cause the pulse to be reflected to the receiver element. Because the
liquid that causes the reflection is moving, the frequency of the returned pulse shifts,
and the frequency shift is proportional to the velocity of the liquid.

Figure 10.1.6: The magnetic head flow meter.

With transit, or time-of-travel, meters, transducers are mounted on each side of the
pipe, such that the sound waves traveling between the devices are at a 45-degree angle
to the direction of liquid flow. The speed of the signal moving between the transduc-
ers increases or decreases with the direction of transmission and the velocity of the
liquid being measured. A time-differential relationship proportional to the flow can

be obtained by transmitting the signal alternately in both directions. One limitation of
this type of sensor is that the liquids that are being measured have to be relatively free
of solids or entrained gases in order to minimize signal scattering and absorption.

Advantages of ultrasonic flow meters are that they are non-intrusive and their cost is
moderate. Many models are designed to clamp onto existing pipe.

Laser Doppler Flow Measurement

The laser doppler anemometer (LDA) is a well-established technique that has been
widely used for fluid dynamic measurements in liquids and gases for well over 30
years. The directional sensitivity and non-intrusiveness of LDA make it useful for
applications with reversing flow, chemically reacting or high-temperature media, and
rotating machinery, where physical sensors might be difficult or impossible to use.
This technique does, however, require tracer particles in the flow.
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The main benefits LDA offers for flow measurement include the following:

It is non-contacting

No calibration is needed

Measurement distance can range from centimeters to meters
Velocity can range from zero to supersonic

It can measure flow reversals

It has high spatial and temporal resolution

The basic configuration of an LDA (Figure 10.1.7) consists of:

a continuous wave laser
transmitting optics, including a beam splitter and a focusing lens

receiving optics, composed of a focusing lens, an interference filter, and a pho-
todetector

a signal conditioner and a signal processor.

In general, the LDA sends a monochromatic laser beam toward the target and collects
the reflected radiation. According to the Doppler effect, the change in wavelength of
the reflected radiation is a function of the targeted object’s relative velocity. There-
fore, the velocity of the object can be found by measuring the change in wavelength
of the reflected laser light. This is done by forming an interference fringe pattern (pat-
tern of light and dark stripes) by superimposing the original and reflected signals.

— Particle
Scattered
light
Lens
Light detector
Laser 9
Lens
Beam
splitter

Flow with particles

Figure 10.1.7: LDA configuration.
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A Bragg cell is often used as the beam splitter.
It is a glass crystal with a vibrating piezo crystal
attached (Figure 10.1.8). The vibration generates
acoustical waves which act like an optical grid.

Bragg cell

Two beams of equal intensity exit the Bragg

cell, with frequencies fO and fshift, and these are Figure 10.1.8. Bragg cell used
focused into optical fibers that bring them to a as a beam splitter.

probe. In the probe, the parallel exit beams from

the fibers are focused by a lens to intersect in a region called the measurement vol-
ume, which is typically a few millimeters long and is where the measurement is made.
The light intensity is modulated due to interference between the laser beams which
produces parallel planes of high light intensity, called fringes. The fringe distance d is
defined by the wavelength of the laser light and the angle between the beams:

A
4= 2 sin (6/2)

Flow velocity information comes from light scattered by tiny “seeding” particles car-
ried in the fluid as they move through the measurement volume. The scattered light
contains a Doppler shift—the Doppler frequency fD—which is proportional to the
velocity component perpendicular to the bisector of the two laser beams, which cor-
responds to the x axis of the measurement volume.

A receiver lens collects the scattered light and focuses it on a photo-detector. An
interference filter mounted in front of the photo-detector passes only the required
wavelength, removing noise from ambient light and from other wavelengths. The pho-
to-detector converts the fluctuating light intensity into an electrical signal, the Doppler
burst. The Doppler bursts are filtered and amplified in the signal processor, which
determines fD for each particle, often by frequency analysis using the fast Fourier
transform (FFT) algorithm.

The fringe spacing df provides information about the distance traveled by the particle.
The Doppler frequency fD provides information about the time: # = 1/fD . Since ve-
locity equals distance divided by time, the expression for velocity thus becomes:

V=d*fD
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With regard to the particle seeding, it is often the case that liquids contain adequate
natural seeding, but typically gases must be seeded. Ideally, the particles should be
small enough to follow the flow, but large enough to scatter enough light to obtain
a good signal-to-noise ratio at the photo-detector output. The size range of particles
is usually between 1 um and 10 um. The particle material can be solid (powder) or
liquid (droplets).

10.2 Selecting Flow Sensors

Improper device selection accounts for 90 percent of the problems encountered with
flowmeters. The most important requirement in selecting a sensor is understanding
exactly what the device is supposed to do. Here are important questions to ask during
the selection process:

m [s the measurement for a process control application, where repeatability is the
major concern, or for accounting or custody transfer, where high accuracy is
important?

m Islocal indication or a remote signal required? If a remote output is required,
is it to be a proportional signal, or a contact closure to start or stop another
device?

m Is the liquid to be measured clean, viscous, or a slurry?

m [s the liquid to be measured electrically conductive?

m  What is the specific gravity or density of the liquid to be measured?
m  What flow rates are involved in the application?

m  What are the process's operating temperatures and pressures?

m  What accuracy, range, linearity, repeatability, and piping requirements must be
considered?

It is also important to know what a flowmeter cannot do before a final selection is
made. Each type of sensor has advantages and disadvantages, and the degree of per-
formance satisfaction is directly related to how well an instrument’s capabilities and
shortcomings are matched to the application’s requirements. Most sensor suppliers
are eager to help their customers select the appropriate flowmeter for a particular ap-
plication. Many provide questionnaires, checklists, and specification sheets designed
to obtain the critical information necessary to match the correct flowmeter to the job.
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Technological advances must also be taken into consideration. One common mistake
is to select a design that was popular for a given application years ago, assuming that
it is still the best choice. Many changes and innovations may have occurred in recent
years in flowmeter technology for that particular application, making the choice much
broader.

10.3 Installation and Maintenance

Airflow sensors operate most efficiently in sections of pipes or ducts that have uni-
form, fully developed flow. In order for measurements to be reliable, all airflow
sensing devices should be installed in accordance with the manufacturer’s recom-
mended straight runs of upstream and downstream duct. Some manufacturers offer
flow-straightening elements that can be installed upstream of the sensing array to
improve undesirable flow conditions. These should be considered when conditions
do not permit installation with the required straight runs of duct upstream and down-
stream from the sensor.

All liquid flow sensors also operate best when measuring fully developed, uniform
flow. Sensors should be installed in accordance with the manufacturer’s recommended
straight runs of upstream and downstream pipe in order to obtain the most reliable
measurements.

Although most suppliers offer flowmeter installation service, a high percentage of
users choose to install their own equipment. This can lead to installation errors, such
as not allowing enough upstream and downstream straight-run piping, as described
above. Every sensor design has a certain amount of tolerance for unstable velocity
conditions in the pipe, but all devices require proper piping configurations to oper-
ate efficiently, so that a normal flow pattern for the device is provided. Without it,
accuracy and performance are adversely affected. Flowmeters are also occasionally
installed backwards (especially with orifice plates). Pressure-sensing lines may also
be reversed.

With electrical components, intrinsic safety is an important consideration in hazard-
ous areas. Stray magnetic fields are found in most industrial plants. Power lines,
relays, solenoids, transformers, motors, and generators all contribute electromagnetic
interference, and users must ensure that the flowmeter they have selected is immune
to such interference. Most problems occur with the electronic components in sec-
ondary elements, which must be protected. Strict adherence to the manufacturer’s
recommended installation practices will usually prevent such problems.
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Calibration

An initial calibration is required with all flowmeters; usually the calibration is han-
dled by the manufacturer. However, if qualified personnel are available, this can be
handled by the sensor purchaser. The necessity of recalibration depends a great deal
on how well the device suits the application. Some liquids that pass through flow-
meters are abrasive, erosive, or corrosive, and in time, portions of the device will
deteriorate enough to affect its performance. Some designs are more susceptible to
damage than others. For example, wear of individual turbine blades can cause perfor-
mance changes. If the application is critical, flowmeter accuracy should be checked
often. In other cases, recalibration may not be necessary because the application is
noncritical or because nothing in the environment affects the meter’s performance.
Some flowmeters require special equipment for calibration. Most manufacturers will
provide this service in their own facility or in the user’s facility, where they will bring
the equipment for on-site calibration.

Maintenance

Flowmeters that have no moving parts usually need less attention than units with
moving parts, but all flowmeters eventually require some type of maintenance.

With differential pressure flowmeters, primary elements require extensive valves,
pipes, and fittings when they are connected to their secondary elements, so main-
tenance can be a recurring effort. Impulse lines can plug or corrode and have to be
cleaned or replaced. Flowmeters with moving parts require periodic internal inspec-
tion, especially if the liquid being metered is dirty or viscous. Installing filters ahead
of such units can help to minimize fouling and wear. Ultrasonic or electromagnetic
flowmeters can develop problems with their secondary element’s electronic compo-
nents. Pressure sensors associated with secondary elements should be periodically
removed and inspected.

Applications where coating can occur also represent potential problems for devices
such as magnetic or ultrasonic units. If the coating is insulating, the operation of mag-
netic flowmeters will ultimately be impaired if the electrodes are insulated from the
liquid. Periodic cleaning helps to prevent this. With ultrasonic flowmeters, refraction
angles may change and the sonic energy absorbed by the coating will cause the meter
to become inoperative.
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10.4 Recent Advances in Flow Sensors

A recent study conducted by Flow Research and Ducker Worldwide showed that a
major shift is taking place in the field of flow measurement, to “new technology”
flowmeters. “New technology” flowmeters are defined in the study as magnetic, ultra-
sonic, Coriolis, vortex, and multivariable differential pressure meters. These have four
features in common:

1. They were introduced in the last 50 years.

2. They make use of technological advances that solve some of the problems
inherent in older types of flow measurement devices.

3. They are the predominant focus of new product development by manufacturers.

4. Their performance, including accuracy, is better than that of “traditional”
flowmeter technology.

More features are typically provided with these types of flowmeters. This includes
software capabilities, more application-specific packages, and extremely durable
construction methods. Self-diagnostics is one such feature that users are looking for
in flowmeters.

Recent innovations have taken place with differential pressure flowmeters, including
the development of very high accuracy differential transmitters, the use of multivari-
able transmitters, and differential pressure transmitters that contain an integrated
primary element. A very significant development has been the emergence of the inte-
grated differential flowmeter. In the past, users purchased primary elements from one
company and transmitters from another. Now transmitters are offered with an inte-
grated primary element. The recent trend has been toward smarter and more accurate
transmitters. However, it’s important to understand that the transmitter is only one ele-
ment in the system, and other variables contribute to flow accuracy.

With ultrasonic flowmeters, a new class of accurate and low-cost devices for
small-diameter pipes (1/4 inch to 2 inches in diameter) is emerging, based on mi-
cro-electromechanical systems (MEMS) ultrasonic sensors and a mixed-signal,
application-specific integrated circuit (ASIC) control chip. This technique offers an
alternative to traditional mechanical meters or more expensive vortex or mass flow-
meters for selected applications in smaller diameter pipes. The electronic output can
be fed directly into process control and monitoring equipment. Also, the device can
perform self-testing. It is very well-suited for measuring clean gas flow.
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10.5 Level Sensors
Types of Liquid Level Sensors

As previously stated, level sensing is closely related to flow sensing. The most com-
mon application for level sensing is tank measurement and control operations. A
number of level sensing technologies are currently available, including hydrostatic
pressure, ultrasonic, RF capacitance, magnetorestrictive-based, and radar measure-
ment systems.

Hydrostatic

Level measurement using differential hydrostatic pressure is based on the principle
that the hydrostatic pressure difference between the top and bottom of a column of
liquid is related to the density of the liquid and the height of the column. Pressure
transmitters are available that are configured for level monitoring applications. Pres-
sure instruments can also be remotely located. However, this requires field calibration
of the transmitter to compensate for elevation difference between the sensor and the
level being measured.

Bubbler type hydrostatic level instruments have been developed for use with atmo-
spheric pressure underground tanks, sewage sumps and tanks, and other applications
that cannot have a transmitter mounted below the level being sensed, or that are prone
to plugging. Bubbler systems bleed a small amount of compressed air (or other gas)
through a tube immersed in the liquid, with an outlet at or below the lowest monitored
liquid level. The flow rate of the air is regulated so that the pressure loss of the air in
the tube is negligible and the resulting pressure at any point in the tube is approxi-
mately equal to the hydrostatic head of the liquid in the tank.

The accuracy of hydrostatic level instruments is related to the accuracy of the pressure
sensor used.

Smart differential-pressure (DP) transmitters can be adapted for level measurements
and are being used extensively in industry, producing a renewed popularity of this
sensor technology. Smart transmitters and 4—20 mA signals are used to communicate
to/from remote distributed control systems (DCSs), programmable logic controllers
(PLCs), and other control systems. Hydrostatic tank gauging (HTG) is an emerg-

ing application using this technique for accurately measuring liquid inventory and to
monitor tank transfers. The level measurements can be digitally networked for remote
computer access.
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Ultrasonic

Ultrasonic level sensors emit sound waves, and the liquid surface reflects the sound
waves back to the source. The transit time is proportional to the distance between the
liquid surface and the transmitter. These sensors are ideal for noncontact level sens-
ing of very viscous fluids such as heavy oil, latex, and slurries. Practically, there are
limitations to this method, which include:

m foam on the surface can absorb sound
m speed of sound varies with temperature

m turbulence can cause inaccurate readings.

RF Capacitance

Capacitance level transmitters work on the principle that a capacitive circuit can be
formed between a probe and a vessel wall. The capacitance changes with a change

in fluid level, because all common liquids have a dielectric constant higher than

that of air. The probe connects to an RF transmitter mounted externally on the tank.
Transmission of the level measurement can be in various forms, and the receiving
instrument could be a PC, a chart recorder, a distributed control system (DCS), a pro-
grammable logic controller (PLC), etc. These sensors are useful in sensing the levels
of a variety of aqueous and organic liquids and slurries, and liquid chemicals such

as quicklime. There are also dual probe capacitance level sensors that can be used to
sense the interface between two liquids that have very different dielectric constants.
These sensors are rugged, easy to use, contain no moving parts, and are simple to
clean. They can be designed for very high temperature and and pressure applications.

There are variations of the basic RF systems called RF Impedance and RF Admit-
tance. (Impedance is the total opposition to current flow in an AC or RF circuit;
admittance is the reciprocal of impedance and measures how readily current flows in
a circuit.) These techniques offer some improvements over the basic RF capacitance
method, including better reliability and a larger range of applications.

Magnetostrictive

Magnetostrictive level transmitters (Figure 10.5.1) are based on the principle that an
external magnetic field can be used to cause the reflection of an electromagnetic wave
in a waveguide constructed of magnetostrictive material. The probe is composed of
three concentric members. The outermost member is a protective outer pipe. Inside
the outer pipe is a waveguide, which is a formed element constructed of a magneto-
strictive material. A low-current interrogation pulse is generated in the transmitter

251



Chapter 10

electronics and transmitted down the
waveguide, which creates an electro-
magnetic field along the length of the
waveguide. When this magnetic field in-
teracts with the permanent magnetic field
of a magnet mounted inside the float, a
torsional strain pulse, or waveguide twist,
results. This waveguide twist is detected
as a return pulse. The time between the
initiation of the interrogation pulse and
the detection of the return pulse is used
to determine the level measurement with
a high degree of accuracy and reliability.

In the past ten years, microwave or radar
technology for level measurement has
become more commonly used. This is
a rapidly changing area. Formerly this

Waveguide

Outer Pipe

Float (moves
as level changes)

Float magnets

Magnetic field
from float magnets

Waveguide twist
(at intersection of
magnetic field)

Magnetic field from
interrogation pulse

Figure 10.5.1: Magnetostrictive level sensors.

technology was only used in high-accuracy applications, but the development of new
techniques and mass production has led to radar becoming more affordable for more

varied applications.

Microwave Radar Level Sensing

All of the types of radar level measurement use the basic principles of firing micro-
waves downward from a sensor located on top of the tank or other vessel; part of the
energy is reflected back to the sensor from the surface of the substance being mea-
sured. The time of flight of the signal is used to measure the level.

Radar level gauging can be divided into two broad areas: through-air radar and guided
wave radar (GWR), also called micropower impulse radar (MIR). Through-air radar
can be further broken down into two categories: pulsed wave time of flight and fre-
quency-modulated continuous wave (FMCW). Although both use microwave signals
fired into the vapor space above the substance being measured, the return signal pro-
cessing, manipulation and resultant distance calculation are different.

GWR

Unlike through-air radar systems, GWR is an invasive technology. It appears similar
to RF Admittance sensor technology, but it does not have the same capabilities of

coping with extremes of pressure, temperature or product coating. Pulses of electro-
magnetic energy are emitted from the base of the transmitter down the waveguide (a
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cable or rod). When the signal reaches a point where a change in dielectric constant
occurs, usually at the surface of the substance, some of this signal is reflected back.
The amount of signal reflection is therefore proportional to the difference in dielec-
tric constant between the waveguide and the substance. In short, substances having a
higher dielectric / conductivity provide stronger return signals.

The level measurement itself is a function of the time from when the electromag-
netic signal is emitted to the time at which the resultant receive echo is received. This
radar technology is often referred to as time domain reflectometry (TDR) radar. The
propagation of the signal along a waveguide does eliminate false echoes and helps

to minimize signal loss due to dust or vapors. Also, operation is possible in applica-
tions with changing vapor space humidity or fluctuating product dielectric constant. It
should, however, be noted that, like all radar gauge types, low dielectric materials can
cause problems. In addition, the guide can be damaged or corroded.

Systems are available with both single and dual waveguides, depending on the appli-
cation. Dual waveguide systems tend to provide somewhat greater flexibility and are
suitable for interface measurements, materials with a low dielectric, or where foam is
present. The position of a liquid interface is measured by using that part of the initial
electromagnetic pulse which is not reflected by the surface of the upper phase. This
energy continues down the waveguide until it meets the liquid / liquid interface and
a percentage of it is reflected back toward the gauge. The dielectric constant of the
upper phase has to be known in order for an accurate measurement to be taken, since
the gauge electronics must compensate for the resulting change in speed of the elec-
tromagnetic pulse through the upper phase, since it will be different from that of its
speed through the air space.

Through-air Radar

Pulsed radar, or pulsed time-of-flight, is similar to the ultrasonic method of level mea-
surement. A radar pulse is aimed at the surface of the substance being measured and
the time for the pulse to return is used to find the level. This method uses lower power
than FMCW and its performance can be affected by foam, obstructions in the vessel,
and low-dielectric materials.

FMCW systems are non-invasive and continuously emit a swept frequency signal.

In this type of radar technology, distance is inferred from the difference in frequency
between the transmit and receive signals at any point in time. Although this technique
provides an inferential measurement, it can be extremely accurate. The level of signal
processing associated with FMCW radar gauges and the resulting power requirements
means that two-wire gages of this type are suitable only for the simpler applications,
with most applications requiring four-wire devices.
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Selecting an appropriate antenna type and size is a crucial factor for achieving a fo-
cused beam and adequate return echo. Both cone and parabolic dish antennas are used
for the through-air techniques. Cone antennas tend to keep the signals in a narrower,
downward path while the dish antennas tend to produce a wider signal path. Factors
such as foam in the tank, obstructions, and turbulence can affect antenna type and size
choices.

Selecting a Level Sensing Technology

When choosing a method for any particular application, many factors beyond initial
costs must be taken into consideration. The most important factors that sensor manu-
facturers need to know about a level measurement application are:

m name and characteristics of the material to be measured, whether solid, liquid,
slurry, powder, or granular. The dielectric constant K is of particular impor-
tance, as well as viscosity, density, conductivity, and consistency (oily, watery,
etc.).

m process information, such as pressure and temperature, degree of turbulence,
and tank or vessel material.

m power requirements.

m main use of the vessel containing the material to be measured (storage, water
separation, sump, etc.), and its size and shape, and location of any obstructions.

10.6 Applicable Standards

NIST Fluid Flow Group
Establishes, maintains, and disseminates standards for U.S. industry for fluid
flowrate and fluid quantity measurements.

International Electrotechnical Commission
Establishes international standards for process control and flowmeters.

API Manual for Petroleum Measurement, Chapter 3.1A, “Manual Gauging of
Petroleum and Petroleum Products.” A commonly referenced U.S. standard
for the manual level gauging of stationary tanks.

OIML R 85 (E)
A widely recognized international standard for custody transfer from the
Organisation Internationale Metrologie Legale, specifying level measurement
instrument performance.
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CHAPTER 1 1

Force, Load and Weight Sensors

Ken Watkins, PCB Piezotronics, Inc.

11.1 Introduction

Measurement of a force, load, or a weight can be accomplished by a multitude of dif-
ferent sensors. While other technologies exist, the most commonly used sensors are
generally based on either piezoelectric quartz crystal or strain gage sensing elements,
which will be the focus of this chapter.

Before proceeding, it is important to recognize the difference between force, load, and
weight, as these terms are often incorrectly used interchangeably with one another.

Force: The measurement of the interaction between bodies.
Load: The measurement of the force exerted on a body.
Weight: The measurement of gravitational forces acting on a body.

11.2 Quartz Sensors

Technology Fundamentals

Quartz force sensors are ideally designed and suited for the measurement of dynamic
oscillating forces, impact, or high speed compression/tension forces. The basic de-
sign utilizes the piezoelectric principle,

where applied mechanical stresses are

converted into an electrostatic charge

that accumulates on the surface of the

crystal. See Figure 11.2.1.

The quartz crystals of a piezoelectric

force sensor generate an electrostatic Figure 11.2.1: Piezoelectric effect.
charge only when force is applied to or

removed from them. In other words, if you apply a static force to a piezoelectric force
sensor, the electrostatic charge output initially generated will eventually leak away
and the sensor output ultimately will return to zero.
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The rate at which the charge leaks back to zero is exponential and based on the
sensor’s discharge time constant (DTC). DTC is defined as the time required for a
sensor or measuring system to discharge its signal to 37% of the original value from a
step change of measurand. This value (seconds) is generally known and is determined
by multiplying the lowest insulation resistance path (ohms) by the total capacitance
(farads) of the system prior to the amplifier circuit. (This is true of any piezoelectric
sensor, whether the operation is force, pressure or vibration monitoring.)

The DTC of a system directly relates to the low frequency monitoring capabilities of
a system. It is because of this characteristic that piezoelectric force sensors can only

be used for “quasi-static” measurements and are not generally used for weighing ap-
plications.

To help clarify the DTC characteristic, assume a weight is placed on top of a piezo-
electric force sensor. Initially, the piezoelectric sensing crystals will generate a charge
(Q), which is immediately seen at the input to the built-in (or external) amplifier.
However, after this initial step input, the charge signal decays according to the equa-
tion:

q = QetRC

where:

q = instantaneous charge (Coulomb)

Q = initial quantity of charge (Coulomb)

R =resistance prior to amplifier (ohm)

C = total capacitance prior to amplifier (Farad)
e = base of natural log (2.718)

t = time elapsed after time zero (Second)

This equation is graphically represented in Figure 11.2.2.

The product of R and C represents the DTC

(in seconds) of the sensor. It can be inferred

that the longer the DTC, the more accurately

the sensor will be able to track longer dura-

tion events. Generally, piezoelectric force

sensors with built-in electronics can have time

constants that vary from just a few seconds

to >2000 seconds. Special time constants can

be supplied by altering the resistor value, R, Figure 11.2.2: Decay due to
in the sensor’s built-in circuitry. Charge mode discharge time constant (DTC).
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sensors, which do not contain built-in circuitry. require an external amplifier (“charge
amplifier”) to set the DTC. Some charge amplifiers provide an adjustable DTC.

It should also be mentioned how the range of the force sensor is determined. For
sensors that contain built-in circuitry, the range is set by the manufacturer and can be
determined by examining the performance specifications for the sensor. For sensors
which do not contain built-in circuitry, the range is set by the external amplifier. There
are a number of trade-offs between each type. See Reference 2 for additional informa-
tion.

Sensor Types
Charge Mode, High-Impedance, Piezoelectric Force Sensor

A charge mode piezoelectric force sensor, when stressed, generates an electrostatic
charge from the crystals. For accurate analysis or recording purposes, this high im-
pedance charge must be routed through low noise cable to an impedance converting
amplifier, such as a laboratory charge amplifier or source follower. (Connection of the
sensor directly to a readout device such as an oscilloscope may be possible for high
frequency impact indication, but is not suitable for most quantitative force measure-
ments.)

The primary function of the external amplifier is to convert the high impedance
charge output to a usable low impedance voltage signal for analysis or recording pur-
poses. Figure 11.2.3 shows a typical charge mode sensor system schematic including:
sensor, low noise cable, and charge amplifier.

As previously mentioned, in a charge mode system,
the sensors do not contain built-in amplifiers. There-
fore, the sensor range and DTC are determined by the
settings on an external charge amplifier.

A feedback resistor working together with a capaci-

tor on the operational amplifier determines these

characteristics. Laboratory-style charge amplifiers

generally feature a variety of ranging options as well

as short, medium and long time constant selections.

(It is assumed that the electrical insulation resis-

tance of the force sensor and cable connecting to the

charge amplifier are larger than that of the feedback Figure 11.2.3:
resistor in the charge amplifier; otherwise, perfor- Charge mode sensor system.
mance degradation issues, such as signal drift, may arise. Therefore, to assure this, the
force sensor connection point and cable must be kept clean and dry.)
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Voltage Mode, Low-Impedance, Piezoelectric Force Sensor

Voltage mode or low impedance force sensors share the same basic design used in
charge mode force sensors, but incorporate a built-in microelectronic amplifier. This
amplifier serves to convert the high impedance charge output from the quartz crystals
into a low impedance voltage signal for analysis or recording. This type of sensor, pow-
ered by separate constant current source, operates over long ordinary coaxial or ribbon
cables without signal degradation. Additionally, the low impedance voltage signal is not
affected by triboelectric cable noise (noise

caused by vibration or movement of the

cable) or environmental contaminants. Fig-

ure 11.2.4 shows a complete voltage mode

sensor system schematic.

The sensor range and DTC are fixed by the
components in the voltage mode sensor’s
internal amplifier. (It is assumed that the

DTC of the signal conditioner is greater
than that of the force sensor.) Figure 11.2.4: Voltage mode sensor system.

Piezoelectric Force Sensor Construction

The basic mechanical construction of general purpose quartz forces sensors consist
of thin quartz discs that are “sandwiched” between upper and lower base plates. A
relatively elastic, beryllium-copper stud (or sometimes a sleeve) holds the upper and
lower plates together and preloads the crystals.
Preloading of the crystals is required to assure
that the upper and lower plates are in intimate
contact with the quartz crystals, ensuring good
linearity and the capability for tension as well

as compression measurements. This “sensing
element” configuration is then packaged into a
rigid, stainless steel housing and welded to pro-
vide hermetic sealing of the internal components
against contamination. Figure 11.2.5 depicts the
typical construction of a general-purpose quartz

h Figure 11.2.5: Cross section of a
orce sensor.

general purpose force sensor.
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Selecting and Specifying

Selecting and specifying a quartz based force sensor is primarily application driven.
Application considerations typically include the magnitude, frequency and the direc-
tion of the force or forces to be measured. Additional considerations may include size
constraints, environmental conditions and mechanical integration requirements. Given
the multitude of applications and application requirements, most manufacturers offer
a range of models to fit typical applications. These include:

General Purpose — Internally preloaded for measurement of compression and/or
tension forces. Typical applications include impact testing, punching and form-
ing, drop testing, materials testing, fatigue testing, material fracture, machinery
studies, modal analysis force input and biomechanics.

Figure 11.2.6:
Typical general-purpose force sensor.

Penetration — Penetration style sensors are specifically designed for compres-
sion and impact force measurements in materials testing applications such as
helmet testing. Smooth, cylindrical housings and curved impact caps avoid
cutting through specimens permitting yield, deformation, and break point
measurements of polymers, composites, and other materials.

Figure 11.2.7:
Typical penetration force sensor.
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Miniature — The miniature sensor configuration permits low-amplitude, dynamic
compression, tension, and impact force measurements. Two configurations,
one with a tapped mounting hole and impact cap and the other with tapped
holes on both ends of the sensor, are typical. Link, integrated link, and free-
standing installations are possible. Applications include matrix print-head
studies, wire bonding, and high frequency, low level impulse testing.

Figure 11.2.8:
Typical miniature force sensor.

Impact — Impact style sensors are specifically designed for impact force measure-
ments. The sensor is typically mounted in a freestanding manner with the
impact cap directed toward the oncoming object with which it will collide.
Applications include crash testing, wire crimping and metal forming, machin-
ery studies, impact testing, drop testing, and laboratory shock test machines.

Figure 11.2.9:
Typical impact force sensor.

Rings — Ring sensor configurations measure dynamic compression. Tension
measurements are also possible if the unit has been installed with proper
pre-load. The through-hole mounting supports platform, integrated link, and
support style installations using either a through bolt or the supplied stud. Ten-
sion range is dependent upon the amount of applied pre-load and strength of
mounting stud used. Applications include tablet presses, stamping, punching
and forming operations, balancing, machinery studies, and force-controlled
vibration testing.
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Figure 11.2.10:
Typical ring force sensor.

Links — Link style sensors measure dynamic compression and tension. They are
constructed using a force ring that is under compressive pre-load between
threaded mounting hardware. The threaded mounting on both ends of the
sensor supports integrated link style installations. Applications include tablet
presses, tensile testing, stamping, punching and forming operations, balanc-
ing, machinery studies, and force-controlled vibration testing.

Figure 11.2.11:
Typical link force sensor.

Multi-component — Multi-component sensors permit simultaneous measurement
of dynamic force vector components in three orthogonal directions. Addi-
tionally, some sensors have been designed to measure moments as well. The
through-hole mounting supports platform, integrated member, and support
style installations using either a through bolt or the supplied stud. Applications
include machine tool cutting forces, stamping, punching and forming opera-
tions, machinery studies, and force controlled vibration testing.
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Figure 11.2.12:
Typical multi-component force sensor.

Applicable Standards

The basic design of quartz-based force sensors is not governed by a specific stan-
dard. However, applicable standards do exist for calibration and certification. Most
manufacturers comply or conform to standards such as ISO 10012-1 (former MIL—
STD-45662A), ISO 9001 and ISO/IEC 17025.

Latest and Future Developments

The basic design of modern quartz force sensors has not changed significantly since
the 1960’s. New applications have driven the continued development of the mechani-
cal packaging of this technology to fit specific applications. While improvements
have been made in the performance and manufacturability, the basic design has not
changed.

Major Manufacturers
PCB Piezotronics, Inc. — 3425 Walden Avenue, Depew, NY 14043
Kistler Instrument Corporation — 75 John Glenn Drive, Amherst, NY 14228
Dytran Instruments, Inc. — 21592 Marilla St., Chatsworth, CA 91311
Endevco Corporation — 30700 Rancho Viejo Rd., San Juan Capistrano, CA 92675

11.3 Strain Gage Sensors
Technology Fundamentals'

Sensors based on foil strain gage technology are ideally designed for the precise measure-
ment of a static weight or a quasi-dynamic load or force. The design of strain gage-based
sensors consists of specially designed structures that perform in a predictable and repeat-
able manner when a force, load or weight is applied.

The applied input is translated into a voltage by

the resistance change in the strain gages, which are

intimately bonded to the transducer structure. The

amount of change in resistance indicates the magni-

tude of deformation in the transducer structure and

hence the load that is applied.
Figure 11.3.1: Typical Wheatstone

I See Chapter 19 for more on strain gages. bridge configuration.
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The strain gages are connected in a four-arm Wheatstone bridge configuration, which
acts as an adding and subtracting electrical network and allows for compensation of
temperature effects as well as cancellation of signals caused by extraneous forces.

A regulated 5 to 20 volt DC or AC rms excitation is required and is applied between
A and D of the bridge. When a force is applied to the transducer structure, the Wheat-
stone Bridge is unbalanced, causing an output voltage between B and C proportional
to the applied load.

Most load cells follow a wiring code established by the Western Regional Strain Gage
Committee as revised in May 1960. The code is as follows:

- SIG. WHITE
- EXC. BLACK
+ SIG. GREEN
+ EXC. RED

Figure 11.3.2: Standard electrical connection color code.

Most load cells comply with the Axis and Sense Definitions of NAS-938 (National
Aerospace Standard-Machine Axis and Motion) nomenclature and recommendations
of the Western Regional Strain Gage Committee. These axes are defined in terms of

a “right handed” orthogonal coordinate system as shown below. A (+) sign indicates
force in a direction which produces a (+) signal voltage and generally defines a tensile
force. The primary axis of rotation or axis of radial symmetry of a load cell is the z-
axis, as defined by the following figure:

Figure 11.3.3:
Load cell axis definitions.

Sensor Types

The most critical mechanical component in any strain gage-based sensor is the
“spring element.” In general terms, the spring element serves as the reaction mecha-
nism to the applied force, load or weight. It also focuses it into a uniform, calculated
strain path for precise measurement by the bonded strain gage. Three common struc-
ture designs used in the industry are bending beam, column and shear.
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Bending Beam

Sensor spring elements that employ the bending beam structure design are the most
common. This is because the bending beam is typically a high-strain, low force struc-
tural member that offers two equal and opposite surfaces for strain gage placement.
The bending beam design is typically used in lower capacity load cells.

Figure 11.3.4:
Bending beam structure.

Column

The column type load cell is the earliest type of strain gage transducer. Although
simple in its design, the column spring element requires a number of design and ap-
plication considerations. The column should be long enough

with respect to its cross section so that a uniform strain path

will be applied to the strain gage. In application, the end user

must beware of second-order effects, as the column load cell is

susceptible to the effects of off-axis loading.

Shear-Web

The principle of a shear-web load cell typically takes the form
of a cantilever beam that has been designed with a cross sec-
tion larger than normal with respect to the rated load to be
carried in order to minimize structure deflection. Under this
condition, the surface strain along the top of the beam would
be too low to produce an adequate electrical output from the
strain gage. However, if the strain gages are placed on the sides
of the beam at the neutral axis, where the bending stress is Figure 11.3.6:
zero, the state of stress on the beam side is one of pure shear, Shear-web structure.
acting in the vertical and horizontal direction.

Figure 11.3.5:
Column Structure.
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Classification
General Purpose

General-purpose load cells are designed for a multitude of applications in the automo-
tive, aerospace, and industrial markets. The general-purpose load cell, as the name
implies, is designed to be utilitarian in nature. Within the general-purpose load cell
market there are several distinct categories: precision, universal, weigh scale, and
special application. Universal load cells are the most common in industry.

Fatigue Rated

Fatigue rated load cells are specially designed and manufactured to withstand millions
of cycles. Many manufacturers utilize premium fatigue resistant steel and special
processing to insure mechanical and electrical integrity as well as accuracy. Fatigue
rated load cells typically are guaranteed to last 100 million fully reversed cycles (full
tension through zero to full compression). An added benefit of fatigue rated load cells
is that they are extremely resistant to extraneous bending and side loading forces.

Special Application
Special application load cells are load cells that have been designed for a specific

unique force measurement task. Special application load cells can be single axis or
multiple axes. They include but are not limited to:

* Pedal Effort » Seat Belt * Steering Column
* Crash Barrier * Hand Brake * Road Simulator
» Tow Ball * Femur * Skid Trailer

* Bumper Impact * Tire Test * Gear Shift

Selecting and Specifying

Selecting and specifying a strain gage-based sensor is primarily application driven.
Application considerations typically include environmental concerns, the magnitude
of the force, load, or weight to be measured, accuracy, size constraints, mechanical
integration, present extraneous forces or loads, and certification requirements. Given
the multitude of application requirements, most manufacturers offer a range of models
to fit typical applications. These include:
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General Purpose — General-purpose load cells are suitable for a wide range of
general force measurement applications, including weighing, dynamometer
testing, and material testing machines. Most of these designs operate in both
tension and compression, and offer excellent accuracy and value.

Figure 11.3.7:
Typical general-purpose load cell.

Fatigue Rated — Fatigue rated load cells are specifically designed for fatigue test-
ing machine manufacturers and users, or in any application where high cyclic
loads are present. All fatigue rated load cells are guaranteed against fatigue
failure for over 100 million fully reversed cycles. These rugged load cells are
manufactured using premium, fatigue-resistant, heat treated steels. Internal
flexures are carefully designed to eliminate stress concentration areas. Close
attention is paid to the proper selection and installation of internal strain gages
and wiring to ensure maximum life. Fatigue rated load cells are available in a
variety of configurations.

Figure 11.3.8:
Typical fatigue rated load cell.
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Hollow, Washer, Button — Hollow compression load cells, load washers and load
buttons are popular choices when the application requires a compact sensor.
These sensors are available in a wide range of sizes and capacities. Hollow
compression load cells are useful for applications requiring a load to pass
directly through the load cell itself. Load washers may be used to determine
clamping forces with respect to applied torques on fasteners. Load buttons
have an integral, spherical loading surface and are commonly used for com-
pressive loading in production and testing applications.

Figure 11.3.9:
Typical hollow load cell.

Figure 11.3.70:
Typical washer load cell.

Figure 11.3.11:
Typical button load cell.

Multi-component — These are sensors that measure multiple forces and moments
simultaneously with a single transducer. Multi-component applications in-
clude fatigue testing machines, tire uniformity testing and automotive testing
requirements. Typically separate receptacles or cables are provided for each
axis, or channel of measurement. A careful structural analysis is required to
isolate the forces and moments, which result in cross-talk. A variety of config-
urations and combinations of force and moment measurements are available.
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Figure 11.24:
Typical multi-component load cell.

Applicable Standards

The basic design of strain gage-based load cells is not governed by a specific
standard. However, individual applicable standards do exist for calibration and certifi-
cation of strain gage-based sensors that are used for specific measurement of a force,
load, or weight.

Strain gage sensors used for measurement of a weight are governed by more specific
applicable standards than sensors used for measurement of a load or a force, as strain
gage sensors used to measure a weight are typically used for trade or sale of goods.
These standards are typically Factory Mutual, OMIL, and Underwriters Laboratory.
Most manufacturers comply or conform to standards such as ISO 10012-1 (former
MIL-STD-45662A), ISO 9001 and ISO/IEC 17025.

Latest and Future Developments

The basic design of strain gage-based force, load, or weight sensors has not changed
significantly since the original development in the 1950s. Several manufacturers have
recently added on-board electronics for signal conditioning at the sensor itself. This
improves the overall quality of the sensor and reduces the system cost. Typical condi-
tioned outputs that are available include voltage and current output options.

TEDS, which stands for “Transducer Electronics Data Sheet,” is based on IEEE
P1451, which is an emerging standard defining the architecture and protocol for
compiling and addressing nonvolatile memory that is embedded within an analog
measurement sensor. TEDS allows the user to retrieve specific information such as
manufacturer name, sensor type, model number, serial number, and calibration data
as well as write information such as channel ID, location, position, direction, tag
number, etc. Some manufacturers are offering sensors with the TEDS feature with the
overall intent of simplifying and reducing the customer’s set up time and reducing
errors.

Future developments within load cells and force sensors will most likely include wire-
less technology for transmission of digitized data over short distances. Development
of this technology is underway. However, cost will be a major hurdle to overcome.
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Other future developments may include digital temperature compensation.

Major Manufacturers

PCB Piezotronics, Inc. — 3425 Walden Avenue, Depew, NY 14043
Lebow Products — 1728 Maplelawn Road, Troy, MI 48084
Interface, Inc. — 7401 East Butherus Drive, Scottsdale, AZ 85260
Sensotec — 2080 Arlingate Lane, Columbus, OH 43228

Tedea Huntleigh — 677 Arrow Grand Circle, Covina, CA 91722
HBM, Inc. — 19 Bartlett Street, Marlborough, MA 01752

References and Resources

[1] PCB Piezotronics, Inc. Force/Torque Division Product Catalog FTQ-200C.

[2] PCB Piezotronics, Inc., ICP® Guide.

[3] Wheatstone, Charles: An account of several new Instruments and Processes
for determining the Constants of a Voltaic Circuit. Philosophical Transaction
of the Royal Society of London, 1843.

[4] Jerome Johnston and Keith Coffey: Getting the Most out of Strain Gauge
Load Cells. Sensors Magazine, May 2000.
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CHAPTER 1 2

Humidity Sensors

John Fontes, Senior Applications Engineer,
Honeywell Sensing and Control

12.1 Humidity

Humidity is defined as the water vapor content in air or other gases. Humidity is
usually measured in terms of absolute humidity (the ratio of the mass of water vapor
to the volume of air or gas), dew point (the temperature and pressure at which a gas
begins to condense into a liquid), and relative humidity, or RH (the ratio of the mois-
ture content of air compared to the saturated moisture level at the same temperature or
pressure).

Thermal conductivity humidity sensors, also known as absolute humidity sensors, are
capable of measuring absolute humidity using a system that employs two thermistors
in a bridge connection, even at high temperatures or in polluted environments.

Since the early 1960s, chilled mirrors have been used to measure dew point, but the
development of thin film capacitive sensors now allows measurement of dew points at
temperatures as low as —40°F at far less cost and with greater accuracy.

Relative humidity was once determined by measuring the change in moisture absorp-
tion in silk, human hair, and later, nylon and synthetics. Mechanical methods for
measuring RH were introduced in the 1940s. Recently, polymer-based resistive and
capacitive sensors have been developed.

12.2 Sensor Types and Technologies

Recent developments in semiconductor technology have made possible humidity sen-
sors that are highly accurate, durable, and cost effective. The most common humidity
sensors are capacitive, resistive, and thermal conductivity. The following sections
discuss how each sensor type is constructed and used to measure humidity.
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Capacitive RH Sensors

Capacitive RH sensors are used widely in industrial, commercial, and weather telem-
etry applications. They dominate both atmospheric and process measurements and are
the only types of full-range RH measuring devices capable of operating accurately
down to 0% RH. Because of their low temperature effect, they are often used over
wide temperature ranges without active temperature compensation.

In a capacitive RH sensor, change in dielectric constant is almost directly proportional
to relative humidity in the environment. Typical change in capacitance is 0.2-0.5 pF
for 1% RH change. Bulk capacitance is between 100 and 500 pF at 50% RH at 25°C.

These sensors have low temperature coefficient and can function at high temperatures
up to 200°C. They are able to fully recover from condensation and resist chemical
vapors. Response time ranges from 30 to 60 seconds for a 63% RH step change.

Thermoset polymer-based capacitive RH sensors directly detect changes in rela-
tive saturation as a change in sensor capacitance with fast response, high linearity,
low hysteresis, and excellent long-term stability. Relative saturation is the same as
ambient relative humidity when the sensor is at ambient temperature. Because this is
almost always the case, sensor capacitance change is then a measure of RH change.

These sensors use an industrially proven thermoset polymer, three layer capacitance
construction, platinum electrodes and except for high temperature versions, on-chip
silicon integrated voltage output signal conditioning. (See Figure 12.2.1.)

DIRT, DUST & OIL DOES
NOT AFFECT SENSOR

YT
THERMOSET. ", (e )
POLYMER i &S
POROUS PLATINUM
THERMOSET POLYMER
PLATINUM LAYER

SUBSTRATE (SILICON})

Figure 12.2.1: This relative humidity sensor has three-layer capacitance
construction and consists of thermoset polymer, platinum electrodes,
and a silicon chip with integrated voltage output signal conditioning.
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In operation, water vapor in the active capacitor’s dielectric layer equilibrates with
the surrounding gas. The porous platinum layer shields the dielectric response from
external influences while the protective polymer overlay provides mechanical pro-
tection for the platinum layer from contaminants such as dirt, dust and oils. A heavy
contaminant layer of dirt will slow down the sensor’s response time because it will
take longer for water vapor to equilibrate in the sensor.

Thermoset polymer-based capacitive sensors, as opposed to thermoplastic-based
capacitive sensors, allow higher operating temperatures and provide better resistivity
against chemical liquids and vapors such as isopropyl, benzene, toluene, formalde-
hydes, oils, common cleaning agents, and ammonia vapor in concentrations common
to chicken coops and pig barns. In addition, thermoset polymer RH sensors provide
the longest operating life in ethylene oxide-based (ETO) sterilization processes.

Thermoset thin film polymer capacitive sensors have been shown to have an almost
ideal response to RH, as opposed to absolute moisture (i.e., water vapor pressure).
This response is due to the driving force free energy for absorption, G:

G =R TLn(P/Py)
where
G = driving force
R = gas constant
P = partial water vapor pressure
P, = saturation water vapor pressure

P/P, is the same as ambient RH when the sensor is at ambient temperature. The rela-
tive saturation level driving sensor response is 100% at the sensor temperature 7.

Research has also demonstrated that the RH sensor calibration in air applies to rela-
tive saturation measurement in oil to within 0.3% (a result which can be extended to
other chemically compatible liquids).

Resistive Humidity Sensors

Resistive humidity sensors measure the impedance change, which usually has an
inverse exponential relationship to humidity. (Figure 12.2.2.) Typically, the imped-
ance change of a medium such as a conductive polymer, salt, or treated substrate is
measured.

The first mass-produced humidity sensor was the Dunmore type. Produced in 1940, it
is still widely used in precision air conditioning controls and for monitoring transmis-
sion lines, antennas, and waveguides used in telecommunications.
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Figure 12.2.2: Relationship of impedance change to humidity.

Source: Roveti, Denes. “Choosing a Humidity Sensor: A Review of Three Technologies. "
Sensors Online. July 2001. http://www.sensorsmag.com/articles/0701/54/main.shtm/

The latest resistive humidity sensors use ceramic coating to provide protection in
environments where condensation occurs. These sensors are constructed with noble
metal electrodes deposited by a photoresist process, and a substrate surface coated
with a conductive polymer/ceramic binder mixture. The sensor is protected in a plas-
tic housing.

Interchangeability is better than 3% RH over the 15%-95% RH range, while pre-
cision is confirmed to +2% RH. The recovery time for resistive sensors from full
condensation to 30% is a few minutes. Voltage output is directly proportional to the
ambient relative humidity when a signal conditioner is used. For most resistive sen-
sors, response time is from 10 to 30 seconds for a 63% step change, while impedance
range varies from 1 k€ to 100 MQ.

Thermal Conductivity Humidity Sensors

Thermal conductivity humidity sensors (also known as absolute humidity sensors)
measure absolute humidity by calculating the difference between the thermal conduc-
tivity of dry air and air containing water vapor.

These sensors are constructed using two negative temperature coefficient (NTC)
thermistor elements in a DC bridge circuit. One of the elements is sealed in dry
nitrogen, while the other is exposed to the environment. (See Figure 12.2.3.) The
difference in the resistance between the two thermistors is directly proportional to
absolute humidity.
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Figure 12.2.3: Thermal conductivity (or absolute) humidity sensors.
Source: Roveti, Denes. “"Choosing a Humidity Sensor: A Review of Three Technologies.”
Sensors Online. July 2001. http://www.sensorsmag.com/articles/0701/54/main.shtm/

12.3 Selecting and Specifying Humidity Sensors

The following sections address what differentiates each sensor from another, includ-
ing temperature, accuracy, and interchangeability. The advantages and disadvantages
of each sensor type are also identified.

Selecting Humidity Sensors

Important considerations when selecting a humidity sensor include:
m Accuracy
m Interchangeability
m Repeatability
m Stability
m Condensation recovery
m Contaminant resistance
m Size and packaging
m Cost effectiveness
m Cost to replace sensor
m Calibration
m Complexity and reliability of signal conditioning and data acquisition circuitry

In general, environmental conditions for the given application will dictate the choice
of sensor.
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Selecting Capacitive RH Sensors

Applications for capacitive RH sensors are wide ranging, including

Automotive onboard devices such as windshield defoggers
Computer printers
Medical devices such as ventilators and incubators

Appliances such as microwave ovens, refrigerators, and clothes dryers
HVAC

Recorders and data loggers

Leak detection

Weather stations

Industrial and food processing equipment

Environmental test chambers

Taking advantage of cutting-edge principles in semiconductor design, many ca-
pacitive sensors have minimal long-term drift and hysteresis. Incorporating a
complementary metal oxide semiconductor (CMOS) timer pulses the sensor produc-
ing near-linear voltage output. (See Figure 12.3.1.)
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Figure 12.3.1: Voltage output with a CMOS timer.

Source: Roveti, Denes. “Choosing a Humidity Sensor: A Review of Three Technologies.”
Sensors Online. July 2001. http://www.sensorsmag.com/articles/0701/54/main.shtml
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Typical uncertainty is 2% RH from 5% to 95% RH using two-point calibration. The
capacitive effect of the connecting cable relative to the small capacitance changes of

the sensor limits the distance the sensing element can be located from the signal con-
ditioning circuitry to a practical range of less than 10 feet.

Laser trimming reduces variance +2%, improving direct field interchangeability.
Computer recalibration programs are also capable of compensating for sensor capaci-
tance from 100 to 500 pF.

Capacitive RH sensors are not linear below a few percent RH, which is why many
sensors incorporate a dew-point measurement system that employs microprocessor-
based circuitry to store calibration data. This development has reduced the cost of
hygrometers and transmitters in HVAC and weather telemetry applications.
Advantages

m Near-linear voltage output

m  Wide RH range and condensation tolerance
m Interchangeable, if laser trimmed

m Stable over long-term use

Disadvantages

m Distance from sensing element to signal conditioning circuitry limited

Selecting Resistive Humidity Sensors

Resistive sensors are small, low-cost humidity sensors that provide long-term stabil-
ity and are highly interchangeable. They are suitable for many industrial, commercial,
and residential applications, especially control and display products.

Resistive sensors respond nonlinearly to humidity changes, but they may be linearized
by analog or digital methods. Typical variable resistance ranges from a few kilohms
to 100 MV. Nominal excitation frequency is from 30 Hz to 10 kHz.

RH sensors are highly interchangeable (within +2% RH). Electronic signal condition-
ing circuitry can be calibrated at a fixed RH point, eliminating the need for humidity
calibration standards. Accuracy can be tested in an RH calibration chamber or by a
computer-based system referenced to a standardized environment. Resistive sensors
have a nominal operating temperature of —40°C to 100°C.
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Life expectancy is less than five years in residential and commercial applications, but
exposure to contaminants may cause premature failure. Resistive sensors also tend to
shift values during exposure to condensation when water-soluble coatings are used.

Advantages
m No calibration standards, so highly interchangeable and field replaceable
m Long-term stability
m Usable from remote locations
m  Small size
m  Low cost
Disadvantages
m Exposure to chemical vapors and contaminants may cause premature failure
m  Values may shift when water-soluble coatings are used

Selecting Thermal Conductivity Humidity Sensors

Thermal conductivity humidity sensors are commonly used in appliances, including
clothes dryers and microwave ovens. They are used in many industrial applications
including wood-drying kilns, drying machinery, pharmaceutical production, cooking,
and food dehydration.

Constructed with glass, semiconductor material, high-temperature plastics, and alumi-
num, thermal conductivity sensors are very durable and resistant to chemical vapors.
They provide better resolution than capacitive and resistive sensors in temperatures
greater than 200°F. Typical accuracy is +3 g/m®, which converts to approximately
+5% RH at 40°C and +0.5% RH at 100°C.

Advantages
m Very durable

m  Work well in corrosive and high-temperature environments up to 575°F

m Better resolution than capacitive and resistive sensors

Disadvantages

m Responds to any gas with thermal properties different than dry nitrogen, which
may affect measurement.
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12.4 Applicable Standards
Standards Bodies

American National Standards Institute (ANSI): http://www.ansi.org
A private, non-profit organization responsible for administering the U.S. vol-
untary standardization and conformity assessment system.

American Society of Testing and Materials (ASTM): http://www.astm.org
One of the largest voluntary standards development organizations in the world.
Develops and publishes voluntary consensus standards for materials, products,
systems, and services.

Canadian Standards Association (CSA): http://www.csa.ca
Not-for-profit membership-based association serving business, industry, gov-
ernment, and consumers in Canada and around the world. Develops standards
for enhancing public safety and health, advancing the quality of life, helping
to preserve the environment, and facilitating trade.

Instrumentation, Systems, and Automation Society (ISA): http://www.isa.org
Helps advance the theory, design, manufacture, and use of sensors, instru-
ments, computers, and systems for measurement and control in a variety of
applications.

International Electrotechnical Commission (IEC): http://www.iec.ch
Prepares and publishes international standards for all electrical, electronic, and
related technologies.

International Organization for Standardization (ISO): http://www.iso.ch/iso/en/
ISOOnline.openerpage
A network of national standards institutes from 146 countries working in part-
nership with international organizations, governments, industry, business and
consumer representatives.

Japanese Standards Association (JSA): http://www.jsa.or.jp/default_english.asp
Objective is “to educate the public regarding the standardization and unifica-
tion of industrial standards, and thereby to contribute to the improvement of
technology and the enhancement of production efficiency.”

National Institute of Standards and Technology (NIST): http://www.nist.gov
Founded in 1901, NIST is a non-regulatory federal agency within the U.S.
Commerce Department’s Technology Administration. Its mission is to develop
and promote measurement, standards, and technology to enhance productivity,
facilitate trade, and improve the quality of life.
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Industry Organizations

American Society for Quality (ASQ): http://www.asq.org/
Purpose is to improve workplace and communities by advancing learning,
quality improvement, and knowledge exchange. Advises the U.S. Congress,
government agencies, state legislatures, and other groups and individuals on
quality-related topics.

International Measurement Confederation (IMEKO): http://www.mit.tut.fi/imeko/
Non-governmental federation of 36 member organizations. Promotes inter-
national interchange of scientific and technical information in the field of
measurement and instrumentation and the international cooperation among
scientists and engineers from research and industry.

National Conference of Standards Laboratories International (NCSL Internation-
al):
http://www.ncsli.org/
A professional association for individuals involved in all aspects of measure-
ment science.

Underwriter’s Laboratories (UL): http://www.ul.com
An independent, not-for-profit product-safety testing and certification organi-
zation.

12.5 Interfacing and Design Information
Temperature and Humidity Effects

The output of all absorption-based humidity sensors (capacitive, bulk resistive,
conductive film, etc.) is affected by both temperature and %RH. Because of this, tem-
perature compensation is used in applications that call for either higher accuracy or
wider operating temperature ranges.

When calibrating a humidity sensor to compensate for temperature, it is best to make
the temperature measurement as close as possible to the humidity sensor’s active
area—i.e., within the same moisture microenvironment. This is especially true when
combining RH and temperature as a method for measuring dew point. Industrial
grade humidity and dew point instruments incorporate a 1000-ohm platinum RTD
on the back of the ceramic sensor substrate for unmatched temperature compensa-
tion measurement integrity. No on-chip signal conditioning is provided in these high
temperature sensors.
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Voltage Output

A humidity sensor with a relative humidity integrated circuit (RHIC) has a linear
voltage output that is a function of V., %RH and temperature. The output is “‘ratio-
metric,” so as the supply voltage rises, the output voltage rises in the same proportion.
A surface plot of the sensor behavior for temperatures between 0°C and 85°C is
shown in Figure 12.5.1.

100
80
T 60
%
R
% 40 90.32
o
~ 20 64.52
38.71
0o 12.90  Sensor
25 50 0.10 %RH

75
TEMPERATURE °C

Figure 12.5.1: Surface plot of sensor behavior.

This surface plot is well approximated by a combination of two equations:

1. A “Best Fit Line at 25°C,” or a similar, sensor-specific equation at 25°C. The
sensor independent “typical”” Best Fit Line at 25°C (bold line in graph) is:

Vou I Vi, (0.0062 (%RH) + 0.16)

A sensor-specific equation can be obtained from an RH sensor printout. The

printout equation assumes V., J SVDC and is included or available as an op-
tion on the sensors.

2. A sensor-independent equation, which corrects the %RH reading (from the
Best Fit Line Equation) for temperature, 7*

True RH = (%RH)/(1.0546 — .00216 T); T = °C
Or True RH = (%RH)/(1.093 - .0012 7); T = °F
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The previous equations match the typical surface plot (Best Fit Line at 25°C) or the
actual surface plot (sensor-specific equation at 25°C) to within the following tolerances:

+1% for 7>20°C
+2% for 10°C<7<20°C
+5% for T<10°C

Dewpoint instruments may account directly for a sensor-specific version of the sur-
face plot via a look-up table.

Note: Convert the observed output voltage to %RH values via the first equation before
applying the second equation.

Condensation and Wetting

Condensation occurs whenever the surface temperature of the sensor’s active area
drops below the ambient dew point of the surrounding gas. Condensation forms on
the sensor (or any surface) even if the surface temperature only momentarily drops
below the ambient dew point. Small temperature fluctuations near the sensor can un-
knowingly cause condensation to form when operating at humidity levels above 95%.

While quick to condense, water is slow to evaporate in high humidity conditions (i.e.,
when the surface temperature of the sensor is only slightly above the ambient dew
point.) Because of this, a sensor’s recovery period from either condensation or wet-
ting is much longer than its normal time response. During recovery, the sensor outputs
a constant 100% RH signal regardless of the ambient RH.

When an application calls for continuous monitoring of RH at humidity levels of 90%
and above, take steps to avoid intermittent condensation. Some strategies are:

1. Maintain a good air mixing to minimize local temperature fluctuations.

2. Some sensors use a sintered stainless steel filter to protect the sensor from
splashing. A hydrophobic coating further suppresses condensation and wetting
in rapidly saturating and de-saturating or splash-prone environments.

3. Heat the RH sensor so that the active area is hotter than the local dew point.
This can be done through an external heater or by self heating of the CMOS
RH chip by operating it at a higher supply voltage.

Note: Heating an RH sensor above ambient temperature changes its calibration and
makes it sensitive to thermal disturbances such as airflow.
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Integrated Signal Conditioning

All RH sensors quickly recover from condensation or wetting with no shift in cali-
bration. However, after 24-hour or longer exposures to either high (>95%) RH or
continuous condensation, an upward shift of 2% to 3% RH may occur. This shift is
repeatable and can be reversed by placing the sensor in a low (10%) RH environment
for a 10-hour period.

Silicon integrated humidity sensors incorporate signal conditioning circuitry on-chip
with the sensing capacitor. These RHIC humidity sensors are laser trimmed so that at
Vappy 7 3V, the output voltage typically spans 0.8 V to 3.9 V for the 0% RH to 100%
RH range at 25°C. (Sensor-specific calibration data printouts and Best Fit Lines at
25°C are either included or available as an option on these sensors.)

RHIC-based sensors are factory calibrated, micro-power devices with either individ-
ual calibration and/or good unit-to-unit interchangeability. These features help OEM
manufacturers avoid in-house humidity calibration costs and extend battery life in
portable instruments. Improved accuracy can be obtained by tuning system electron-
ics to account for an individual sensor’s Best Fit Line at 25°C.

Interchangeability defines the range of voltages for any population of sensors at an
RH point. An interchangeability of +5% @ 0%RH is compared to the baseline output
for the RHIC chip, which is 0.8 V t0 3.9 V (0 to 100% RH) with an excitation voltage
of 5 VDC.

If you take the baseline slope, 0.031 V/%RH times + 5%RH you get + 0.155 V. This
means that the output voltage for this device is 0.8 V = 0.155 V or a range of 0.645 V
to 0.955 V. When exposed to an RH of 0%, the output of the entire population of sen-
sors will fall within this range.

Interchangeability increases with increasing RH since the RHIC die is actively
trimmed only at 0% RH. Trimming at other RH values is impractical.

Interchangeability lets you lower design cost by avoiding calibrating your system to
each individual sensor. The RHIC sensor keeps its interchangeability and accuracy
advantages at higher humidity.

Accuracy is based on the specific calibration curve for any individual sensor and
equals +2% RH. For example, if a specific sensor has an output voltage of .850 V at
0%RH (5 VDC supply assumed), then this sensor should always output this voltage
+0.062 V*** or a range of 0.788 V to 0.912 V. Accuracy equals interchangeability
+2% when you don’t calibrate your system to each sensor. If you calibrate to each
RHIC sensor, then total accuracy can be +1-2% RH.
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CHAPTER 1 3

Machinery Vibration Monitoring Sensors

Timothy J. Geiger, Division Manager of IMI Sensors,
PCB Piezotronics, Inc.

13.1 Introduction

The ears and hands are very subjective when sensing vibrations. The days of judging
a machine’s health by sound and touch (or listening to a screwdriver placed against
the machine) have quickly transitioned to a more scientific approach, allowing data
trending and early prediction of machinery failure.

In order to make objective, informed decisions, most measurement engineers prefer
to have consistent, trendable data that can be regularly referred to. Machinery vibra-
tion sensors, along with a readout instrument, can provide this objective information,
allowing for a more precise assessment of machinery health.

Due to the piezoelectric accelerometer’s wide frequency response, it is an excel-

lent sensor to replace human subjectivity in most machinery health monitoring. In
addition, permanent mounting of these sensors provides continuous monitoring or
shut-down functions for critical machinery. This allows plant and production man-
agement to be predictive in their maintenance strategy. The result is cost-effective,
scheduled down time to repair equipment as opposed to a reactive approach toward
maintenance, which often involves expensive loss of production and repairs. In the
future, it is expected that a greater percentage of machines will continue to be moni-
tored for earlier prediction of failures. This will allow maintenance personnel to focus
on the smaller percentage of machines actually having problems as opposed to manu-
ally monitoring and wasting expensive labor on healthy machinery.

Some key applications and industries in which machinery vibration sensors are uti-
lized are as follows:

Aluminum Plants

Automotive Manufacturing
Balancing

Bearing Analysis & Diagnostics
Bearing Vibration Monitoring
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Bridges and Civil Structures
Coal Processing

Cold Forming Operations
Concrete Processing Plants
Condition Based Monitoring
Compressors

Cooling Towers

Crushing Operations
Diagnostics of Machinery
Engines

Floor Vibration Monitoring
Food, Dairy & Beverage
Foundations

Gearbox Monitoring
Geological Exploration
Heavy Equipment & Machinery
Helicopters

Hull Vibration Monitoring
HVAC Equipment

Impact Measurements
Impulse Response

Machine Tools

Machinery Condition Monitoring
Machinery Frames
Machinery Mount Monitoring
Machinery Vibration Monitoring
Manufacturing

Mining

Modal Analysis

Motor Vibration

Off-Road Equipment

Paper Machinery Monitoring
Petrochemical
Pharmaceutical

Power Generation

Predictive Maintenance
Printing

Pulp & Paper

Pumps
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Quality Control

Seismic Monitoring
Shipboard Machinery
Shock Measurements
Shredding Operations

Site Vibration Surveys
Slurry Pulsation Monitoring
Spindle Vibration & Imbalance
Squeak & Rattle Detection
Steel & Metals
Structure-Borne Noise
Structural Testing
Submersible Pumps
Transportation Equipment
Turbines

Turbomachinery
Underwater Pumps
Vibrating Feeders

Vibration Control

Vibration Isolation

Water Treatment Plants
Wastewater Treatment Plants

The typical faults that machinery vibration sensors are able to detect, along with their
approximate percent of occurrence, are as follows:

Imbalance 40%
Misalignment 30%
Resonance 20%
Belts and Pulleys 30%
Bearings 10%
Motor Vibration 8%

Pump Cavitation 5%

Accelerometers are the most common machinery vibration sensor used today. Appli-
cations for accelerometers in the industrial sector are primarily focused on extending
service life of machinery by predicting failures and allowing maintenance to be
conducted in a planned manner. By doing so, operators can make more intelligent
decisions about spare parts purchases and keep critical equipment up-and-running
longer and faster to increase product output and profitability. Accelerometers are ideal
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for small to medium sized machines with rolling element bearings, where the casing
and bearings move with the rotor. In this case, an accelerometer (sometimes referred
to as a seismic transducer) on the bearing housing will also be a good indicator of
shaft motion. They are convenient to use and easily attach directly to the outside of
the bearing housing. (These can still be used on journal bearing machines on the out-
side casings, but the motion will be smaller on the outside casing because of the mass
of the casing and the reduced transmissibility through the fluid film.)

Technically speaking, accelerometers are transducers that are designed to produce an
electrical output signal that is proportional to applied acceleration. Several sensing
technologies are utilized to construct accelerometers, including resistive (foil or sili-
con strain gages), capacitive and piezoelectric. Resistive and capacitive types possess
the ability to measure constant acceleration, such as that of earth’s gravity, and are
generally only used for measuring very low frequency vibration, such as that encoun-
tered with massive, slow-speed rollers. On the other hand, piezoelectric types possess
an extremely wide frequency range and are suited to accurately measure most other
types of vibration. They are ideal for machinery vibration monitoring and are recom-
mended for nearly every industrial vibration application on rotating machinery.

Piezoelectric accelerometers are generally durable, protected from contamination, im-
pervious to extraneous noise influences, and are easy to implement. Accelerometers
that are designed with these features are classified as Industrial Accelerometers and
are normally suitable for use in rigorous industrial, field or submersible environments.

13.2 Technology Fundamentals

Piezoelectric accelerometers rely on the piezoelectric effect. This basically means
that the internal sensing material will provide an electrical charge when squeezed or
strained.

There are several methods used to stress the piezoelectric material. (All of these
methods utilize a seismic mass attached to the sensing material and rely on Newton’s
Second Law: Force = Mass x Acceleration. Refer to Chapter 5 for additional informa-
tion.) These methods are categorized in the following terms that define the geometry
of the sensing element—compression, flexural, and shear. Each has advantages and
disadvantages; however, for best overall performance in industrial machinery vi-
bration applications, leading manufacturers utilize, almost exclusively, the shear
structured geometry for its piezoelectric industrial accelerometers. (See Figure
13.2.1.)
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Figure 13.2.1: Photo and cross section diagram of shear accelerometer.

The shear sensing element design exhibits compact construction, good stiffness, good
durability and high resonant frequency. This design is less susceptible to extrane-

ous inputs from base strain and thermal transients. Older compression geometries
have been superseded by the shear type for industrial applications, primarily due to
the thermal transient induced base strain error susceptibility of compression designs,
particularly at low frequencies. This low frequency error, or drift, causes what is com-
monly termed “ski slope” error, which becomes evident when acceleration signals

are integrated into velocity signals. Regrettably, some manufacturers still rely on this
aged design in their product line. Volume production of shear style accelerometers has
also reduced their cost to a level acceptable to the industrial market, further justifying
their use.

Regardless of the sensing element design, as the piezoelectric material is stressed,
charged ions accumulate at their surfaces. Electrodes that are in intimate contact with
the crystals collect these ions, which result in an electrical signal. The signal is then
transmitted via a small wire to a signal conditioning circuit that is positioned within
the accelerometer’s housing. The signal conditioning circuit serves to convert the
difficult-to-use, high-impedance charge signal from the crystal into a low-imped-
ance voltage signal that can be transmitted outside of the accelerometer housing, over
a relatively long distance, without degradation. This low-impedance voltage signal
can then be interrogated by data collection equipment, displayed on an oscilloscope,
stored on a recording instrument, or analyzed with a data acquisition system or FFT
analyzer. This type of accelerometer is generically termed an IEPE accelerometer for
Integrated Electronic PiezoElectric, or also commonly referred to as an ICP® (Inte-
grated Circuit Piezoelectric) accelerometer, which is a registered trademark of PCB
Group, Inc.
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Additional circuitry can be added to enhance or tune the output signal for specific
purposes. Such enhancements include filtering, rms conversion, 4-20 mA trans-
mitters, integrators, and TEDS (Transducer Electronic Data Sheet—an on-board,
addressable memory with stored, self-identifying information).

To properly operate, sensors with built-in electronics require a constant current
power source. Normally, this constant current power supply is built into the industrial
readout equipment (data collector or on-line monitor). If it is not included, sensor
manufacturers offer a variety of different power supplies.

While the fundamental technology associated with accelerometers is very similar,
the specific design of the sensor is critical. Industrial accelerometers have to endure
severe environments and tough operating conditions. In order to achieve these re-
quirements, there are several design and construction characteristics to be aware of.
These design criteria include:

Welded, stainless steel housing — This proven, corrosive-resistant material stands
up well against dirt, oil, moisture, and harsh chemicals. Stainless steel is also
non-magnetic, which minimizes errors induced when used in the vicinity of
electric motors and other sources of electromagnetic interference. For durabil-
ity, all mating housing parts are precision laser welded. No epoxies are used
which can eventually fatigue or cause leaks.

Internal Faraday shield — Accelerometers that utilize an internal electrical shield
to guard against radio frequency interference (RFI), electromagnetic interfer-
ence (EMI), and other extraneous noise influences. The result is an electrically
case-isolated sensing element that is insulated from ground, which also in-
sures that there won’t be any ground loops in the measurement system that can
cause signal drift, noise, and other hard-to-trace electrical problems.

Durable, military style electrical connectors or sealed, integral cables — It is
highly recommended to use electrical connectors that offer a true hermetic
seal with glass-to-metal fusing of connector pins and shells. All connectors
should be laser welded to the sensor housing. Sensors with integral cables
incorporate hermetic feed-through pins and high-pressure, injection-molded
sealing of the cable to a metallic shell that is laser welded to the sensor hous-
ing. Integral polyurethane jacketed cables offer 750 psi submersibility along
with excellent pull strength and strain relief characteristics.
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Rugged Cables — Interconnect cables should utilize shielded, twisted conductor
pairs and an outer jacket material that will survive exposure to most industrial
media, or excessive temperatures present in the environment in which it will
be used. Stainless steel, armored cables are recommended for installations
where machined debris or chips may damage cable jackets, or where cables
have the potential of being stepped on or pinched. Electrical connectors for
cables are offered in a variety of styles and configurations to suit the applica-
tion. Take care to note the temperature rating of the connector and material
of construction. Environmentally sealed cable connectors provide a boot to
protect the integrity of the connection in outdoor installations or during wash-
down episodes.

13.3 Accelerometer Types
Low-Cost, Industrial ICP Accelerometers for Permanent Installation

Low-cost, industrial ICP® accelerometers are recommended for permanent in-
stallation onto machinery to satisfy vibration trending requirements in predictive
maintenance and condition monitoring applications. In addition to sound design

and high volume manufacturing techniques, lower cost is achieved by relaxing the
tolerance on sensitivity from unit to unit and by calibrating at only one reference
frequency point, typically 100 Hz. Measurement accuracy is compromised only if the
sensor’s nominal sensitivity is used. If the provided single-point sensitivity is used,
accuracy is very good.

Since low-cost sensors carry a wider sensitivity tolerance, the actual measurement
obtained using the nominal sensitivity value may not be as quantitatively accurate as
could be achieved if one uses the supplied reference sensitivity value. This dispar-
ity, however, may be irrelevant since when trending, the user is primarily interested
in recognizing changes in the overall measured vibration amplitude, or frequency
signature of the machinery. When comparing against previously acquired data ob-
tained with the same sensor in the same location, the excellent repeatability of these
piezoelectric vibration sensors becomes the vital attribute for successful trending
requirements. The user benefits by being able to employ a lower cost sensor, which in
turn makes monitoring additional measurement points a more attractive undertaking.

Low-Frequency Industrial ICP Accelerometers

Low-frequency accelerometers are generally designed for use on large slow-rotating
equipment. Applications include:
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Vibration measurements on slow rotating machinery
Paper machine rolls

Large structures and machine foundations

Large fans and air handling equipment

Cooling towers

Buildings, bridges, foundations, and floors

Low-acceleration levels go hand-in-hand with low-frequency vibration measurements.
For this reason, these accelerometers combine extended low frequency response with
high output sensitivity in order to obtain the desired amplitude resolution characteris-
tics and strong output signal levels necessary for conducting low-frequency vibration
measurements and analysis.

The most sensitive low-frequency accelerometers are known as seismic accelerom-
eters. These models are larger in size to accommodate their larger seismic, internal
masses, which are necessary to generate a stronger output signal. These sensors have
a limited amplitude range, which renders them unsuitable for many general pur-
pose industrial vibration measurement applications. However, when measuring the
vibration of slow, rotating machinery, buildings, bridges and large structures, these
low-frequency, low-noise accelerometers will provide the characteristics required for
successful results.

All low-frequency industrial accelerometers benefit from the same advantages of-
fered by general-purpose industrial accelerometers including: rugged, laser-welded,
stainless steel housing with the ability to endure dirty, wet, or harsh environments;
hermetically sealed military connector or sealed integral cable; and a low-noise, low-
impedance, voltage output signal with long-distance signal transmission capability.

High-Frequency Industrial ICP® Accelerometers

High-frequency accelerometers are generally used for high-speed rotating machinery.
Applications include:

Vibration measurements on high-speed rotating machinery
Gear mesh studies and diagnostics

Bearing monitoring

Small mechanisms

High-speed spindles

Successful vibration measurements begin with sensors that have adequate capabilities
for the requirement. If the sensor’s frequency response characteristics are inadequate,
the user risks corrupted or insufficient data to achieve a proper analysis and diagnosis.
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For vibration monitoring, testing, and frequency analysis of high-speed rotating ma-
chinery, spindles, and gear mesh, it is imperative to utilize a sensor with a sufficient
high frequency range to accurately capture the vibration signals within the bandwidth
of interest. Miniature sized units are also suitable for vibration measurements on
small mechanisms where sensor size and weight become important factors.

4-20 mA Vibration Sensing Transmitters

These sensors are accelerometers which have been configured to have a loop-pow-
ered, 4-20 mA output. Generally, vibration sensing transmitters provide output
signals that are representative of the overall vibration. (Typically, an internal inte-
grator 1s included so that the output is in velocity, such as in/sec rms or mm/s pk.)
This vibration signal may be interfaced with many types of commercially available
current-loop monitoring equipment, such as recorders, alarms, programmable logic
controllers (PLCs) and digital control systems (DCSs).

The vibration-sensing transmitters capitalize on the use of existing process control
equipment and human machine interface (HMI) software for monitoring machin-
ery vibration and alarming of excessive vibration levels. This allows the operator to
monitor machinery using the existing process control system as opposed to having
to purchase specific vibration monitory software. This practice offers the ability to
continuously monitor machinery and provide an early warning detection of impend-
ing failure. With this approach, existing process control technicians can monitor the
vibration levels while skilled vibration specialists are called upon only in the event
that the vibration signal warrants more detailed signal analysis. It is envisioned that
someday machinery vibration measurements will be monitored in process facilities
via 4-20 mA transmitters as widely as pressure, temperature, flow and load are cur-
rently done so today.

A choice of velocity or acceleration measurement signals are offered with a variety of
amplitude and frequency ranges to suit the particular application. Most models also
feature an optional analog output signal connection (raw vibration option) for con-
ducting frequency analysis and machinery diagnostics.

DC Response, Industrial Capacitive Accelerometers — Applications
DC response accelerometers are generally only used on very large, slow-rotating

equipment or on extremely large civil structures. Applications include:

m Paper machine rolls

m Large structures and machine foundations
m Cooling towers

m Buildings, bridges, foundations, and floors
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Unlike piezoelectric accelerometers that have a low frequency limit, industrial capaci-
tive accelerometers are capable of measuring to true DC, or 0 Hz.

Capacitive accelerometers utilize two opposed plate capacitors that share a common
flexible plate in the middle. As the flexible plate responds to acceleration, differential
output signals from the two capacitors are created. These signals are conditioned to
reject common mode noise and combined to provide a standardized output sensitivity.
Built-in voltage regulation and optional low-power versions permit operation from a
wide variety of DC power sources. The result is a sensor that is easy to implement and
delivers a high integrity, low noise output signal.

DC response, industrial capacitive accelerometers offer many of the same advantages
as general purpose industrial accelerometers including: rugged, laser-welded, stainless
steel housing with the ability to endure dirty, wet, or harsh environments; hermetically
sealed military connector or sealed integral cable; and a low noise, low impedance,
voltage output signal with long distance signal transmission capability.

13.4 Selecting Industrial Accelerometers

There will usually be several accelerometer models that meet the required mea-
surement parameters, so the question naturally arises, Which should be used? By
answering the following questions as accurately as possible, the user will be able to
determine a set of key specifications required for the accelerometer.

1. Measurement Range / Sensitivity — Determine the maximum peak vibra-
tion amplitude that will be measured and select a sensor with an appropriate
measurement range. For a typical accelerometer, the maximum measurement
range is equal to £5 volts divided by the sensitivity. For example, if the sen-
sitivity is 100 mV/g then the measurement range is (5 V /0.1 V/g) = 50 g.
Allow some overhead in case the vibration is a little higher than expected. The
vibration severity chart shown in Figure 13.4.1 may help when determine the
expected measurement range.
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Figure 13.4.1: Vibration severity chart.
2. Frequency Range — Determine the lowest and highest frequencies to be ana-

lyzed. If you are not sure what the upper frequency range should be, use the
following table showing ‘“Recommended Frequency Spans” as a guideline.
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Table 13.4.1: Frequency range guidelines [Ref. 4].
Recommended Frequency Spans (Upper Frequency)

Shaft Vibration 10 x RPM
Gearbox 3 x GMF
Rolling Element Bearings 10 x BPFI
Pumps 3 x VP
Motors / Generators 3x (2 xLF)
Fans 3 x BP
Sleeve Bearings 10 x RPM

RPM - Revolutions Per Minute

GMF - Gear Mesh Frequency

BPFI — Ball Pass Frequency Inner race
VP — Vane Pass frequency

LF — Line Frequency (60 Hz in USA)
BP — Blade Pass frequency

Select an accelerometer that has a frequency range that encompasses both the
low and high frequencies of interest. In some rare cases, it may not be possible
to measure the entire range of interest with a single accelerometer.

High Frequency Caution — Many machines, such as pumps, compressors,
and some spindles, generate high frequencies beyond the measurement range
of interest. Even though these vibrations are out of the range of interest, the
accelerometer is still excited by them. Since high frequencies are usually
accompanied by high accelerations, they will often drive higher sensitivity
accelerometers (100 and 500 mV/g models) into saturation causing erroneous
readings. If a significant high frequency vibration is suspected or if saturation
occurs, a lower sensitivity (typically 10 or 50 mV/g) accelerometer should be
used. For some applications, higher sensitivity accelerometers are available
with built-in low pass filters. These sensors filter out the unwanted high fre-
quency signals and thus provide better amplitude resolution at the frequencies
of interest.
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To determine if you have a condition that will overdrive (saturate) the acceler-
ometer, look at the raw vibration signal in the time domain on a data collector,
spectrum analyzer, or oscilloscope. Set the analyzer for a range greater than
the maximum rated output of the accelerometer. If the amplitude exceeds the
maximum rated measurement range of the accelerometer (typically 5 volts or
50 g for a 100 mV/g unit), then a lower sensitivity sensor should be selected.
If the higher sensitivity sensor is used, clipping of the signal and saturation

of the electronics is likely to occur. This will result in false harmonics, “ski
slope” as well as many other serious measurement errors.

Broadband Resolution (Noise) — Determine the amplitude resolution that

is required. This will be the smaller of either the lowest vibration level or the
smallest change in amplitude that must be measured. Select a sensor that has

a broadband resolution value equal to or less than this value. For example, if
measuring a spindle with 0.001 g minimum amplitude, choose an accelerom-
eter with a resolution better than 1 mg. If the known vibration levels are in
velocity (in/s) or displacement (mils), convert the amplitudes to acceleration
(g) at the primary frequencies. Note: The lower the resolution value, the better
the resolution is. Generally, ceramic sensing elements have better resolutions
(less noise) than quartz based sensors.

Temperature Range — Determine the highest and lowest temperatures that
the sensor will be subjected to and verify that they are within the specified
range for the sensor.

Temperature Transients — In environments where the accelerometer will be
subjected to significant temperature transients, quartz sensors may achieve
better performance than ceramic. Ceramic sensing elements are subject to
the pyroelectric effect, which can cause erroneous outputs with changes in
temperature. These outputs typically occur as drift (very low frequency) and
usually cause significant “ski slope” when the signal is integrated and dis-
played in the velocity spectrum.

Size — In many cases, the style of the sensor used can be restricted by the
amount of space that is available on a machine to mount the sensor. There are
typically two parameters that govern which sensors will fit, the footprint and
the clearance. The footprint is the area covered by the base of the sensor. The
clearance is the height above the surface required to fit the sensor and cable.
As an example, a top exit sensor will require more clearance than a side exit.
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gadkc Red: Figure 13.4.2: “Top exit” accelerometer
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Figure 13.4.3: “Side exit” accelerometer (requires less clearance).

Orientation — Cable orientation is another consideration. Ring-style, side
exit models can be oriented 360°, however, in some very tight spaces, even
these may be difficult to install. For example, there may not be enough height
clearance to fit a wrench to tighten the unit. In that case, a swivel mount style
accelerometer may be required.
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Figure 13.4.4:
“Swivel mount” accelerometer.

6. Duty (Accuracy, Sensitivity Tolerance, and Safety) — The duty refers to the
type of use that a sensor will see. Most typical predictive maintenance applica-
tions are either in a walk-around application, as with a portable data collector,
or permanently mounted to a particular machine. In permanent mount ap-
plications, the sensor may terminate at a junction box where measurements
are taken with a portable data collector or tied to an on-line monitoring system.
4-20 mA output sensors would usually be tied to existing plant systems such
as a PLC.

Sensitivity Tolerance (Absolute Accuracy) — Sensitivity tolerance is the maxi-
mum deviation that the actual sensitivity of an accelerometer can vary from its
published nominal sensitivity and still be within specification. Most manufac-
turers offer accelerometers with + 5%, + 10%, + 15%, and + 20% tolerances
on sensitivity. Thus, a nominal 100 mV/g sensor with a + 5% tolerance could
have an actual sensitivity between 95 and 105 mV/g. A + 20% tolerance unit
could vary between 80 and 120 mV/g. If the nominal sensitivity is used to
convert the actual data to engineering units (e.g., entered into the data collec-
tion device), then a looser tolerance sensor will be less accurate, in general,
than a tighter tolerance model. However, if the actual calibration value that

is supplied with the sensor is used, then both readings will be equally accu-
rate. In applications were absolute accuracy is important (e.g., in acceptance
testing) then either higher tolerance sensors or the actual calibration factors
should be used.

Lower tolerance sensors are typically provided with a single point calibration
rather than full calibration. This, coupled with the looser tolerance, helps keep
costs down and allows them to be offered at a much more economical price.
Normally, these sensors are selected for permanent mount applications where
larger numbers of accelerometers are needed.
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Calibration Interval — Due to the inherent stability of quartz, accelerometers
with quartz sensing elements have a longer recommended calibration interval
than do ceramic sensors. The recommended time between calibrations is 1
year for ceramic sensors and 5 years for quartz. As a practical matter, how-
ever, it may not be possible to send ceramic sensors in for yearly recalibration.
As long as the sensor is permanently mounted and not going through severe
thermal transients on a regular basis, its sensitivity should remain fairly stable.
However, if it is seeing repeated shocks (as with magnetic mounting in a walk
around system) or severe thermal transients, it is highly recommended that the
sensor be recalibrated yearly. One advantage of quartz sensors is its long-term
stability even in high shock and thermally transient environments. A typical
calibration certificate is shown in Figure 13.4.5.

Figure 13.4.5: Typical accelerometer calibration certificate.
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Accessibility, Safety, and Production Considerations — Monitoring locations
on machines are often inaccessible due to shrouds, safety requirements, space
constraints, or other physical obstacles. Additionally, they may be in hazard-
ous areas or have limited access due to pressing production schedules. In cases
like these, permanent mount accelerometers should be selected. This provides
a fast, easy, and safe way to collect vibration data.

Cabling — It is recommended, in most cases, that connector style accelerom-
eters be used rather than ones with integral cable. Cables are very susceptible
to damage and are usually the source of most sensor problems. Therefore, it
is much easier and more cost effective to replace a cable rather then the entire
accelerometer/cable assembly. It is important to recognize that cables are
vulnerable to damage and should be installed out of harms way. Having spare
cables on hand is recommended as they can help troubleshoot system perfor-
mance and keep a measurement system up and running in the event of a cable
failure.

Integral cable models are recommended in submersible applications where
sealing is of prime importance. Armored cable is recommended in applications
where sharp objects could cut the cable, such as metal chips in machining
operations.

Figure 13.4.6:
Armor cabling.

Intrinsically Safe / Explosion Proof — Many sensor models are approved
for use in hazardous areas when used with a properly installed intrinsic safety
(I.S.) barrier or enclosure. Approval authorities include Canadian Standards
Association, CENELEC, Factory Mutual, and Mine Safety Administration.
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9. Mounting Considerations — There are several methods for securing vibration
sensors to machinery. These include stud mounting, adhesive mounting, and
magnetic mounting. Additionally, the use of a probe tip may be useful for very
inaccessible measurement points, for locations where physical attachment of
a sensor is just not practical, or for determining installation locations where
vibration is most prevalent.

Each mounting method will affect the frequency response attainable by the vibration
sensor since the mounted resonant frequency of the sensor/hardware assembly will
be dependent upon its mass and stiffness. The following diagram depicts how resonant
frequency is affected by each mounting technique.

Figure 13.4.7: Effect of mounting technique on frequency response.

Stud mounting is the best technique to use to achieve the maximum frequency range.
All sensor specifications and calibration information supplied with the sensor are
based upon stud mounting during qualification tests. For best results, a smooth,

flat surface should be prepared on the machinery surface as well as a perpendicular
tapped hole of proper dimension. Spot face tools are available to simplify surface
preparation. A thin layer of silicone grease or other lubricant should be applied to the
surface and the sensor should be installed with the recommended mounting torque. Be
sure to follow all installation recommendations including torque specifications sup-
plied with each specific sensor model.
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If drilling and tapping mounting holes into machinery structures is not practical,
adhesive mounting is the next best technique. Sensors may be secured directly to the
machine with adhesive or to a mounting pad with suitable tapped hole.

Mounting pads can be adhesively bonded or welded to machinery surfaces at specific
vibration sensor installation points. The pads ensure that periodic measurements are
always taken from the exact same location, lending to more accurate and repeatable
measurement data. Pads with tapped holes are for use with stud mounted sensors,
whereas the untapped pads are intended for use with magnetically mounted sensors.

For permanent installations, the pads facilitate mounting of sensors without actually
machining the surface onto which they are to be installed. Also, the untapped pads
may be utilized to achieve magnetic attraction on non-ferrous surfaces.

Magnetic mounting offers the most convenient method of temporary sensor instal-
lation for route-based measurements and data collection. Magnetic mounting bases
consist of rare-earth magnet elements to achieve high attraction forces to the test
structure. This aids in high-frequency transmissibility and assures attraction for large
heavy sensors and conditions of high vibration.

Rail mount styles are utilized for curved surfaces, such as motor housings and pipes.
Knurled housings aid in gripping for removal. Hex-shaped magnetic bases are de-
signed for smaller high-frequency sensors. All magnetic mounting bases should be
manufactured from resilient, stainless steel.

Note: Exercise caution when installing magnetically mounted sensors by engaging the
edge of the magnet with the structure and carefully rolling the sensor/magnet assem-
bly to an upright position. Never allow the magnet to impact against the structure as
this may damage the sensor by creating shock acceleration levels beyond survivable
limits.

13.5 Applicable Standards

ANSI S2.41, 1985 (R 1990), “Mechanical Vibrations of Machines with Operat-
ing Speeds from 10 to 200 Rev/s — Measurment and Evaluation of Vibration
Severity in Situ” American National Standards Institute, NY.

ANSI Standards can be obtained from the Acoustical Society of America, Stan-
dards and Publications Fulfillment Center, P.O. Box 1020, Sewickley, PA
15143-9998.

API 670, 1986, Vibration, Axial Position, and Bearing Temperature Monitoring
System, 2™ Ed., American Petroleum Institute, Washington, D.C.
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API 678, 1981, Accelerometer-Based Vibration Monitoring System, API,
Washington, D.C.

European Standard — EN 13980: Potentially Explosive Atmospheres, Application
of Quality Systems.

ISO 7919, 1986, “Mechanical Vibrations of Non-Recipricating Machines —
Measurements on Rotating Shafts and Evaluation,” International Standards
Organization, Geneva, Switzerland.

ISO 2372, 1974, “Mechanical Vibrations of Machines with Operating Speeds
from 10 to 200 RPM — Basis for specifying Evaluation Standards,” Interna-
tional Standards Organization, Geneva Switzerland.

ISO Standards can be obtained from the Director of Publications, American
National Standards Institute, NY, NY 10005-3993.

Open Standards for Operations and Maintenance. Mimosa — 4259 Niagara Ave.,
San Diego, California 92107.

13.6 Latest and Future Developments

TEDS (Transducer Electronic Data Sheet) allows the operator to retrieve stored data
from within the sensor. Data includes sensor numbers (for warranty and traceability)
calibration info, date of manufacture, name of manufacturer and installation date, and
location on the machine in which plant.

Wireless Sensors — There has been a strong interest in implementing wireless technol-
ogy in industrial applications. Until price, the smaller overall capacity of a wireless
system versus a cable system, and powering of the sensor can be addressed, wireless
technologies will only be used on very specialized niche applications.

13.7 Sensor Manufacturers

Endevco

GE Bently Nevada

IMI Sensors, a Division of PCB Piezotronics, Inc.
Kaman Instrumentation

Kistler Instruments

Metrix

Monitran

PCB Piezotronics, Inc.

Vibrometer

Wilcoxon Research
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MFPT (Machinery Failure Prevention Technology)
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Vibration Institute
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Trade Magazines:

Intech

Maintenance Technology
Reliability Magazine

Sensors

Sound & Vibration
Turbomachinery International
Vibrations

Companies:

GE Bently website

Kaman Instrumentation website
PCB Piezotronics, Inc. website
IMI Sensors website

WWW.1sa.0rg
www.mt-online.com
www.reliability-magazine.com
WWwWw.sensorsmag.com
www.sandv.com
www.turbomachinerymag.com
www.vibeinst.org

www.bently.com

www.kamaninstrumentation.com

www.pcb.com
WWW.1Imi-sensors.com
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CHAPTER 1 4

Optical and Radiation Sensors

Dr. Thomas Kenny, Department of Mechanical Engineering,
Stanford University

This chapter offers an overview of the basic types of sensors used to detect optical
and near-infrared radiation.

14.1 Photosensors

Detection of light is a basic need for everything from devices to plants and animals.
In the case of animals, light detection systems are very highly specialized, and of-
ten operate very near to thermodynamic limits to detection. Device researchers have
worked on techniques for light detection for many years, and have developed devices
that offer excellent performance as well.

Clearly, the military has been a major sponsor of light detection device research.
Devices for light detection are of fundamental importance throughout military tech-
nology, and the maturity and widespread availability of inexpensive photosensors is a
direct result of this DOD research investment over many years.

Light is a quantum-mechanical phenomena. It comes in discrete particles called photons.
Photons have a wavelength A, a velocity ¢ =3x10°*m/s, a frequency o = % , energy
E= h% where h = 6.67x10** Js, and even a momentum P = % . Among all of this, it is

important to remember the relationship between energy and wavelength. In all cases,
the energy of the photon determines how we detect it.

Light detectors may be broken into two basic categories. The so-called quantum
detectors all convert incoming radiation directly into an electron in a semiconductor
device, and process the resulting current with electronic circuitry. The thermal detec-
tors simply absorb the energy and operate by measuring the change in temperature
with a thermometer.
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Quantum Detectors

We will start by examining the quantum detectors, since they offer the best perfor-
mance for detection of optical radiation.

In all of the quantum detectors, the photon is absorbed and an electron is liberated in
the structure with the energy of the photon. This process is very complicated, and we
will not examine it in detail. It is important to recognize that semiconductors feature
the basic property that electrons are allowed to exist only at certain energy levels. If
the device being used to detect the radiation does not allow electrons with the energy
of the incident photon, the photon will not be absorbed, and there will be no signal.

On the other hand, if the photon carries an amount of energy which is “allowed” for
an electron in the semiconductor, it can be absorbed. Once it is absorbed, the electron
moves freely within the device, subject to electric fields (due to applied voltages) and
other effects. Many such devices have a complicated “band structure” in which the
allowed energies in the structure change with location in the device. One example

of such a “band structure” is that offered by a p-n diode. In a diode, the p-n junction
produces a step in the allowed energy levels, resulting in a direction in which currents
flow easily and the opposite direction in which current flow is greatly reduced.

A photodiode is simply a diode, biased against its easy flow direction (“reverse-bi-
ased”) so that the current is very low. If a photon is absorbed and an electron is freed,
it may pass over the energy barrier if it possesses enough energy. In this respect, the
photodiode only produces a current if the absorbed photon has more energy than that
needed to traverse the p-n junction. Because of this effect, the p-n photodiode is said
to have a cutoff wavelength—photons with wavelength less than the cutoff produce
current and are detected, while photons with wavelength greater than the cutoff do not
produce current and are not detected.

Photodiodes may be biased and operated in two basic modes: photovoltaic and pho-
toconductive. In the photovoltaic mode, the diode is attached to a virtual ground
preamplifier as shown in Figure 14.1.1,
and the arrival of photons causes the
generation of a voltage which is am-
plified by the op-amp. The primary Ry
feature of this approach is that there - (}:
is no dc-bias across the diode, and so
there is no basic leakage current across
the diode aside from thermally gener- —=
ated currents. This configuration does Figure 14.1.1: Connection of a photodiode
in a photovoltaic mode.
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suffer from slower response because the charge generated must charge the capaci-
tance of the diode, causing an R-C delay.

In the photoconductive mode, the diode is biased, and the current flowing across
the diode is converted to a voltage (by a resistor), and amplified. A photoconductive
circuit is shown in Figure 14.1.2. The primary advantage of this approach is that the
applied bias decreases the effec-

tive capacitance of the diode (by ,C,:'-

widening the depletion region), and "

allows for faster response. Unfortu- "—’VV\'RL—"

nately, the dc bias also causes some ~

leakage current, so detection of ~i>—"— Vout
very small signals is compromised.

In addition to making optical detec- —

tors from diodes, it is also possible

to construct them from transistors. | |
In this case, the “photocurrent” is

deposited in the base of a bipolar

junction transistor. When subjected —
to a collector-emitter bias (for +E

npn), the current generated by the Figure 14.1.2: Photoconductive operating mode.
photons flows from the base to the

emitter, and a larger current is caused to flow from the collector to the emitter. For an
average transistor, the collector-emitter current is between 10 and 100x larger than the
photocurrent, so the phototransistor is fundamentally more sensitive than the diode.

Photodiodes and phototransistors are very widely available. Most semiconductor device
manufacturers also offer photodiodes and transistors, so there are nearly 100 suppliers.
More than 10 manufacturers specialize in photosensors. As a result, optimized photodi-
odes and transistors are available at very low cost.

These devices are also available in packages designed for particular applications.
For example, it is common to use a light-emitting diode and a detector mounted in
a pair so that passing objects can interrupt the optical beam between them. Opto-in-
terruptors consisting of such emitter-detector pairs are available in a wide variety
of configurations. Proximity detectors situated side by side sense the presence of a
reflecting surface by causing reflected light to strike the detector.

Other applications of optical detector-emitter pairs include measurement of the rota-
tion rate of electric motors. In this case, a disk is mounted on the shaft of the motor
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with a large number of slits cut through it. The detector emitter pair is mounted so
that the slits cause an oscillation in the signal—and the rotary position can be de-
termined by counting the peaks in the signal. This is called an optical encoder, or

an incremental encoder, and it is widely used in electric motors, as shown in Figure
14.1.3.

Incremental Disc

Figure 14.1.3: Incremental encoders.
(Courtesy BEI Technologies, Inc.)

Most phototransistors and photodiodes have their peak sensitivity in the near infrared
(see Figure 14.1.4). The peak sensitivity occurs near the cutoff wavelength (near 1
pum) and extends to shorter wavelengths. The location of this peak sensitivity is due to
the energy of the “bandgap” in silicon, and is not easily adjusted.
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Figure 14.1.4: Typical photodiode spectral response.
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Table 14.1.1: Bandgaps of some semiconductors.

Material Bandgap (eV)
ZnS 3.6
CdS 2.41
CdSe 1.8
CdTe 1.5
Si 1.12
Ge 0.67
PbS 0.37
InAs 0.35
Te 0.33
PbTe 0.3
PbSe 0.27
InSb 0.18

Photosensors can be made from other electronic materials with different bandgaps, as
shown in Table 14.1.1. None of these materials are as widely available as silicon, and
costs for detectors made from InSb can be substantially higher.

There is another important consideration to keep in mind when selecting photosen-
sors. In addition to the photocarriers in the device, thermally generated carriers can be
produced. The distribution of energies generated by thermal processes is dependent
on the thermodynamics of the device, and on the temperature. Because of this rela-
tionship, increasing the temperature causes an increase in the number of thermally
generated carriers. Conversely, reducing the bandgap of a room-temperature device
will also cause an increase in the number of thermally generated carriers. Silicon de-
tectors work well at room temperature, but heating to more than 100°C starts to cause
substantial increases in “dark current.” Detectors made from materials other than sili-
con may offer increased cutoff wavelength, but may also require cooling below room
temperature.

In general, there is a nearly linear relationship between the maximum operating tem-
perature and the cutoff energy for the detector. By selecting a material with a cutoff
energy one-fifth that of silicon (such as InSb), it is necessary to cool the device to
about one-fifth of the maximum operating temperature of silicon (cooling to 77K is
optimal for InSb). This tradeoff between cutoff and operating temperature imposes
severe cost issues for operation of devices at fairly long wavelengths.

If cooling is affordable, a large selection of materials and devices with “engineered
band-gaps” is available. The tremendous interest in devices with cutoff wavelengths
near 10-20 um is a direct result of the DOD interest in infrared detectors for night
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vision. It turns out that the peak of the infrared spectrum for objects at room tempera-
ture is in this region, and so the maximum contrast in thermal detection is available by
producing devices with sensitivity in this region.

There is a simple relationship between the temperature of an infrared source and the
peak wavelength of the blackbody spectrum.

2898
m T
where the wavelength is in microns, and the temperature is in Kelvin. So, for room
temperature, the maximum wavelength is near 10 microns.
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Figure 14.1.5: Typical spectral response of IR detectors.
(Courtesy of Electro Optical Industries, Inc.)

Of the materials most studied, the clear winner is Mercury Cadmium Telluride
(MCT). It may be formulated to have cutoff between 10 and 20 microns, and offers
excellent properties for infrared detection. In particular, it offers low dark current,
high absorptivity, and low carrier scattering. Unfortunately, it is difficult and ex-
pensive to manufacture. As should be expected for anything containing mercury, its
fabrication process is an environmental nightmare, and the basic material is not com-
patible with electronics. As a result, it is “bump-bonded” onto silicon substrates for
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readout and signal processing. In addition, it must be operated at or below 77K, which
imposes operational complications. A commercial imaging system based on MCT
detector arrays generally costs near $100,000 at the present time.

Most military applications (ballistic missiles, aircraft imaging systems, satellite
systems) can afford this set of costs and complications, but commercial and civilian
applications are generally cost-constrained. Therefore, recent research activities have
focused on other materials which might be less expensive to make and operate.

InSb does not offer sensitivity in the 10-20 um region, but is more easily made than
MCT, is electronics compatible, and can be operated near 100K. Research to extend
the operation to higher temperatures is underway throughout academia and industry.

Overall, the relationship between cutoff and operating temperature is fairly strict.
MCT, which has been the focus of billions of dollars of materials research effort, has
only been slightly extended to higher temperatures. There is not tremendous hope that
InSb or other materials will benefit from a large change in operating requirements.

The other type of optical detector, the thermal detector, does offer some hope for this
problem.

Thermal Detectors

Thermal detectors operate by absorbing the infrared radiation and measuring the
temperature rise of the detector with a thermometer. Generally, the performance of
thermal detectors is limited by the availability of sensitive and small heat capacity
thermometers.

An important advantage of thermal infrared detectors is due to the absence of any
relationship between the wavelength of the absorbed radiation and the response of the
detector. Any energy absorbed causes a response in the detector. Therefore, it is pos-
sible to use a thermal infrared detector at room temperature to detect radiation from
room temperature blackbodies.

However, it is important to note that if the conditions allow use of a quantum detec-
tor, such a detector will outperform a thermal detector by several orders of magnitude.
Thermal detectors come into their own in situations that don’t allow quantum detec-
tors.

Since the thermometer is mounted within the infrared detector structure, it is connect-
ed to a temperature reference by a finite thermal conductance. This finite conductance
imposes dynamic constraints on the system behavior, and we may analyze the situa-
tion as follows:
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Assume we have a thermometer that is a thermistor with a temperature coefficient
given by:

Figure 14.1.6: Voltage divider.

This thermistor is mounted in an electrical circuit with a load resistor with a resis-
tance of R, and is biased by a dc voltage of V;,. The electrical circuit is shown in
Figure 14.1.6.

As in all voltage dividers, we have:

RI
‘/Uut = ‘/in
R, +R
R
V.=V, —forR >>R
R

L

The sensitivity of this system is given by:

AV
Sensitivity = A—”‘” =V —

r/-/ Power In

Figure 14.1.7: Thermal circuit.
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However, we must consider the thermal characteristics of this system as well. In this
case, we model the thermometer as a finite heat capacity attached to an object by a
finite thermal conductance. Infrared power is deposited into the thermometer, causing
the temperature of the thermometer to oscillate. This thermal situation can be mod-
eled as a thermal circuit as shown in Figure 14.1.7.

By energy balance, the energy gained is equal to the change in energy of the ther-
mometer:

AT
— C _
At
Now, we assume that the power and the thermometer temperature oscillate:
Pin = Pinl + })inZe[ml

IT.=T,+ Tczeiw
We insert these expressions into the energy balance equation, and we have:

P, +P,,e” =G(T, +T,e" ~T,) =ioCT, e

inl in2

We can take the constant and oscillating parts to be independent, and we have:
B, _G(Tcl _To) =0

p,-G (712 ) =ioCT,,

L

These reduce to:

T,=—"—
ioC+G
So the sensitivity of this device to changes in infrared absorbed power is:

e AV AV AT oR, 1
Sensitivity = —=——=V_ —
AP AT AP R ioC+G

L

To improve the sensitivity, it is important to choose a thermometer with a large tem-
perature coefficient and a small heat capacity. We can see from this expression that
the response of the detector will have a simple 1-pole response, which is to say that it
is frequency-independent below the cutoff frequency and decreases as 1/f above the
cutoff. Its response is exactly the same as that of an electrical low-pass filter.
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There are several different infrared detectors based on this detection concept. In fact,
almost every well-established thermometer has also been optimized as an infrared
detector.

Phototransistor Example

The phototransistor is a device that operates by converting incoming photons to
electrons in the base of a bipolar transistor. As for any such transistor, the base current
causes a larger collector-emitter current to flow, which is detected by a circuit. The
easiest way to detect a current is to use a resistor to convert it to a voltage, as shown
in Figure 14.1.8.

Figure 14.1.8: Phototransistor circuit.

In this case, an oscillator circuit is powering a light-emitting diode, causing a light
oscillation at 1 kHz. The phototransistor is pointed at the LED, and detects the os-
cillation in the incident light. The circuit converts the current to a voltage with a
pull-down resistor, buffers the signal, high-pass filters the signal, and then converts it
to a square wave with a comparator. This circuit is one of many possible such circuits,
and may be considered typical.

We can see that the signal at the beginning of the circuit reflects the oscillation as well
as the background illumination (dc and 60-Hz components). Some of the filter design
is intended to reduce the sensitivity to these “noise” components while preserving the
sensitivity to the signal at 1 kHz.
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The variable resistor at the front of the circuit is an important degree of freedom. The
current flowing through the transistor cannot exceed the saturation current:

I — ‘/bias _06V

pd

where V. is the total collector-emitter voltage, and R, is the value of the pull-down
resistor. If the background is very bright, the current flowing in the device may al-
ready be very close to the saturation value, and any additional signal illumination will
not produce much additional signal.

Depending on the amount of background illumination, it is possible to saturate the
detector, thereby reducing the sensitivity to signals. We use a variable resistor here to
allow adjustment so that the detector is biased at a point of good performance.

It is possible to obtain such detectors in side-by-side emitter-detector pairs, which
cause a signal only if a reflective object is nearby. Depending on the biasing and the
background illumination, it is possible to detect objects at a range of more than 1 cm.

14.2 Thermal Infrared Detectors

In recent years, the Department of Defense (DOD) has invested a great deal of
research and development funds into detection techniques that allow long-wave detec-
tion from uncooled platforms. An additional focus of this work has been techniques
that are compatible with the formation of dense arrays. One interesting device that
has emerged due to this investment has been the Uncooled Detector arrays made by
Honeywell.

These detectors are based on the simplest thermal design—a resistance thermometer.
What is novel about this device is that it combines the best microfabrication technol-
ogy with good thermometer technology and electronics integration.

A drawing of the microbolometer is shown in Figure 14.2.1. The basic idea is to use
silicon microfabrication techniques (such as those in many accelerometers) to make
an isolated thermal structure with very little heat capacity. As we saw in the ther-
mometer discussion, the thermal infrared detector is improved by minimizing the heat
capacity.
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Silicon Nitride and
Vanadium Oxide

50 pm
0.5 pm
Radiation
Y-metal
2.5um
B
Monolithic
Bipolar
X-metal Transistor

Figure 14.2.1: Microbolometer.
(Courtesy Infrared Solutions, www.infraredsolutions.com)

In the final device, a flake of silicon nitride with dimensions of 50 um x 50 wm x 0.5
um is floated above a silicon substrate. This flake is supported by a pair of legs, and is
coated with a resistive material with a good thermal coefficient of resistance. Under-
neath the flake is a transistor that is used to connect the current-measuring circuit to
the device using a conventional row-column addressing technique. The device cur-
rent is passed out to a processing circuit on the perimeter of the device by the x and y
metal leads.

In this device, much research went into developing a technique for depositing the
nitride on top of a transistor, for releasing the devices with very high yield, and for
obtaining a sensitive thermometer in the form of a deposited metal film. This resistor
is made from vanadium oxide, which offers a TCR of about 1% near room tempera-
ture. The resistance change is a result of a structural phase transition in vanadium
oxide above room temperature, so this device must be held near room temperature to
allow operation with good sensitivity.

Having developed this technology, Honeywell has gone on to make dense arrays (200
x 200), and to continue optimizing the performance of the devices. In the last couple
of years, a complete camera system has been demonstrated. This base technology has
been offered for licensing, and is presently being commercialized by several manufac-
turers of infrared imaging systems.

This device does not out-perform the MCT imager, but it does enable operation at
room temperature, and might be available at low cost with further development.
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Another very important technology for low-cost uncooled infrared detectors has
emerged in recent years in the form of pyroelectric plastic material. As with pi-
ezoelectricity, pyroelectricity is a

phenomenon in which a change in . d+
. nirare -
temperature causes thermal expansion, -
. Tambient Tambient » Tambier
which causes the appearance of charge . + -
. . sensed -
(through the piezoelectric effect) (see +
V0 ‘
V0

Figure 14.2.2).

>

(a) V=0 (b)

Infrared detectors have been available
for many years based on other spe- Figure 14.2.2: Pyroelectric effect.
cialized piezoelectric materials. The

best of them is Deuterated Tri-Glycine Sulfide (DTGS). This very expensive material
offers the best pyroelectric coefficients, and is commonly used for IR detection in
laboratory spectrometers, and in early motion detection systems.

A variety of other pyroelectric materials are also available—it is generally true that

any material which is piezoelectric is also pyroelectric. There are many applications
requiring good performance (lab spectroscopy, for example), and these applications
generally justify use of the best material available.

On the other hand, there are other applications in which the best detector performance
is not required. In these applications, PVDF film has become the best choice avail-
able, primarily due to the extremely low cost of the device material. A good example
of a low-performance application is an infrared motion detector. Nowadays, it is
common to offer backyard lighting systems or door opening systems that detect the
presence of a moving object with elevated infrared emission. If you wave your hand
about, the infrared scene that can be detected features a variation in the infrared signal
to some pixel of an imaging system. What is needed is an array of detector elements
and some sort of focused optics. Without the focused optics, moving your hand about
does not produce a change in the total illumination—and would not produce a vari-
able signal. Remember that the pyroelectric detectors do not detect heat, only changes
in heat.

It has become common to package a PVDF detector array in a low-cost optical pack-
age that uses a Teflon lens to focus the light. Teflon lens material is also inexpensive,
and is transmissive enough in the IR that it does an acceptable job.
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Typical Teflon lenses used in motion detection systems are made with a surface
texture that includes several circular bumps. These bumps act as focusing lenses, and
will bring light from a particular part of the scene to the detector. As a warm object
moves through the scene, radiation is occasionally focused on the detector, causing a
transient in signal that is detected.

A typical motion detector allows the setting of a threshold, which is simply an elec-
trical threshold in the detection circuit, and an output voltage which indicates the
threshold has been crossed recently. Usually, you can also set the duration of illumi-
nation after a detection event.

Many such products are now available on the market at very low prices. There has
been a recent substantial improvement in the availability of low-quality, inexpensive
IR sensors, and a family of devices adequate for imaging systems are emerging.
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Position and Motion Sensors

15.1 Contact and Non-contact Position Sensors
Adolfo Cano Munhoz, Product Manager, Honeywell Sensing and Control

Introduction

Position sensors play an increasing role in our daily lives. They are abundant in our
homes, in our cars, and in our work places. As sensing technology improves, position-
ing devices continue to get smaller, better and more inexpensive, opening the way for
more applications than ever before.

As their name implies, position sensors provide position feedback. They are able to
perform precise motion control, encoding and counting functions by determining the
presence or absence of a target or by detecting its motion, speed, direction or distance.
Position sensors detect a target object, a person, a substance or the disturbance of a
magnetic or an electrical field and convert that physical parameter to an electrical
output to indicate the target’s position.

There are many ways to sense the position of a target. Some of them, such as limit
switches and potentiometers, involve physical contact with the object being sensed.
These are called contact position sensors. Contact position sensors often prove to be
the simplest, lowest cost solution in applications where contact with the target is ac-
ceptable.

Sensor manufacturers have employed a much wider variety of approaches and tech-
nologies to develop non-contact position sensors, which have no physical contact
with target objects and don’t “wear out” from repeated contact. This chapter does not
cover every possible technology that can be applied to sense position. The aim here
is to provide a good understanding of the most commonly used technologies and the
reasons one technology might be preferred over another in specific applications.
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Types of Position Sensors

Every commonly applied position sensing technology has its own characteristic ben-
efits and limitations. Obviously, some of these technologies provide a better fit than
others in different applications. The goal is to find the most cost-effective solution for
the performance parameters that are important in your specific application and envi-
ronment. The types of position sensors covered here include:

m Contact devices
e Limit switches
* Resistive position transducers
m Non-contact devices
* Magnetic sensors, including Hall effect and magneto-resistive sensors
e Ultrasonic sensors
* Proximity sensors
* Photoelectric sensors

Limit Switches

Limit switches are electromechanical contact devices. Easy to understand and ap-
ply, they are the cost-effective switches of choice for detecting objects that can be
touched. These rugged, dependable switches are offered in a variety of sizes with dif-
ferent seals, enclosures, actuators, circuitries and electrical ratings.

Limit switches contain a set of contacts. When a target object comes into contact with
a limit switch’s actuator on the conveyor in Figure 15.1.1, the switch operates.

Figure 15.1.1: Limit switches on a conveyor.
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Various limit switches provide years of reliable operation even in the most demanding
environmental conditions. They are appropriate for:

Material handling
Breweries

Packaging machinery
Wood products

Special machinery
Garbage compactors/trucks
Valves

Foundry equipment

Limit switches are available in explosion-proof versions to contain and cool escaping
hot gases that otherwise could cause an explosion outside the switch in:

m Petroleum plants

Chemical plants

Waste treatment facilities
Power generating stations
Hazardous material handling
Grain storage/handling
Deep sea oil well platforms

Selecting and Specifying Limit Switches

Limit switches can be ordered with a variety of actuators, including plungers, rotary
levers, and “wobble levers,” which are flexible spring-like levers that operate by any
movement except direct pulling.

Figure 15.1.2 shows how characteristics are OPERATING POSITION - A OPERATING POSITION
measured for rotary actuation, and Figure ] R

15.1.3 applies to limit switches actuated by in-

line plungers.

OVERTRAVEL

PRE-
TRAVEL

OVERTRAVEL

PRE-
TRAVEL

DIFFERENTIAL
TRAVEL

RELEASE TRAVEL

DIFFERENTIAL
The characteristics of rotary-actuated limit e
switches are shown in degrees of angular rota-
tion. The operating characteristic dimensions Figure 15.1.2: Operating

on enclosed switches for harsh environments characteristics for rotary-actuated
are often shown in linear dimensions with the limit switches.
adjustable lever in one extreme position.

RELEASE TRAVEL

Linear dimensions for in-line actuation are from the top of the plunger to a reference
line, usually the center of the mounting holes. In the case of flange- or bottom-mount-
ed switches, the reference line is the bottom of the switch.
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MOVEMENT CHARACTERISTICS
DIFFERENTIAL
TRAVEL

PRETRAVEL ~ OVERTRAVEL
i

| il 3
' ; W—
M | T 0 ‘

J
>r»—r

PLUNGER —>
BUSHING CBD
. ; . 2REN
FREE OPERATING TOTAL RELEASE
POSITION POSITION  OVERTRAVEL  POSITION
POSITION
POSITIONS OF PLUNGER
OPERATING FULL RELEASE
FORCE OVERTRAVEL FORCE
FORCE

FORCES ACTING ON PLUNGER

Figure 15.1.3: Operating characteristics for limit
switches with in-line plunger actuators.

To select the right limit switch for your application, consider:

Actuator type
Circuitry
Ampere rating
Supply voltage
Housing material
m Termination type

Applicable Standards for Limit Switches

IEC (International Electrotechnical Commission), www.iec.ch/, especially JIC 60947-1
and IEC 60947-5-1, which explain the general rules relating to low-voltage switch
and control gear for industrial use; IEC 529 rates the level of protection provided by
enclosures, using an IP (International Protection) rating system.

CENELEC (The European Committee for Electrotechnical Standardization), www.
cenelec.org, especially EN 50041 and EN 50047, which define characteristics and
dimensions for limit switches.

NEMA (National Electrical Manufacturer’s Association), www.nema.org. NEMA
rates the protection level of enclosures as does IEC 529, but includes tests for envi-
ronmental conditions, such as rust, oil, etc. that are not included in IEC 529.
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Interfacing and Design Information for Limit Switches

Here are some considerations for incorporating limit switches in your designs.

©)

o ’—Q~ Figure 15.1.4: Opposite polarities should
WRONG : . not be connected to the contacts of one
, 3 limit switch unless the switch is specifically
designed for this.
Ior
[e) S
RIGHT o o
A®'
(6] &) Figure 15.1.5: Power from different sources
SO N should not be connected to the contacts of
o] one switch unless it is specifically designed
be for this.
WRONG

Figure 15.1.6: Where relatively slow motion
operates a limit switch, you’ll generally
want to apply a snap-action switch.

arranged so that the switch does not
receive a severe impact.

/\ Figure 15.1.7: Where relatively fast motion
operates the switch, cams should be

WRONG RIGHT
FAST MOTION
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enough to operate relays, valves, etc. as
needed.

Figure 15.1.8: Where relatively fast motions

are involved, cams should be designed such

that the limit switch will be operated long
- A\ : ™ DWELL

FREE POSITION

L7
--” ). NTERFERENCE

NEND OF
WRONG WRONG OVERTRAVEL
STOP
7 =’ FRfE POSITION
T 7 OPERATED
el o il EOSTION
[
)
RIGHT .‘ RIGHT NEND OF
OVERTRAVEL

Figure 15.1.9: Operating mechanisms for limit switches should be designed
so that under any operating or emergency conditions, the switch is not
operated beyond its overtravel limit position. A limit switch should not be
used as a mechanical stop.

WRONG (

Figure 15.1.10: For limit switches with pushrod actuators, the actuating force
should be applied as nearly as possible in line with the pushrod axis. The same
holds true for other actuators. For instance, the actuating force of a lever
actuator should be applied as nearly perpendicular to the lever as practical
and perpendicular to the shaft axis about which the lever rotates.
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NON-OVER RIDING Figure 15.1.11: Mount the switch rigidly

in a readily accessible location. Cover
plates should face the maintenance
access point.

WRONG RIGHT

Resistive Position Sensors

Resistive position sensors, also called potentiometers or simply position transducers,
were originally developed for military applications. They were widely used as panel-
mounted adjustment knobs on radios and televisions in the years before pushbuttons
and remote controls. Today, potentiometers are most commonly found in industrial
applications that range from forklift throttles to machine slide sensing.

Potentiometers are passive devices, meaning they require no power supply or addi-
tional circuitry to perform their basic linear or rotary position sensing function. They
are typically operated in one of two basic modes: rheostat and voltage divider (true
potentiometric operation). As resistance varies with motion, rheostat applications
make use of the varying resistance between a fixed terminal and the sliding contact
wiper. In voltage divider applications, a reference voltage signal is applied across the
resistive element track so that the voltage “picked up” by the movable contact wiper
can be used to determine the wiper’s position.

Advantages of potentiometers include low cost, simple operational and application
theory, inherent absolute measurement even through power-off cycles, and robust
EMI emission/susceptibility performance. Disadvantages include eventual wear-out
due to the sliding contact wiper and sensing angles that are limited to less than 360
degrees, although vernier drives can be applied to give them “multi-turn” sensing
capability.

Selecting and Specifying Resistive Position Sensors

For many general-purpose position sensing applications, a low-cost potentiometer

is often more than adequate. In some cases (certain electric motor controllers, for
example), a changing resistance is expected as the control signal, and thus a potenti-
ometer is really the only choice. In most other applications, a fixed reference voltage
is applied, and a voltage reading at the wiper terminal senses the position. Rotary
potentiometers can offer linearity errors on the order of 1% maximum and rotational
lifetimes of a million or more cycles. For more critical applications, higher-precision
potentiometers can offer linearity errors a hundred or more times better than this, and
rotational lifetime ratings in the tens or even hundreds of million cycles.
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In looking for the best cost versus performance trade-off, consider the system as well
as the transducer. Usually you will take one of two paths to select a transducer:

m Find a transducer that works with the power supplies and amplifiers or con-
trollers in your system.

m Select the position transducer and then match your system components to it.
What is the length to be measured?

For potentiometers this is called the theoretical electrical travel. For most applica-
tions this is straightforward; however, there are times where you may want to measure
only a portion of the total travel of your system. For example, it may be advantageous
to have the highest possible resolution at one end of the system’s travel. Consider a
10-inch total travel, but by monitoring the last inch, you can increase your resolution
tenfold.

What accuracy can I get?

Accuracy can have several meanings. Do you mean how small a motion you can

pick up (resolution)? How much error there is at any point along the electrical travel
compared to a reference line (independent linearity)? Is the output the same at a given
point from one cycle to another (repeatability)? These are not the same, but any one is
often called “‘accuracy.”

It is important to differentiate and prioritize these performance parameters. Many
conductive plastic position transducers have infinite resolution. The repeatability with
most transducers is excellent and will rarely be more than the signal-to-noise ratio
that will likely exist in your system. Look for independent linearity, the error versus
the reference line, guaranteed to be less than 0.1%.

How rugged does the transducer need to be?

The unit’s ability to hold up under high levels of shock, vibration, moisture, dirt, oil
or temperature extremes is sometimes more important than accuracy. What good is a
high-accuracy device if it won’t last long in the application? Conductive plastic with-
stands many harsh chemicals and will work immersed in hydraulic oil.

What excitation should [ use?

For potentiometers, the excitation is determined by the input of your signal condition-
er or the controller you are using. You will need to decide whether to use regulated or
unregulated voltage, depending on your conditioner or controller.
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What mounting factors should I consider?

These vary from application to application. Proper alignment of the shaft of the po-
tentiometer is important for maximum life from the unit. Mounting should allow for
minor adjustment to minimize any misalignment. Rod ends or shaft couplings are an
effective way to compensate for misalignment. Side load on a potentiometer will wear
out the bearings long before the wiper or element fail, so careful mounting is to your
advantage. If there is heavy hose down or spray from oil or water, you should use a
water-resistant or waterproof potentiometer.

Does the transducer need to be compensated for temperature effects?

Potentiometers, while they have measurable temperature coefficients, will not usually
require temperature compensation because they are most often used as voltage dividers.

Applicable Standards for Resistive Position Sensors

The Variable Electronics Component Institute (http://www.veci-vrci.com) has de-
veloped a number of testing and performance standards governing potentiometers.
While their standards are not binding on manufacturers, they help ensure practical,
meaningful and consistent terminology and methodologies. Many potentiometers also
conform to military standards such as MIL-STD-202F.

Interfacing and Design Information for Resistive Position Sensors

For the most part, using a resistive position sensor is quite straightforward. First,
establish what sort of electrical signal is needed from the mechanism being sensed.
If a resistance change is needed, connect one end of the potentiometer and the wiper
terminal into the circuit. Resistance will then vary with motion in this mode (rheostat
mode); contact noise (an unpredictably varying resistance) will appear superimposed
on the expected smooth change of resistance. Contact noise results from the varia-
tion in mechanical contact between the wiper and the resistive element’s surface. It
manifests as a series resistance between the element surface (contact point) and the
wiper terminal. It can vary from a fraction of a percent up to 5% or more of the total
element resistance.

Voltage divider mode operation is by far more prevalent in position sensing applica-
tions, and in this mode, the effects of contact resistance variation are diminished or
eliminated. Its output is a voltage ratio determined from the wiper voltage divided

by the applied voltage. The output voltage is taken from the wiper terminal. Thus, if
little or no current is flowing through this path (as is the case when the voltage feeds
a high-impedance measurement circuit), the series contact resistance variation creates
no change in the voltage between the contact point and the wiper terminal.
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~——— VOLTS IN (V) ——»=

When an excitation voltage is applied
across the resistive element, the wiper
moves from the zero voltage end of the
element toward the maximum output
end. The voltage between the wiper and
the resistive element varies linearly with ? VOLTS [ OUT

position. (See Figure 15.1.12.) |_>o !
WIPER

RESISTIVE
ELEMENT (R)

The maximum output voltage of the sen-
sor never exceeds the applied voltage.
For example, if you apply 10 volts to the
resistive element, the maximum output voltage is 10 volts. The wiper will vary from
0 to 10 volts, with 5 volts at the center position. If you apply 5 volts, an output of 2.5
volts indicates the center position.

Figure 15.1.12: Potentiometer component.

Magnetic Position Sensors

Magnetic properties can be used to determine position by detecting the presence,
strength, or direction of magnetic fields not only from the Earth but also from mag-
nets, fields generated from electric currents, and even brain wave activity. Magnetic
sensors can measure these properties without physical contact and have become the
eyes of many industrial and navigation control systems.

The magnetic field is a vector quantity that has both magnitude and direction. Mag-
netic sensors measure this quantity in various ways. Some magnetometers measure
total magnitude but not direction of the field (scalar sensors). Others measure the
magnitude of the component of magnetization along their sensitive axis (uni-direc-
tional sensors). This measurement may also include direction (bi-directional sensors).
Vector magnetic sensors have two or three bi-directional sensors. Some magnetic
sensors have a built-in threshold and produce an output only when that threshold is
passed.

A Hall effect device derives its output from magnetic field strength, while a magneto-
resistive device measures the angle direction of a magnetic field, so its output is based
on the electrical resistance of the field. Some of the advantages of measuring field
direction vs. field strength include:

m Insensitivity to the temperature coefficient of the magnet,

m Less sensitivity to shock and vibration, and

m The ability to withstand large variations in the gap between the sensor and the
magnet.
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Hall effect position sensors are very affordable and accurate. They contain a Hall
element constructed from a thin sheet of conductive material with output connections
perpendicular to the direction of current flow. When subjected to a magnetic field, a
Hall sensor responds with an output voltage proportional to the strength of the field.
The voltage output is very small and requires additional electronics to achieve useful
voltage levels. These signal-conditioning electronics are combined with a Hall ele-
ment on an integrated circuit (IC) to form a basic Hall effect sensor.

Magneto-resistive (MR) sensors are usually made of a nickel-iron (Permalloy) thin
film deposited on a silicon wafer and patterned as a resistive strip. The properties of
the MR thin film cause it to change resistance by 2 to 3% in the presence of a magnet-
ic field. For a typical MR sensor, the bandwidth is in the 1 to 5 MHz range. Reaction
is very fast and not limited by coils or oscillating frequencies.

MR sensors measure both linear and angular position and displacement in the Earth’s
magnetic field (below 1 gauss). They are an excellent solution for locating objects in
motion. By affixing a magnet or sensor element to an angular or linear moving ob-
ject with its complementary sensor or magnet stationary, the relative direction of the
resulting magnetic field can be quantified electronically.

The demand for Hall effect magnetic sensors remains high because the Hall effect is
the only magnetic effect that can be implemented in a standard complementary metal
oxide semiconductor (CMOS) technology, which makes them very affordable. Some
of the advantages of Hall effect sensing devices include their long life and high speed.
They operate with stationary input (zero speed), and have a broad temperature range
(40 to +150 degrees C) for industrial and automotive applications.

While Hall effect is highly linear with no saturation effects out to extremely high
fields, magneto-resistance is roughly 200 times more sensitive than the Hall effect in
silicon, so it can be used for longer sensor-to-magnet distances.

A unique aspect of using magnetic sensors is that measuring magnetic fields is usu-
ally not the primary intent. Another parameter, such as wheel speed or the position of
a part, is sought. Magnetic sensors don’t measure these parameters directly but extract
them from changes in magnetic fields.

The enacting input has to create or modify a magnetic field. Once the sensor detects
the field or change to a field, the output signal requires some signal processing to
translate the sensor output into the desired parameter value. This makes magnetic
sensing a little more difficult to apply in most applications, but it also allows for reli-
able and accurate sensing of parameters that are difficult to sense otherwise.
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Selecting and Specifying Magneto-resistive Position Sensors

MR sensors can detect the presence of a vehicle from a distance of about 50 feet and
are often used in traffic and toll way applications. Other common applications in-
clude automotive wheel speed, crankshaft sensing and compass navigation. An area
of growth for MR sensors is high-density read heads for tape and disk drives. MR
sensors are beneficial in applications for linear position or linear displacement, LVDT
(linear variable differential transformer) replacements, proximity detection, valve
positioning, shaft travel, automotive steering, robotics, brake and throttle position sys-
tems. By utilizing an array of magnetic sensors or magnets, the capability of extended
range angular or linear position measurements can be achieved.

MR sensors come in a variety of shapes and forms and can sense DC static fields as
well as the strength and direction of the field. The long span absolute linear position
(Honeywell patented) sensing solution il-
lustrated in Figure 15.1.13 utilizes an array
of MR sensors, a magnet and signal condi-
tioning electronics. The sensors are used to
determine the position of a magnet that is at-
tached to a moving object. In addition to the
mechanical benefits of no moving parts to
wear out and no dropped signals from worn
tracks, this solid state solution provides high
accuracy with low power and works in rug-
ged environments, such as high temperature.

AVHYY HOSN3S

This array device is designed to be sensitive
to the direction of a magnetic field when it
operates in saturation mode. The saturation
mode is when external magnetic fields are
above a certain field strength level (called
saturation field). The magnetic moments in
the device are aligned in the same direction
of the field. Therefore, the output of the de-
vice only reflects the direction of the external magnetic field and not its strength. The
incentive of operating in saturation mode includes:

MOVING
SHAFT

Figure 15.1.13: System design with an
array of four magneto-resistive sensors.

m Immunity to temperature coefficient of magnet,
m Insensitivity to the gap between the magnet and
the sensor array, and
m Insensitivity to magnetic field strength when the field is greater than saturation level.
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The saturation field of this type of sensor is 30-50 gauss. Magnetic fields in this mag-
nitude can be easily provided by any permanent magnet, including low cost AINiCo
or ceramic magnets, unlike Hall effect devices that require a stronger magnet.

Magneto-resistive sensors bring a unique feature to this solution by measuring the
angle direction of a field from a magnet versus the strength of a magnetic field. A
permanent magnet provides the magnetic field, which has the function of keeping the
sensors in saturation mode, minimizing effects of stray magnetic fields and providing
a linear operating range for selected sensor pairs.

Unlike other incremental sensors, this technology is absolute reading; no reference
point is required. Position is accurately known at any time as well as at power-on.
When each sensor in the array is connected to the supply voltage, it converts any am-
bient, or applied magnetic field to a voltage output.

MR sensors provide highly predictable outputs. Their high sensitivity, small size,
noise immunity, and reliability are advantages over mechanical or other electrical
alternatives.

Highly adaptable and easy to assemble, these sensors solve a variety of problems in
custom applications. One of the key benefits of MR sensors is that they can be bulk
manufactured on silicon wafers and mounted in commercial integrated circuit packag-
es. This allows magnetic sensors to be auto-assembled with other circuit and systems
components.

Selecting and Specifying Hall Effect Position Sensors

Hall sensors find a wide variety of position applications, especially as proximity sen-
sors. They are used extensively in automobiles to sense everything from the positions
of pistons and the angles of throttles, to power window and door interlock positions.
They show up in office machines where they sense things like paper placement and
in cameras to detect shutter position. On factory floors they are used to control every-
thing from motor speeds to drilling machines.

Both digital and analog Hall effect position sensors are available. Digital output
sensors are in one of two states: ON or OFF. Analog sensors provide a continuous
voltage output that increases with a strong magnetic field and decreases with a weak
magnetic field. Both are operated by the magnetic field from a permanent magnet or
an electromagnet with actuation mode, depending on the type of magnets used.

There are two types of digital sensors: bipolar and unipolar. Bipolar sensors require
positive gauss (south pole) to operate and negative gauss (north pole) to release. Uni-
polar sensors require a single magnetic pole (south) to operate. Release is obtained by
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moving the south pole away from the sensor. Analog sensors operate by proximity to
either magnetic pole.

Ratiometric linear Hall effect sensors are small and versatile. The ratiometric output
voltage is set by the supply voltage and varies in proportion to the strength of the
magnetic field. An integrated Hall effect chip provides increased temperature stability
and sensitivity. Laser trimmed thin film resistors on the chip provide high accuracy
and temperature compensation to reduce null and gain shift over temperature.

Ratiometric linear sensors respond to either positive or negative gauss and can be
used to monitor either or both magnetic poles. Their quad Hall sensing elements make
them stable and predictable by minimizing the effects of mechanical or thermal stress
on the output. The positive temperature coefficient of the sensitivity (+0.02% per °C
typical) helps compensate for the negative temperature coefficients of low cost mag-
nets, providing a robust design over a wide temperature range. Rail-to-rail operation
(over full voltage range) provides a more usable signal for higher accuracy.

Figures 15.1.14 and 15.1.15 illustrate two concepts for developing a proximity sensor

that can be used for accurate positioning.
HYDRAULIC

In the first example, event signals are gen- ACTUATOR
erated by the sensors, which represent —
distances measured from a reference surface.
These signals define the acceptable dimen-
sional limits between which the item under
test must generate electrical pulses. In a
known application, each of the sensors has
accumulated at least 8 million operate/re-
lease cycles per month and is still operating,
without replacement or maintenance.
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Figure 15.1.14: Four digital output,
unipolar sensors are threaded into
an aluminum housing and actuated
individually by four magnetic actuators.

The second example achieves linear po-
sitioning accuracy of .002 inch. Sensing
various lens locations for photo processing
equipment is an ideal application for this
concept. It also could be used to sense the
precise location of a moving table for a 35 mm slide mounter.

Vector Hall sensors have two sensing axes, so they can detect absolute position over
360 degrees of rotation while other designs are limited to 180 degrees. Mostly con-
sidered for rotary applications, such as motors, the sensors can also be applied to
one- and two-axis linear applications.
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Vector Hall sensors have four Hall elements on
a single die (two for the X axis and two for the
Y axis) to provide a differential output voltage
for each axis. The signal pair is “gain matched”
so that the mathematical ratio of the two sig-
nals cancels out any variation in gain or field
strength due to temperature or a mechanical
shift, such as shock or vibration. This not only
reduces offset but also allows for relatively wide | ]
tolerance of axial and radial misalignment of Figure 15.1.15: Four digital output,
the magnet and sensor, making the installation bipolar sensors are actuated by one
process less critical. The time required for the magnet mounted on a rod.
microprocessor to process this ratio determines

the maximum rate of position updates and does limit the usable rotational speed of the
sensor somewhat.

N
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Some manufacturers offer automatic indexing to set a mechanical “zero” or “index”
position whenever a particular signal is applied to the circuit. For example, this can be
accomplished by shorting the output to I-V while bringing up the power. An indexing
feature eliminates significant rigging and alignment at installation.

Interfacing and Design Information for Magnetic Position Sensors

Begin your design by determining sensing specifications. For sensing systems actu-
ated by a magnet, specifications include:

m The minimum and maximum gap between the magnet and the position sensor,
m The limits of magnet travel,

Special requirements for the magnet such as high coercive force due to ad-
verse magnetic fields in the system,

Mechanical linkages (if required),

Sensor output type (NPN or PNP),

Operating temperature range,

Storage temperature range, and

Various input/output specifications from the system specification.

The next step is to choose the magnetic mode, magnet, sensor, and functional inter-
face. These four items are interdependent. The required magnet strength is dependent
on the gap and the limits of magnet travel (magnetic mode). The sensor is dependent
on the strength of the magnetic field and therefore, on the magnetic mode and the
magnet chosen. The functional interface is dependent on the sensor output type and
electrical characteristics
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Figures 15.1.16-20 illustrate a few of the ways a magnetic system can be presented to
a linear output sensor for position measurement as listed in the comparison chart. The
method of actuation is determined based upon cost, performance, accuracy and other
requirements for a given application.

A simple method of position sensing is shown in Figure 15.1.16. One pole of a mag-
net is moved directly to or away from the sensor. This is a unipolar head-on position
sensor. When the magnet is farthest away from the sensor, the magnetic field at the
sensing face is near zero gauss. In this condition, the sensor’s nominal output voltage
will be 6 volts with a 12-volt supply. As the south pole of the magnet approaches the
sensor, the magnetic field at the sensing surface becomes more and more positive. The
output voltage will increase linearly with the magnetic field until a +400 gauss level
or nominal output of 9 volts is reached. The output as a function of distance is nonlin-
ear, but over a small range may be considered linear.

Figure 15.1.16:
Unipolar head-on position sensor.
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Bipolar head-on sensing is shown in Figure 15.1.17. When the magnets are moved to
the extreme left, the sensor is subjected to a strong negative magnetic field by mag-
net #2, forcing the output of the sensor to a nominal 3.0 volts. As magnet #1 moves
toward the sensor, the magnetic field becomes less negative until the fields of magnet
#1 and magnet #2 cancel each other (at the midpoint between the two magnets). The
sensor output will be a nominal 6.0 volts. As magnet #1 continues toward the sensor,
the field will become more and more positive until the sensor output reaches 9.0 volts.
This approach offers high accuracy and good resolution as the full span of the sen-
sor is utilized. The output from this sensor is linear over a range centered on the null
point.

o Figure 15.1.17:
U Bipolar head-on position sensor.
S fl N sl SNPT
MAGNET 1 MAGNET 2 S
;
DISTANCE
MOTION
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Biased head-on sensing, a modified form of bipolar sensing, is shown in Figure
15.1.18. When the moveable magnet is fully retracted, the sensor is subjected to a
negative magnetic field by the fixed bias magnet. As the moveable magnet approaches
the sensor, the fields of the two magnets combine. When the moveable magnet is
close enough to the sensor, it will “see” a strong positive field. This approach features
mechanical simplicity.

Figure 15.1.18: Biased head-
on position sensor.
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Slide-by actuation is shown in Figure 15.1.19. A tightly controlled gap is maintained
between the magnet and the sensor. As the magnet moves back and forth at that fixed
gap, the field seen by the sensor becomes negative as it approaches the north pole, and
positive as it approaches the south pole. This type of position sensor features mechan-
ical simplicity, and when used with a long enough magnet, can detect position over a
long magnet travel. The output characteristic of a bipolar slide-by configuration is the
most linear of all systems illustrated, especially when used with a pole piece at each
pole face. However, tight control must be maintained over both vertical position and
gap to take advantage of this system’s characteristics.

Ol O @ Figure 15.1.19:
= Slide-by position sensor.
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Some descriptive terms:

Motion type refers to the manner in which the system magnet may move. These types
include:

m Continuous motion (motion with no changes in direction),
m Reciprocating motion (motion with direction reversal), and
m Rotational motion (circular motion that is either continuous or reciprocating).

Mechanical complexity refers to the level of difficulty in mounting the magnet(s) and
generating the required motion.
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Symmetry refers to whether or not the magnetic curve can be approached from either
direction without affecting operate distance.

Digital refers to the type of sensor, either unipolar or bipolar, recommended for use
with the particular mode.

Linear refers to whether or not a portion of the gauss versus distance curve (angle
relationship) can be accurately approximated by a straight line.

Precision refers to the sensitivity of a particular magnetic system to changes in the
position of the magnet.

A definite relationship exists between the shape of a magnetic curve and the preci-
sion that can be achieved. Assume the sloping lines in Figure 15.1.20 are portions of
two different magnet curves; 01 and 02 represent the range of actuation levels (unit

to unit) for digital output Hall A B

effect sensors. It is evident \
.. ) G

from this illustration that the A g,}- \ ___________________________

curve with the steep slope (B) 8 Gy} ------ I N\

will give the smaller change S

in operate distance for a given
range of actuation levels.
Thus, the steeper the slope of
a magnetic curve, the greater
the accuracy that can be Ady Adp

achieved DISTANCE
' Figure 15.1.20: Effect of slope
Figure 15.1.21 shows the

output of a digital Hall effect sensor. The sen- v,
sor in this particular example is NPN (current : P

sinking, so the current flows from the load into Lo LOAD J
the sensor, open collector) in the actuated (ON) !

state. Current sinking devices contain NPN ' !
integrated circuit chips. Like a mechanical
switch, the digital sensor allows current to flow
when turned ON, and blocks current flow when
turned OFF. Unlike an ideal switch, a solid-
state sensor has a voltage drop when turned
ON, and a small current (leakage) when turned
OFF. The sensor will only switch low-level DC Figure 15.1.21:

voltage (30 VDC max.) at currents of 20 mA or Typical digital Hall effect NPN output.
less. In some applications, an output interface may be current sinking output.
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Figure 15.1.22 illustrates supply for an NPN (current sinking) sensor. In this circuit
configuration, the load is generally connected between the supply voltage and the out-
put terminal (collector) of the sensor.

. Vs *tVis
When the sensor is actuated, turned 9
ON by a magnetic field, current flows
through the load into the output transis- I N
tor to ground. HALL : .
EFFECT /—K
) . SENSOR
The sensor’s output voltage is mea- —4 Vo
sured between the output terminal

(collector) and ground (-). When the =

sensor is not actuated, current will Figure 15.1.22: The supply voltage (Vs) need not
not flow through the output transistor pe the same as the load supply (V,s); however, a
(except for the small leakage current). single supply is usually convenient.

The output voltage, in this condition,

will be equal to V| (neglecting the leakage current). When the sensor is actuated,

the output voltage will drop to ground potential if the saturation voltage transistor

1s neglected. In terms of the output voltage, an NPN sensor in the OFF condition is
considered to be normally high.

There are several methods for linearizing output for analog magnet sensors. The
output of the sensor as a function of magnetic field is linear, while the output as a
function of distance may be quite nonlinear.

Sensor output can be converted to one that compensates for the non-linearities of
magnetics as a function of distance. One method involves converting the analog
output of the sensor to digital

form. The digital data is fed ENABLE

to a microprocessor, which l

linearizes the output through a UP WITH ROM
ROM look-up table or transfer 8BIT 8 BIT AR AR
function computation tech- LORET CONVERTER PORT NN on
niques (Figure 15.1.23). ROUTINE

A second method involves A ¥
implementing an analog circuit ADDRESS

that has the necessary transfer Figure 15.1.23: Microprocessor linearization.

function to linearize the sen-
sor’s output (Figure 15.1.24).
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Figure 15.1.24: Analog linearization

A third method for linearizing the sensor output can be realized through magnetic
design by altering the geometry and position of the magnets used. These types of
magnetic assemblies are not normally designed using theoretical approaches. In most
instances, it is easier to design magnetics empirically by measuring the magnetic
curve of the particular assembly. By substituting a calibrated Hall element for the
variety of magnetic systems available, the designer can develop systems that perform
a wide variety of sensing functions.

Ultrasonic Position Sensors

Ultrasonic sensors provide precise no-touch presence/absence sensing and distance
sensing or tracking. They are particularly useful where other sensing technologies
have difficulty, such as with clear or shiny target objects, foggy or particle-laden air,
and environments with splashing liquids. Ultrasonic solutions are often used where
larger sensors or longer sensing distances are required.

Factory noise does not affect ultrasonic sensor operation because their operating
frequency is well above the frequency of ambient sound. And because sound is used,
air pressure, humidity, and smoke, dust, vapors and other airborne contaminants have
little effect on accuracy. They provide an alternative to photoelectric or proximity
sensors in applications where target characteristics or environmental factors interfere
with performance, such as:

Material handling,

Packaging,

Paper processing,

Food and beverage,

Chemical,

Plastics industry, Rubber/tire processing, and
Steel processing.
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Ultrasonic sensors work by exciting an acoustic transducer with voltage pulses,
causing the transducer to vibrate ultrasonically. These oscillations are directed at a
target and, by measuring the time for the echo to return to the transducer, the target’s
distance is calculated. Ultrasonic sensors generally provide an accuracy of 1 mm at
distances ranging from 100 mm to 6,000 mm (over 19 feet).

Ultrasonic sensors have no difficulty working with round, moving targets, such as
film, paper, rubber or steel. (See Figure 15.1.25.)

Ultrasonic sensors often are used for fill-level control for both solids and liquids in the
food and beverage, chemical and plastics industries. They can detect the presence of
glass parts and provide a simple but highly effective warning system to prevent dam-
age in warehouses when a forklift or other vehicle is in danger of a collision.

=R X =

© /_\
//E Figure 15.1.25: Two ultrasonic sensors
— — provide roll diameter and tension control
- — by providing outputs directly proportional
i i to distance and roll diameter.

Selecting and Specifying Ultrasonic Sensors

Since ultrasonic sensors operate on an elapsed time measurement system, when the
sensor is adjusted to sense a target at a given distance, a timing window is established.
The sensor accepts or acknowledges only the echoes received within this window.
Signals echoing from background material take longer and will not be acknowledged.

The maximum switching frequency is the rate at which the sensor is capable of turn-
ing on and off. It depends on several variables. The most significant are target size,
target material and distance to the target. The smaller the target, the more difficult it is
to detect. Thus, maximum frequency for a small target will be lower than for a large
target. Materials that absorb high frequency sound (cotton, sponge, etc.) are more
difficult to sense than steel, glass, or plastic. Thus, they also have a lower maximum
switching frequency.

Target-to-sensor distance is very important in determining maximum switching fre-
quency. The sensor sends an ultrasonic beam though the air. It takes a finite time for
the signal to leave the sensor, travel to the target, strike the target, and return to the
sensor as an echo. The farther a target is from the sensor, the longer it takes the sound
to complete this cycle, and the lower the switching frequency.
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Surface finish is also a consideration. If a smooth flat target is inclined more than +3
degrees to the normal of the beam axis, part of the signal is deflected away from the
sensor and the sensing distance is decreased. However, for small targets located close
to the sensor, the deviation from normal may be increased to +8 degrees. If the target
1s inclined more than approximately 12 degrees to the normal of the beam axis, the
entire signal is deflected away from the sensor, and the sensor will not respond. A
beam striking a target with a coarse surface (such as granular material) is diffused and
reflected in all directions and some of the energy returns to the sensor as a weakened
echo. (See Figure 15.1.26.)
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Figure 15.1.26: Maximum inclination for smooth, flat targets.

The velocity of sound in air is temperature dependent. An internal temperature sensor
adapts the clock frequency of the elapsed time counter and carrier frequency to help
compensate for variations in air temperature. However, larger temperature fluctuations
within the beam path can cause dispersion and refraction of the ultrasonic signal,
adversely affecting the measurement accuracy and stability (Figure 15.1.27). If a hot
object must be detected, experiment by positioning the sensor and target on a vertical
plane and aim at the lower (cooler) portion of the target. In this way, it may be pos-
sible to avoid the warm air currents and achieve satisfactory operation.

CORRECT MAY BE PERMISSIBLE

Figure 15.1.27: Sound dispersion due to warm air currents.
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Ultrasonic sensors have a “dead zone” in which they cannot accurately detect the target
(Figure 15.1.28). This is the distance between the sensing face and the minimum
sensing range. If the target is too close, the tone burst’s leading edge can travel to

the target and strike it before the trailing edge has left the transducer. Echo informa-
tion returning to the sensor is ignored because the transducer is still transmitting and
not yet receiving. The echo generated could also reflect off the face of the sensor and
again travel out to the target. These multiple echoes can cause errors when the target
is in the dead zone.

=0

DEAD ZONE

100%
SENSE RANGE

[«

. Guaranteed detection of a 3 x 3 cm target

I:l Possible detection of a 50 x 50 cm target
Figure 15.1.28: Ultrasonic sensors must be mounted outside of the dead zone.
Maximum sensing distance or range for each target and application is determined

experimentally. Figures 15.1.29-31 show sensitivity characteristics and typical sens-
ing distances.
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Figure 15.1.29: Beam coneangle valuesare the
3 dB points (i.e., points at which the
sensor signal is attenuated by at least 3
dB). Outside this cone angle, the ultrasonic
signal exists but is rather weak. Targets may
still be detected. This can be experimentally
determined.
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Figure 15.1.31:

% OF MAXIMUM RANGE :
Target size versus beam spot.

- Guaranteed detection of a 3 x 3 cm target

I:I Possible detection of a 50 x 50 cm target

The ultrasonic sensor emits a sound beam in a beam cone angle that eliminates side
lobes. Target size versus beam spot size is important. Theoretically, the smallest
detectable target is one half the wavelength of the ultrasonic signal. At 215 kHz, the
signal wavelength is 0.063 in. Under ideal conditions, these sensors are capable of
sensing targets as small as 0.032in. Targets usually are larger and are sensed at vari-
ous distances. In order to estimate the area covered by the ultrasonic signal at a given
distance, use the formula: Box — 2 x 1 tan (K/2)

Where:
Box = Beam Cone Diameter at distance
X = Distance, target to sensor
K = Beam Cone Angle

The beam cone angle can be halved using a beam cone concentrator.
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Normal atmospheric air pressure changes have no substantial effect on measurement
accuracy. Ultrasonic sensors are not intended for use in areas with high or low air
pressure changes.

The effect of humidity on measurement is virtually negligible, amounting to only
0.07% for a change of relative humidity of 20%. Absorption of sound increases, how-
ever, with increasing humidity. Thus, the maximum measurement distance is slightly
reduced.

Air turbulence, air currents and layers of different densities cause refraction of the
sound wave. An echo may be produced, and the signal weakened or diverted to the
extent that the echo is not received. Maximum sensing range, measurement accuracy
and measurement stability can deteriorate under these conditions.

Protective measures for the sensor may include a silicone rubber coating when a
device is used in an aggressive acid or alkaline atmosphere. To maintain operating
efficiency, care must be taken to prevent solid or liquid deposits of these potentially
destructive materials from forming on the sensor face.

Interfacing and Design Information for Ultrasonic Sensors

A feature to consider in your design includes an inhibit/sync signal setting. This
disables the transmitter, preventing it from sending out any signals. This signal can
be used to multiplex/synchronize two or more sensors that are mounted close to each
other where acoustic interference is possible. Inhibit multiplexes the sensors so that
only one transmits the ultrasonic signal at a given time. Also, the inhibit signal wires
from all the sensors can be connected together, synchronizing the sensors to transmit
at the same time.

In reflective applications, optional beam deflectors can be used to deflect the beam 90
degrees, helping to reduce the space required for mounting the sensors. Beam con-
centrators reduce the beam diameter approximately one half. This improves accuracy
when measuring liquids, while extending the sensing range as much as 125%. Con-
centrators are also helpful when sensing small parts.

Proximity Sensors

Proximity sensors are low cost, solid-state devices that come in a variety of technolo-
gies, configurations and sensing ranges. They feature fast operation, choice of AC or
DC, inherent long life, and compatibility with industrial controllers.

Inductive proximity sensors detect all metals, ferrous metals only, or non-ferrous met-
als only. Capacitive sensors detect all materials.
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Figure 15.1.32:
Proximity sensors detect bottle caps.
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Figure 15.1.33: FRAME
A proximity sensor acts as a door quard.

SENSITIVE
SURFACE

Capacitive proximity sensors have an oscillating electric field, sensitive to all materi-
als: dielectric materials, such as glass, rubber and oil; and conductive materials, such
as metals, salty fluids and moist wood. Capacitance (C) is a function of the size of the
electrodes (A), the distance between them (d), and the dielectric constant (D) of the
material between the electrodes (air =1.0). See Figure 15.1.34.

DxA

Capacitance = C = Electrode

d \ Area =A
Figure 15.1.35 illustrates a simple capaci-
tive sensor. The top electrode is the face of
the sensor. A seal ring, the target, passes
between it and the ground electrode (a
metal conveyor belt). The sensor hous-
ing insulates the electrode from galvanic
coupling to ground. The rubber seal ring Diclectrc
has a dielectric constant (D) of 4.0. When Field

it enters the electric field, the capacitance  Figyre 15.1.34: The oscillating electric field
increases. The sensor detects the change in  ofg capacitive proximity sensor responds to
capacitance and provides an output signal.  the dialect constant of the target.
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Sensor

Figure 15.1.35: A capacitive proximity
sensor detects a change in capacitance
incurred by the presence of a seal ring
target.
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Figure 15.1.36 illustrates a metal target, or some other conductive material, entering
the electric field. The resulting increase in capacitance is detected and converted to an
output signal.

Sensor

Figure 15.1.36: Presence of the

metal target reduces the effective
Target distance between electrodes (by the
factor t), resulting in an increase in
capacitance.

Unshielded Unshielded
Metal Table

|
Figure 15.1.37: Once the ground electrode provided by the
fluid is in place, the circuit closes and a signal results.
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The level of conductive fluid pouring into a glass bottle is below the sensor (Fig-

ure 15.1.37). With no change in capacitance, there is no output. Once the fluid has
reached the level of the sensor, it provides the ground electrode. This happens even
though the glass of the bottle separates the fluid and the metal table. The three materi-
als form a capacitor. The alternating current provides a path to ground.

Figure 15.1.38 shows an unshielded sensor and a shielded sensor working together.
The shielded sensor locates the glass bottle so it can be filled with liquid. The un-
shielded sensor indicates that the fill level is reached and it can be turned off. Note
that shielded sensors may be flush mounted in any solid material.

& &

Unshielded Unshielded

= [N
Shielded Shielded
- -

Figure 15.1.38: Neither sensor switches as the bottle approaches. Once the
shielded sensor detects the entrance of the glass into its electric field, it switches.
When the fluid reaches the level of the unshielded sensor, it switches.

Without some sort of compensation, any material entering the sensing field can cause
an output signal. This includes water droplets on the sensor face, dirt or dust, and
other contaminants. A compensation electrode in the sensor solves this problem by

creating a compensation field. . . Field
o /7. ~
. - — 0\
(See Figure 15.1.39.) When /
- X . W17y SN 117, SN . :
contaminants lie dlI'CCﬂy on the Contaminants 111117 \1\\\\\\‘\:\\ ””///”” aaw Compensation Field

\ i A
sensor face, both fields are affect-
ed, and the capacitance increases
by the same ratio. The sensor

does not see this as a change in o
capacitance, and an output is not Electrode

produced.

% Ground
Electrode

Compensator
Electrode

Front View

Figure 15.1.39: Shows a shielded sensor
with two sensing fields—its own, and
the compensation field that the electrode
Created.
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The compensation field is very small and does not extend very far from the sensor.
When a target enters the sensing field, the compensation field is unchanged. The
disproportionate change in the sensing field (with respect to the compensation field) is
detected and converted to an output.

Most inductive proximity switches consist of an oscillator, demodulator, level and
switching amplifier as shown in Figure 15.1.40.

Standard target (St37-mild steel) Control signal
~ \
Oscillator  Demodulator Trigger ~ Switching amplifier

Figure 15.1.40: Inductive proximity sensor components.

If a metal object enters the electromagnetic field of the oscillator coil, eddy currents
are induced in this coil, which change the amplitude of oscillation. The demodulator
converts the change in the amplitude to a DC signal, causing the trigger stage to trip
and the semiconductor output stage to switch.

Inductive proximity sensors operate contactors, electromagnetic clutches, valves,
brakes and so forth, without additional interface components. The actuator may be a
machine-tool carriage, a metal work piece, a pneumatic cylinder or a drill bit. In fact,
nearly any piece of metal of almost any shape or material will actuate an inductive
proximity sensor. A broad variety of housings, sensing ranges, basic functions, supply
voltages, installation and wiring possibilities are available to enable optimum selec-
tion for any particular application.

Selecting and Specifying Proximity Sensors

When you choose an inductive proximity sensor for a particular application, there
are several things to consider. The first is the usable sensing distance. The sensing
distance published in most order guides is the nominal distance. Your target material,
size, method of actuation, manufacturing tolerance, and temperature tolerance must
be considered. Each one of these parameters affects the usable sensing distance.

The nominal sensing distance (Sn) is the nominal target-to-sensor distance at which
the sensor will turn on. Actual sensing distance may be affected by several consider-
ations, especially manufacturing and temperature tolerances.

Manufacturing tolerance may result in variations of as much as +10% from unit to
unit. The effective sensing distance (Sr) is the difference between the nominal sensing
distance and the 10% manufacturing tolerance.
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Sr=Sn =+ (.10 x Sn)

Temperature drift tolerances must be also calculated. Over a range of —25 to +70°C,
a sensing distance drift of +10% can be expected. Over —25 to +85°C, the tolerance

increases to +15%.
Su=Sr+(.10x Sr) -25to+70°C
Su=Sr+(15xSr) -25to+85°C

Usable sensing distance (Su) of any sensor can now be estimated. Su is the distance at
which the sensor will always operate. If the target-to-sensor range is greater, the sen-
sor may or may not operate reliably. (See Figure 15.1.41.)

TARGET SENSOR
SENSING
/ FACE
/ b
- [ —;

[ Su(Sr-108n Figure 15.1.41: Nominal sensing
Sr (Sn-.108n) distance (Sn) versus usable sensing
«Sn ] distance (Su).
[«Sr —
(Sn+.10Sn)
|-— Su —
(Sn+.108n)

Once the usable sensing distance is determined, you need to figure in the actual ap-
plication conditions. There are three factors to take into account:

m Target material,
m Target size, and
m Target presentation mode.

The nominal sensing distance given in inductive proximity sensor specifications is
determined with a target made of mild steel (in accordance with EN 60947-5-2).
Whenever a target is a different metal, a correction needs to be made to the usable
sensing distance (Su). The formula is:

New Su=0Id Sux M

M = material correction factor
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The standard target is a square of steel, Imm (.04 in.) thick, with sides equal to sen-
sor diameter. To determine the sensing distances for materials other than standard, a
corresponding correction factor is used. Some common materials and their correction
factors are listed in Table 15.1.1.

Table 15.1.1: Correction factors for non-standard target materials.

Correction Factor:

400 series stainless steel 1.15
Cast iron 1.10
Mild steel (Din 1623) 1.00
Aluminum foil (0, 0.5mm) 0.90
300 series stainless steel 0.70
Brass MS63F38 0.40
Aluminum ALMG3F23 0.35
Copper CCUF30 0.30

Mild steel targets of “standard” sizes are used to establish published sensing dis-
tances. The standard size for each size and style of sensor usually is given in the
manufacturer’s order guides. If your desired target is the same size or larger than the
standard target, no correction factor is necessary. However, a smaller target affects
sensing distance. The surface area of the application target versus the surface area of
the standard target provides the correction factor. (See Table 15.1.2.) The formula is:

New Su=0Ild SuxT

T = target correction factor

Table 15.1.2: Correction factors for non-standard target sizes

Surface Percent of Standard:

Area Sensing Distance

Target Shielded Unshielded
25% 56% 50%

50% 83% 73%

75% 92% 90%

100% 100% 100%

When working with capacitive sensors, the dielectric constant of the target must be
determined. All materials have a dielectric constant. This constant is what increases
the capacitance level of the sensor to a set trigger point. The larger the dielectric con-
stant, the easier a material will be to detect. Materials with high dielectric constants
can be detected at greater distances than those with low constants. This allows mate-
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rials with high dielectric constant to be sensed through the walls of containers made
of a material with a lower constant. An example is the detection of salt (6) through a
glass wall (3.7).

Each application should be tested. The list of dielectric constants in Table 15.1.3 is
provided to help determine the feasibility of the application.

Table 15.1.3: Dielectric constants for different targets.

Material Dielectric
Constant
Acetone 19.5
Acrylic Resin 2.7-4.5
Air 1.000264
Ammonia 15-25
Aniline 6.9
Aqueous Solutions 50-80
Benzene 2.3
Carbon Dioxide 1.000~85
Carban Tetrachloride 2.2
Cement Powder 4
Cereal 3-5
Chlorine Liquid 2.0
Ebonite 2.7-2.9
Epoxy Resin 2.5-6
Ethanol 24
Ethylene Glycol 38.7
FiredAsh 1.5-1.7
Flour 2.5-3.0
Freon R22 & 502 (liquid) 6.11
Gasoline 2.2
Glass 3.7-10
Glycerin 47
Marble 8.5
Melamine Resin 4.7-10.2
Mica 5.7-6.7
Nitrobenzene 96
Nylon 4-5
Paper 1.6-2.6
Paraffin 1.9-2.5
Perspex 3.5
Petroleum 2.0-2.2
Phenol Resin 4-12
Polyacetal 3.6-3.7
Polyester Resin 2.8-8.1
Polypropylene 2.0-2.2
Polyvinyl Chloride Resin 2.8-3.1
Porcelain 5-7
Powdered Milk 3.5-4
Press board 2-5
Rubber 2.5-35
Salt 6
Sand 3-5
Shellac 2.5-4.7
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Shell Lime 1.2
Silicon Varnish 2.8-3.3
Soybean Oil 2.9-35
Styrene Resin 2.3-34
Sugar 3.0
Sulpher 3.4
Tetraflouroethylene Resin 2.0
Toluene 2.3
Turpentine 2.2
Urea Resin 5-8
Vaseline 2.2-29
Water 80
Wood Dry 2-6
Wood Wet 10-30

As shown in Figure 15.1.42, there are two target presentation modes. Published
sensing distances usually are determined by using the head-on mode of actuation.
The target can also approach the sensor in the slide-by mode. However, the slide-by
method reduces actual sensor-to-target distance by 20%.

— HEAD.ON ODE Figure 15.1.42: Targets may
- be presented in head-on or
slide-by mode.

TARGET

TARGET

/

:[ ‘ SLIDE-BY MODE

Inductive proximity switches are available with a choice of switching functions. Nor-
mally open circuitry causes output current to flow when a target is detected; normally
closed circuitry produces zero output current when a target is detected. Changeover
circuitry has two sensing outputs; one conducts when a target is detected while the
other will not.

Applicable Standards for Proximity Sensors

CENELEC (The European Committee for Electrotechnical Standardization), www.
cenelec.org.
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IEC (International Electrotechnical Commission), www.iec.ch/, especially IEC
60947-1 and IFC 60947-5-1, which explain the general rules relating to low-voltage
switch and control gear for industrial use; IEC 529 rates the level of protection pro-
vided by enclosures, using an IP (International Protection) rating system.

Description of protective classes (EN 60529) common to proximity sensors:
m [P 65: Protection against ingress of dust and liquid

m [P 67: Protection against limited immersion in water and dust ingress under
predetermined pressure and time conditions (1 meter of water for 30 minutes
minimum)

m [P 68: Protection against the effects of continuous immersion in water

NEMA (National Electrical Manufacturer’s Association), www.nema.org. NEMA
rates the protection level of enclosures as does IEC 529, but includes tests for envi-
ronmental conditions, such as rust, oil, etc. that are not included in IEC 529.

UL (Underwriters Laboratories), www.ul.com.

Interfacing and Design Information for Proximity Sensors

When applying capacitive sensors, it’s important to note that while shielded capacitive
sensors may be flush-mounted, unshielded sensors require isolation—a material-free
zone around the sensing face. Materials immediately opposite both shielded and un-
shielded sensors must be removed to avoid false actuation. See Figure 15.1.43.

<—r—>|<—e—>|

Figure 15.1.43:
Unshielded proximity sensors
require isolation.

qQp-[— O —P
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Device-to-device isolation is used when two or more sensors are mounted near each
other to prevent cross talk and interference between the devices. Mounting distance
between shielded capacitive proximity sensors (center to center) should be at least the
diameter of the sensing face. Distance between unshielded sensors will vary and be
three to four times the nominal sensing distance.

When shielded or unshielded sensors are facing each other, distance between sensing
faces should be at least eight times the sensing distance. To ensure that both shielded
and unshielded proximity switches function properly, and to eliminate the possibility
of false signals from nearby metal objects, plan for minimum distances as shown in
Figure 15.1.44.

+ AN N

Air gap or insulating material

3sn
— ¢ 20— | I‘#S?Hi’l
1
|

N4 A

2sp

1
|
N-H
|
1

Shielded Unshielded

Sn= Nominal sensing distance

Figure 15.1.44: Minimum distances for proximity sensors.

For unshielded proximity switches mounted opposite to each other or side by side, the
minimum allowable distances in Figure 15.1.45 apply:

*Shielded devices may be mounted at distances >2d

Figure 15.1.45: Minimum mounting
distances for unshielded sensors

The switching hysteresis (Figure 15.1.46) represents the difference between the
switch ON and switch OFF points for axial or radial approach to a target and the sub-
sequent retreat. Usually it will be 3 to 15% of the real sensing distance (Sr).
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Axial approach
h ¥ Swichor Figure 15.1.46:
Lateral approach <:> //// y T Switch on SW/.tChl'ng hysfefeS/S.
7Z2777277%,

<¢— H (Hysteresis)

To measure the maximum switching frequency, two tests (performed in accordance with
EN 60947-5-2) enable the maximum switching frequency

=1/t + 2)

to be determined exactly from the duration of the “switch ON” period (tl) and the
“switch OFF” period (t2). (See Figure 15.1.47.)

Inductive proximity

Fiqure 15.1.47: switeh 1
Measuring maximum switching
frequency. 0 r
2a ——»4_0:5 Sh Standard target 1

f Ly

/ W

switch 2

Standard
target 2

Disc of non-magnetic,
non-conductive
material

Most DC versions employ normally open, normally closed or changeover circuitry
and are available with either NPN or PNP open collector outputs.

m  Operating voltage (VB)
A 5% residual ripple must not cause the operating voltage to fall below the
minimum stated value. Correspondingly, a 10% ripple must not cause the op-
erating voltage to exceed the maximum value quoted.
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m Voltage drop (Vd)
Maximum voltage drop at the proximity switch if the output drops to zero.

m Residual voltage (Vr)
Voltage drop at the load if the sensing output is not conducting.

m  Maximum load current (la)
Under nominal conditions, the output of the proximity switch cannot be driven
by a current greater than this value.

m Residual current (Ir)
If the output is not conducting, Ir is the maximum current flowing through the
load.

m Current consumption without load (lo)
Current consumption of the switch under nominal conditions without load.

m Standby delay (tv)
Period between the application of the operating voltage and the sensor
reaching the “ready” state. It is determined by the transient behavior of the
oscillator.

m Series and parallel circuitry

If required, inductive proximity switches can be connected in series or in parallel. For
series connection, the voltage drops Vd of two or more 3-wire switches (DC) or 2-wire
switches (AC or DC) can be significant. Care should be taken that the output voltage is
large enough to drive the load. With the NPN-version, the 3-wire switches must be con-
nected to a common positive terminal. With the PNP-version, connect the switches to a
common negative terminal. Series connection results in an AND function.

Parallel connection of 2-wire switches (AC) and 3-wire switches (DC) with open col-
lector outputs is possible. The sum of the residual currents must be negligible enough
to prevent the load (the holding current of a relay or magnetic switch) from being acti-
vated. For 3-wire switches with a collector resistor, it is recommended to decouple the
sensing outputs with diodes. An OR function is obtained by connecting the switches
in parallel.

Logic cards can be added to inductive proximity sensors. They receive the proxim-
ity sensor signal, amplify it and modify the output to respond in a particular way (as
determined by time delay, pulse, or other logic). Besides operating output devices, the
logic card output signal can be used as input to another card for customer logic. This
is done most often with a modular control base.
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One-shot (pulsed) logic gives a single fixed pulse in response to a change at the sen-
sor. This is often used as a leading edge detector for moving parts, where the first
indication of presence requires a single operation to take place, but where the contin-
ued presence will not cause recycling to occur.

Maintained (latching) logic might be used to detect parts for manual reject. The out-
put is continuous until the operator resets. After resets, the output will not trigger if
the original target is still in front of the sensor.

ON delay does not trigger immediately with a change at the sensor, but will trig-

ger only if the input signal exceeds a preset time delay. For example, it can provide
jam-up detection on a conveyor for parts feeding at specific intervals. A slow down or
stoppage downstream will cause a slower rate of passage, recognized as overloading
or jam-up, and will cause an output to give warning or shut down the equipment until
the cause is eliminated. A similar type provides an output which stays ON even when
the cause is corrected, until manually reset by the operator.

ON/OFF delay is used especially for jam-up detection on vibration feeders and con-
veyors. The ON delay detects a jam-up, and the OFF delay allows the needed time for
the jam to clear the sensing area.

Zero-speed detection provides shutdown for universal jam-up detection where the
product may end up in front of the sensor for too long an interval, depending on
whether the jam is upstream or downstream. If the interval exceeds a preset time, the
output turns OFF or shuts down the equipment.

Photoelectric Sensors

Photoelectric sensors respond to the presence of all types of objects, be it large or
small, transparent or opaque, shiny or dull, static or in motion. They can sense targets
from distances of a few millimeters up to 100 meters. Photoelectric sensors use an
emitter unit to produce a beam of light that is detected by a receiver. When the beam
is broken, a “presence is detected.

The emitter light source is a modulated, vibration-resistant LED. This beam, which
may be infrared, visible red or green, is switched at high currents for short time
intervals so as to generate a high-energy pulse to provide long scanning distances or
penetration in severe environments. Pulsing also means low power consumption.

The receiver contains a phototransistor that produces a signal when light falls upon
it. A phototransistor is used because it has the best spectral match to the LED, a fast
response, and is temperature stable. By tuning the receiver circuitry to respond to a
narrow band around the LED pulsing frequency, very high ambient light and noise
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rejection can be achieved. Tuning the receiver to respond only to a specific phase of
the pulsed beam can further enhance this effect.

The availability of various fiber optic cables with sensing elements permits photoelec-
tric sensors to be used in many applications where space is limited or where there is a
hazardous environment. These sensors also are capable of sensing objects traveling at
high speeds with the option of detection at up to 8 kHz if necessary.

Selecting and Specifying Photoelectric Sensors
There are different scanning techniques available for photoelectric controls.

=
»
|
-
<

Figure 15.1.48: Retroreflective scanning.

Retroreflective scanning uses an emitter and receiver housed in the same unit with the
beam reaching the receiver via a reflector (Figure 15.1.48). Advantages are single side
mounting, easy alignment and the ability to mount a reflector in spaces too small for
a receiver unit. Reflectors are either acrylic discs or panels, or reflective tape cut to

a convenient size. The larger the reflector, the more light reaches the receiver, giving
longer scanning distances.

Figure 15.1.49: Polarized scanning.

Polarized scanning involves all the features of retroreflective scanning with the ad-
dition of a polarized lens (Figure 15.1.49). When the light wave hits the prismatic
reflector, it is turned 90 degrees and, on return, allowed to pass through the receiving
lens. This prevents false reflections when detecting shiny surfaces.

To reliably activate retroreflective and polarized scanning techniques, approximately
80 percent of the effective beam needs to be blocked. (See Figure 15.1.50.) The diam-
eter of the effective beam is the same as the reflector on one end and the lens of the
photoelectric.
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DIAMETER

BEAM

RETRO-
REFLECTIVE
TARGET

EFFECTIVE BEAM

Figure 15.1.50: Effective beam for retro
=4
reflective and polarized scanning.

Figure 15.1.51: A polarized retro reflective
photoelectric detects highly reflective objects.

Using polarized retroreflective photoelectrics, highly reflective objects (Figure
15.1.51) are detected for conveyor control. Polarized controls respond only to cor-
ner-cubed reflectors and ignore light reflected from the target, ensuring that the target
always blocks the beam.

In automated assembly, the proper orientation of parts can be controlled by memo-
rizing the reflectivity difference of the target sides. With the microprocessor-based
photoelectric in Figure 15.1.52, this is achieved by simply pushing an auto-tuning

button.

With a through-scan technique (Figure 15.1.53), the emitter and receiver are separate
and positioned opposite one another, so that the light from the emitter shines directly
on the receiver. This scanning mode gives maximum reliability (little chance of false
reflections to the receiver), high penetration in contaminated environments, and long
scanning distances. When installing adjacent through-scan systems, the emitter of one
should be positioned next to the receiver of the next, to avoid one system detecting
light from the other.

360



Position and Motion Sensors

Figure 15.1.52: A microprocessor-
based photoelectric memorizes
reflectivity differences on target.

Y

Figure 15.1.53: Through scanning.

Figure 15.1.54: Long distance, harsh duty photoelectrics withstand
outdoor environments to solve such applications as traffic control at
toll ways and automatic security gates.
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To reliably activate through scanning, approximately 80 percent of the effective beam
needs to be blocked. The diameter of the effective beam is the same size as the emitter
and receiver lenses as shown in Figure 15.1.55.

4 S
EMITTER RECEIVER

Figure 15.1.55: Effective beam for through scanning.

In diffuse scanning, the emitter and receiver share the same housing, and the emitted
beam is reflected to the receiver directly from the target (Figure 15.1.56). This mode
is used in cases where it is impractical to use a reflector, due to space considerations
or when detection of a specific target is required. Because the reflected light is diffuse,
a cleaner environment is necessary and scanning distances are shorter. The maximum
scan distance of a diffuse-scan sensor is rated to a 10 x 10 cm white card. If the actual
target is less reflective than a white card, the scan distance will be reduced. If the tar-
get is more reflective, the distance will be increased.

—_—

i

Diffuse with background suppression is a special variety of diffuse scan. Using dual
receivers and adjustable optics, targets can be reliably detected while backgrounds
directly behind the targets are ignored (Figure 15.1.58). They can be very useful when
dark-colored objects are placed in front of highly reflective backgrounds (stainless
steel, white conveyors, etc.).

\/

A

Figure 15.1.56: Diffuse scanning.
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Figure 15.1.57: Polarized and diffuse photoelectrics with time delays are
used to detect both the presence and the height of the target to control
wrapping on this palletizing and wrapping machine.
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Figure 15.1.58: Diffuse scanning with background suppression.

A convergent beam is another special variety of diffuse scan. Special lenses converge
the beams to a fixed focal point in front of the control (Figure 15.1.59). Convergent
beams are useful for product positioning and ignoring background reflections. Con-
vergent beams using visible red or green light produce a concentrated, small light
spot on the target that can be used to detect color marks. Targets are detected within
the “sensing window” of convergent beam controls. This window will increase with
targets of higher reflectivity and decrease with targets of lower reflectivity.
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Figure 15.1.59:
= Convergent beam scanning
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Figure 15.1.60: A visible red and
green convergent beam photoelectric
provides a small beam spot that enables
accurate detection of color marks used in
packaging.

IW

—

I

L 5 2 1

Figure 15.1.61: Fiber optic photoelectrics.
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Fiber optic photoelectric sensors use either through scan or diffuse scan fiber optic
cables (Figure 15.1.61). These cables allow sensing in very space-restricted areas
and provide detection of very small targets. Cables are available with either plastic

or glass fibers that the user can cut to length. Glass and stainless steel cables provide
rugged protection and high-temperature capability. Many different cable end tips help
solve many different applications.

e

Figure 15.1.62: A photoelectric sensor
uses a small diameter diffuse scan fiber
optic cable to detect electronic component
lead wires.

The specified scanning distance for a photoelectric sensor is the guaranteed minimum
operating distance in a clean environment. For retroreflective units, this distance is
that obtained using a reflector of 100 percent efficiency. For diffuse units, this dis-
tance is that obtained using white Kodak paper with specified dimensions, usually

10 x 10 cm. Use of other materials affects the diffuse scanning distance as follows:

m Kodak white paper, 100%
m  Aluminum, 120-150%
m  Brown Kraft paper, 60-70%

Response time is the time between optical change of the system and the output chang-
ing to ON or OFF.

Frequency of operation is measured in cycles per second (Hz) and is calculated by:
Frequency of Operation = 1

(Response time ON + Response time OFF)
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Interfacing and Design Information for Photoelectric Sensors

Photoelectric sensors have light and dark operation (LO/DO) modes. In LO, the out-
put is ON when light is incident on the receiver and OFF when there is no light at the
receiver; in DO, the output is ON when there is no light incident on the receiver and
OFF when there is light at the receiver.

Today, many photoelectric sensors have self-diagnostic LED indicators and outputs.
Most are equipped with LED indicators that provide early warning of malfunctions

due to misalignment or contaminants on the lens surface, Generally, the LEDs indi-
cate a stable light or unstable light condition (see Figure 15.1.63).

OPERATION STABLE LIGHT

LEVEL
15 fmmmm o

UNSTABLE LIGHT

1

LED'S

OFF RED | GREEN

SELF-
DIAGNOSTIC

OUTPUT
ON |

OUTPUT
(LO MODE)

ON

Figure 15.1.63: LEDs indicate stable and unstable light conditions.

Stable light: The Green LED illuminates to show that the photoelectric is receiving at
least 1.5 times the minimum operating light level of the sensor (normal operation).

Unstable light: The Green LED changes to Red (or turns OFF) to show that the pho-
toelectric is receiving an amount of light less than 50% extra but still greater than the
minimum operating point. The sensor is still operating but marginally.
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Certain photoelectric sensors also are equipped with an additional wire that provides
a remote self-diagnostic output. This output activates when the sensor is operating in
the unstable light condition. This signal can be connected to a PLC or directly to an
alarm circuit to inform an user at a remote location about an unstable sensor. Adjust-
ment to the sensor (cleaning the lens, realignment, etc.) can then be made to prevent
downtime.

Some newer photoelectrics have LED indicators that provide information on the both
the “dark™ conditions as well as the “light” conditions. On these sensors, the Green
LED indicates whether the sensor is operating in a stable dark or unstable dark condi-
tion in addition to stable and unstable light (Figure 15.1.64).

Stable dark: The Green LED illuminates to show that the emitted light beam is fully
blocked from the receiving element of the photoelectric (normal operation).

Unstable dark: The Green LED turns OFF to show that some light is still reaching
the photoelectric receiver. It is not a level high enough to operate the sensor, but it is
a marginal condition. If the marginal condition continues for one full cycle of opera-
tion, the Green LED will flicker and activate a remote self diagnostic output.

TABLE LIGHT
OPERATION s G

LEVEL 1.5
UNSTABLE LIGHT

UNSTABLE DARK
STABLE DARK

LED'S

RED ON

GREEN ON OFF ON

OUTPUT
(LO MODE) ON

Figure 15.1.64: LEDs also can indicate stable or unstable darkness.
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Latest and Future Developments

Position sensors indicate the precise location of an object, a defined target or even

a human being to control a surrounding process or improve its effectiveness. New
electronic parts have improved the overall characteristics of sensors, and more func-
tionality is being added at the sensor level. Diagnostic functions and easy-to-use
calibration features are improving control systems and reducing installation time.

Communication modes are increasingly important in determining the right sensing
technology for an application, and the ability of manufacturers to offer a combination
of technologies is a major advantage. The focus is and will be on the application and
how to best solve it. Sensing technology is the enabler and, therefore, the emphasis
should not be on the technology itself but on the most effective way to meet the needs
of the application.

The demand for communications, especially the ability to receive real-time data from
remote locations to improve process control, continues to grow. Wireless technology
is a “hot” topic as it significantly improves the flow of real-time data. It is quite pos-
sible that in the near future, sensors will not only be able to communicate to remote
control areas, but also start communicating amongst themselves. Some local control
loops will also be available to optimize processes and ensure that quality and safety
standards are being met at all times.
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15.2 String Potentiometer and String Encoder Engineering Guide
Tom Anderson, SpaceAge Control, Inc.

This section reviews the advantages and disadvantages of string potentiometers and
string encoders, hereafter referred to as CPTs (cable position transducers). Other
names often used to refer to these transducers are:

cable actuated position sensor
cable extension transducer
cable position transducer
cable sensor
cable-actuated sensor
CET

CPT

stringpot

string potentiometer

draw wire encoder

draw wire transducer

wire rope transducer

wire sensor

wire-actuated transducer
YO yo pot

yo yo potentiometer

These names all refer to devices that measure displacement via a flexible displacement
cable that extracts from and retracts to a spring-loaded drum. This drum is attached to
arotary sensor (see Figure 15.2.1). By understanding the strengths and weaknesses
of CPT technology, designers, engineers,

and technicians can specify and design the Precision Sensor

best displacement measurement solution

for their application.

Technology Review

. . Threaded Drum
CPTs were first developed in the mid-

Power Spring
1960s in concert with the growth of the
aerospace and aircraft industries. The first
applications involved the monitoring of Displacement Cable
aircraft flight control mechanisms during
flight testing. Figure 15.2.1: How CPTs work.
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While the technology is proven and mature, it is certainly not dated. A broad range
of high-performance and cost-conscious applications use CPTs as the basis for key
control and monitoring operations. Recent examples include:

Delta IV missile thrust vectoring system

Military fighter level sensor

Diesel engine fuel index measurement

International Space Station environmental control systems
commercial and military aircraft flight data recorder input sensors
excavator hydraulic cylinder control

medical table actuation feedback system

V-22 flight control surface monitoring

Global Hawk UAV landing gear stroke measurement
logistics sorting and positioning equipment

earth borer positioner

Advantages of CPTs
CPTs have numerous advantages over other types of position sensors:

Multi-axis Capability. As Figure 15.2.2 below shows, CPTs can be used to track
linear, rotary, 2-dimensional, and 3-dimensional displacements. This capability makes
CPTs ideal in test engineering as well as in OEM applications where size and mount-
ing restrictions eliminate other choices.

Figure 15.2.2: Linear, angular, rotary, 2D, and 3D
displacements can be monitored with CPTs.
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Flexible Mounting. The flexible displacement cable inherent in CPT technology al-
lows for flexible mounting. The cable can be attached to the application in a number
of ways as shown in Figure 15.2.3. Other methods include magnets and eyebolts or
other threaded fasteners.

Figure 15.2.3: A few displacement cable terminations.

The cable can also be routed around barriers using pulleys (see Figure 15.2.4) and
flexible conduits.

Figure 15.2.4: Pulleys and idlers allow displacement
cable to be routed to the application.

Finally, innovative transducer mounting bases and cable exit options (see Figures

15.2.5 and 15.2.6) give additional mounting flexibility, eliminating the expense as-
sociated with special fixturing and adapters.

Figure 15.2.5: A few mounting base options.
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Figure 15.2.6: Cable exit choices provide ease of installation and application flexibility.

Fast Installation. The flexible mounting features combined with the broad tolerance
for displacement cable misalignment provide for fast installation, often in less than
2 minutes (see Figure 15.2.7). This reduces installation costs and can be particularly
valuable in test and research and development

applications.

Figure 15.2.7: Installation is fast.

Small Size. CPT technology gives the user a small size relative to measurement
range. The world’s smallest CPT measures a 1.5 inches (38.1 mm) displacement with
a size of only 0.75 inch square by 0.38 inch (19 mm x 19 mm x 10 mm) as shown

in Figure 15.2.8. As the measurement range increases, the CPT’s relative small size
advantage becomes more obvious as shown in Figure 15.2.9.

Figure 15.2.8: World'’s smallest CPT:
The Series 150.
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42 inches (1.07 m)

22 inches (0.56 m)

22 inches (0.56 m)
2 inches (0.5 m)

Figure 15.2.9: Size comparison of CPTs to rod-and-cylinder
devices such as LVDTs and linear potentiometers.

Lightweight. CPTs measure displacement with a reliable, low mass stainless steel or
high-strength fabric-based cable. This feature along with generally anodized alu-
minum components results in a product that has a low-weight-to-range ratio. This
benefit can be important in space, missile, aircraft, racing, robotic, and biomedical
applications. Low mass can also increase survivability in high shock and vibration
environments encountered in industrial machinery and equipment applicatoins. Table
15.2.1 shows a comparison of weight to range for various displacement measurement
Sensors.

Table 15.2.1: CPTs have a weight-to-range advantage
over other sensor types (mass shown in oz (g)).

Range (in (mm)) CPT LVDT Linear encoder Magnetostrictive
2 (51) 1(28) 13 (369) 20 (567) 15 (425)
10 (254) 2 (57) 41 (1162) 25 (709) 29 (822)
40 (1016) 8 (227) 67 (1900) 44 (1247) 51 (1446)

Rugged. Properly designed and manufactured CPTs have performed reliably for over
35 years in harsh industrial, aerospace, testing, and outdoor environments. The design
of CPTs can be mechanically and electrically simple, resulting in high reliability, low
maintenance, and years of service. CPT environmental testing has demonstrated the
effective operation of CPTs in environments containing high shock, vibration, humid-
ity, corrosion, moisture, and other parameters.
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Variety of Electrical Outputs. What does your controller or data acquisition device
require? 4-20 mA? 0 to 5 VDC? 0 to 10 VDC? £5 VDC? £10 VDC? Strain gage com-
patible? Quadrature? RS-232? LVDT or RVDT type signals? Synchro or resolver type
signals? Because CPTs can incorporate a broad range of rotary sensors and related
signal conditioning, the electrical output of your choice is typically available.

Electrical Output by Type (%)

Digital 9

RS-232 3

4-20 mA 17

0to 10 VDC

0to5VDC 14

+10 VDC

+5VDC

Voltage Divider 33

|
T
10 15 20 25 30 35
Percent

|
f
0 5

Figure 15.2.10: Typical electrical output by frequency of use.

Low Power, Simple Signal Conditioning. CPTs, particularly analog potentiometer
types, generally have low power and simple signal conditioning requirements. 5 VDC
power or less is suitable and no special signal conditioning is required for the major-
ity of applications. The CPT signal input and output requirements can reduce total
system cost, allow for fast setup, and allows for relatively inexperienced personnel to
work with the devices.

Unobtrusive. The small size and low mass of CPTs give them a small profile. This
provides for aesthetically pleasing designs. Additionally, this unobtrusiveness reduces
the possibility for unwanted application interaction (accidental interference) with the
transducer. Finally, the displacement cable can be designed to “break away” in appli-
cations where it is paramount that sensor failure does not interfere with the measured
object. This can be quite important in flight control applications where flight safety
can be affected if a failure of sensor’s actuation mechanism makes it impossible for
the aircraft to be properly controlled.
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Broad Operating Temperature. Analog-output CPTs can operate in temperate
ranges from —65°C to +125°C while digital-output CPTs can range from —40°C to
+85°C or —20°C to +100°C. This broad operating range reduces operating and instal-
lation issues and makes the products well-suited for outdoor, aerospace, and industrial
control applications. Broader operating ranges can be attained with the use of custom
Sensors.

Accuracy. Using non-backlash connections and threaded drums, analog-output
CPTs can offer linearity-compensated accuracy exceeding +0.025% of full scale. As
an example, a 10-inch (254-mm) range analog-output CPT can give an accuracy of
+0.0025 inch (+0.0635 mm).

Broad Measurement Range. CPTs measurement ranges are broad: 1.5 inches to over
2000 inches (38 mm to over 50 m). For some long-range measurement challenges, the
CPT is the only feasible solution.

Cost Effective. CPTs are generally cost-effective devices, especially when consider-
ing lifetime costs. Flexible mounting, fast installation, high reliability, and minimal
signal conditioning requirements reduce costs relative to many alternatives. The
CPT’s cost effectiveness increases at longer ranges because the displacement cable is
the primary cost adder to the design in going from shorter ranges to longer ranges.

Other Design Factors

There is no perfect sensing technology. CPTs are no exception. Even Superman has
his Kryptonite. When considering a CPT for an application, keep the following items
in mind:

Frequency Response. CPTs are used extensively in vehicle impact testing where
accelerations exceed 50 g’s. CPTs have been used in other applications where accel-
erations approach 100 g’s. However, applications involving extreme acceleration can
exceed the frequency response capabilities of CPTs. Examples where CPT frequency
response can be an issue include applications that require cable accelerations in ex-
cess of 100 g’s and environments using analog-output CPTs with very high frequency,
low displacement motion that tends to cause dithering wear of the potentiometric
element. During extreme high accelerations, it is possible the cable reel’s inertia and
the power spring’s insufficient torque will cause the reel to rotate to a point where the
displacement cable goes slack.
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Lifetime. CPTs with optical encoder or conductive plastic sensing technologies can
operate in excess of 100 million shaft revolutions. However, longer range analog-
output CPTs require multi-turn potentiometers with lifetimes of less than 10 million
shaft revolutions. While long-displacement, high-cycle applications are not common,
you should do a thorough cost and reliability analysis before specifying a CPT for this
type of use.

Cable Tension on Application. Non-contact sensing devices such as ultrasonic, Hall
effect, or laser do not mechanically affect the application. The CPT’s cable tension
imparts a load on the application. While this load can be minimized to as little as 1 oz.
(0.278 N), it cannot be eliminated. Hence, for applications sensitive to external loads,
other technologies should be considered.

Cable Interference. The CPT’s small, lightweight displacement cable is one of its
key advantages. In some applications, it can be a disadvantage. For example, inad-
vertent damage can occur if technicians and operators do not know of the cable’s
presence. While signage and protective tubing or other devices can be installed, dam-
age can still occur from unplanned events.

Accuracy. CPTs that use no-backlash mechanical connections and threaded drums
deliver excellent accuracy. Nevertheless, this is sometimes insufficient for some appli-
cations. For those situations, you should consider using LVDTs, laser-based devices,
or other higher-accuracy technologies.

Accuracy is a broadly-used yet not always fully defined word. When you are deter-
mining what “accuracy” you require for your application, ensure you really need the
accuracy you are specifying. See if your application does not require raw accuracy but
rather good linearity, resolution, repeatability, or hysteresis.

Catenary Curve Error Effects. A catenary curve describes the shape the displace-
ment cable takes when subjected to a uniform force such as gravity. Because the mass
of the cable per unit length is so small and the cable tension is relatively high, cable
sag does not produce any significant error unless the cable length is exceptionally
long (over 60 feet (18 meters)). The cable sag error is minor compared to other error
sources (generally less than + 0.0025%). Nevertheless, some applications, (typically
involving high angular rotation or long measurements), produce sufficient forces to
cause significant cable sag error. To calculate the catenary curve error effect for your
application, visit http://spaceagecontrol.com/calccabl.htm.
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Conclusion

Cable position transducers can be flexible, robust, cost-effective displacement mea-
surement devices for a broad range of applications. At the same time, these products
have limitations that may result in other technologies being more appropriate for
specific applications.

Reference Materials

These documents provide additional information on the selection and use of CPTs:

m Application Note for Aircraft/Aerospace (SO04A)
http://spaceagecontrol.com/s004a.pdf

m  Application Note for Ground Vehicles/Transportation (SO05A)
http://spaceagecontrol.com/s005a.pdf

m Selecting Position Transducers
http://spaceagecontrol.com/selpt.htm

m Sensor and Transducer Total Cost of Ownership (S054A)
http://spaceagecontrol.com/s054a.htm
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15.3 Linear and Rotary Position and Motion Sensors

Analog Devices Technical Staff
Walt Kester, Editor

Modern linear and digital integrated circuit technology is used throughout the field
of position and motion sensing. Fully integrated solutions which combine linear and
digital functions have resulted in cost effective solutions to problems which in the
past have been solved using expensive electro-mechanical techniques. These systems
are used in many applications including robotics, computer-aided manufacturing, fac-
tory automation, avionics, and automotive.

This chapter is an overview of linear and rotary position sensors and their associated
conditioning circuits. An interesting application of mixed-signal IC integration is
illustrated in the field of AC motor control. A discussion of micromachined acceler-
ometers ends the chapter.

Linear Position: Linear Variable Differential Transformers (LVDT)
Hall Effect Sensors

Proximity Detectors

Linear Output (Magnetic Field Strength)

Rotational Position:

Rotary Variable Differential Transformers (RVDT)

Optical Rotational Encoders

Synchros and Resolvers

Inductosyns (Linear and Rotational Position)

Motor Control Applications

Acceleration and Tilt: Accelerometer

Figure 15.3.1: Position and motion sensors.

Linear Variable Differential Transformers (LVDTS)

The linear variable differential transformer (LVDT) is an accurate and reliable method
for measuring linear distance. LVDTs find uses in modern machine-tool, robotics,
avionics, and computerized manufacturing. By the end of World War II, the LVDT
had gained acceptance as a sensor element in the process control industry largely as

a result of its use in aircraft, torpedo, and weapons systems. The publication of The
Linear Variable Differential Transformer by Herman Schaevitz in 1946 (Proceedings
of the SASE, Volume IV, No. 2) made the user community at large aware of the ap-
plications and features of the LVDT.

Excerpted from Practical Design Techniques for Sensor Signal Conditioning, Analog Devices, Inc., www.analog.com.
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The LVDT (see Figure 15.3.2) is a position-to-electrical sensor whose output is pro-
portional to the position of a movable magnetic core. The core moves linearly inside a
transformer consisting of a center primary coil and two outer secondary coils wound
on a cylindrical form. The primary winding is excited with an AC voltage source
(typically several kHz), inducing secondary voltages which vary with the position of
the magnetic core within the assembly. The core is usually threaded in order to fa-
cilitate attachment to a nonferromagnetic rod which in turn in attached to the object
whose movement or displacement is being measured.

The secondary windings are wound out of phase with each other, and when the core
is centered the voltages in the two secondary windings oppose each other, and the net
output voltage is zero. When the core is moved off center, the voltage in the secondary
toward which the core is moved increases, while the opposite voltage decreases. The
result is a differential voltage output which varies linearly with the core’s position.
Linearity is excellent over the design range of movement, typically 0.5% or better.
The LVDT offers good accuracy, linearity, sensitivity, infinite resolution, as well as
frictionless operation and ruggedness.

THREADED
CORE A
Vour=Va= Vs
AC

SOURCE Vs

1.75"
Vour Vour

SCHAEVITZ
E100 - POSITION + _ POSITION +

Figure 15.3.2: Linear variable differential transformer (LVDT).

A wide variety of measurement ranges are available in different LVDTs, typically
from £100 um to £25 cm. Typical excitation voltages range from 1 V to 24 V rms,
with frequencies from 50 Hz to 20 kHz. Key specifications for the Schaevitz E100
LVDT are given in Figure 15.3.3.
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Nominal Linear Range: +0.1 inches (+ 2.54 mm)

Input Voltage: 3V rms

Operating Frequency: 50 Hz to 10 kHz (2.5 kHz nominal)
Linearity: 0.5% Fullscale

Sensitivity: 2.4 mV Output / 0.001 inches / Volt Excitation
Primary Impedance: 6602

Secondary Impedance: 960Q2
Figure 15.3.3: Schaevitz E100 LVDT specifications.

Note that a true null does not occur when the core is in center position because of
mismatches between the two secondary windings and leakage inductance. Also, sim-
ply measuring the output voltage Vq; will not tell on which side of the null position
the core resides.

A signal conditioning circuit which removes these difficulties is shown in Figure
15.3.4 where the absolute values of the two output voltages are subtracted. Using

this technique, both positive and negative variations about the center position can be
measured. While a diode/capacitor-type rectifier could be used as the absolute value
circuit, the precision rectifier shown in Figure 15.3.5 is more accurate and linear. The
input is applied to a V/I converter which in turn drives an analog multiplier. The sign
of the differential input is detected by the comparator whose output switches the sign
of the V/I output via the analog multiplier. The final output is a precision replica of
the absolute value of the input. These circuits are well understood by IC designers and
are easy to implement on modern bipolar processes.

The industry-standard AD598 LVDT signal conditioner shown in Figure 15.3.6 (sim-
plified form) performs all required LVDT signal processing. The on-chip excitation
frequency oscillator can be set from 20 Hz to 20 kHz with a single external capacitor.
Two absolute value circuits followed by two filters are used to detect the amplitude
of the A and B channel inputs. Analog circuits are then used to generate the ratiomet-
ric function [A-B]/[A+B]. Note that this function is independent of the amplitude of
the primary winding excitation voltage, assuming the sum of the LVDT output volt-
age amplitudes remains constant over the operating range. This is usually the case
for most LVDTs, but the user should always check with the manufacturer if it is not
specified on the LVDT data sheet. Note also that this approach requires the use of a
S-wire LVDT.
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+ ABSOLUTE

VALUE FILTER

+ Vour
AC -
SOURCE
ABSOLUTE  ri1eR
- VALUE
LvDT
+ VOUT
- POSITION +

Figure 15.3.4: Improved LVDT output signal processing.

gm STAGE

MULTIPLIER

OUTPUT

COMPARATOR

Figure 15.3.5: Precision absolute value circuit (full-wave rectifier).

Figure 15.3.6: AD598 LVDT signal conditioner (simplified).
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A single external resistor sets the AD598 excitation voltage from approximately 1 V
rms to 24 V rms. Drive capability is 30 mA rms. The AD598 can drive an LVDT at
the end of 300 feet of cable, since the circuit is not affected by phase shifts or abso-
lute signal magnitudes. The position output range of Vr is £11 V for a 6 mA load
and it can drive up to 1000 feet of cable. The V, and Vy inputs can be as low as 100
mV rms.

The AD698 LVDT signal conditioner (see Figure 15.3.7) has similar specifications as
the AD598 but processes the signals slightly differently. Note that the AD698 oper-
ates from a 4-wire LVDT and uses synchronous demodulation. The A and B signal
processors each consist of an absolute value function and a filter. The A output is then
divided by the B output to produce a final output which is ratiometric and indepen-
dent of the excitation voltage amplitude. Note that the sum of the LVDT secondary
voltages does not have to remain constant in the AD698.

The AD698 can also be used with a half-bridge (similar to an auto-transformer)
LVDT as shown in Figure 15.3.8. In this arrangement, the entire secondary voltage is
applied to the B processor, while the center-tap voltage is applied to the A processor.
The half-bridge LVDT does not produce a null voltage, and the A/B ratio represents
the range-of-travel of the core.

It should be noted that the LVDT concept can be implemented in rotary form, in
which case the device is called a rotary variable differential transformer (RVDT). The
shaft is equivalent to the core in an LVDT, and the transformer windings are wound
on the stationary part of the assembly. However, the RVDT is linear over a relatively
narrow range of rotation and is not capable of measuring a full 360° rotation. Al-

Figure 15.3.7: AD698 LVDT signal conditioner (simplified).
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Figure 15.3.8: Half-bridge LVDT configuration.

though capable of continuous rotation, typical RVDTs are linear over a range of about
+40° about the null position (0°). Typical sensitivity is 2-3 mV per volt per degree of
rotation, with input voltages in the range of 3 V rms at frequencies between 400 Hz
and 20 kHz. The 0° position is marked on the shaft and the body.

Hall Effect Magnetic Sensors

If a current flows in a conductor (or semiconductor) and there is a magnetic field
present which is perpendicular to the current flow, then the combination of current
and magnetic field will generate a voltage perpendicular to both (see Figure 15.3.9).
This phenomenon, called the Hall Effect, was discovered by E. H. Hall in 1879. The
voltage, Vy, is known as the Hall Voltage.
V, is a function of the current density, the
magnetic field, and the charge density and
carrier mobility of the conductor.

As discussed earlier in this chapter and
elsewhere in this handbook, he Hall effect

may be used to measure magnetic fields l \\
(and hence in contact-free current measure- -
ment), but its commonest application is in Figure 15.3.9: Hall effect sensors.

motion sensors where a fixed Hall sensor

and a small magnet attached to a moving part can replace a cam and contacts with a
great improvement in reliability. (Cams wear and contacts arc or become fouled, but
magnets and Hall sensors are contact free and do neither.)
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Since V, is proportional to magnetic field and not to rate of change of magnetic field
like an inductive sensor, the Hall effect provides a more reliable low-speed sensor
than an inductive pickup.

Although several materials can be used for Hall effect sensors, silicon has the advan-
tage that signal conditioning circuits can be integrated on the same chip as the sensor.
CMOS processes are common for this application. A simple rotational speed detector
can be made with a Hall sensor, a gain stage, and a comparator as shown in Figure
15.3.10. The circuit is designed to detect rotation speed as in automotive applications.
It responds to small changes in field, and the comparator has built-in hysteresis to pre-
vent oscillation. Several companies manufacture such Hall switches, and their usage

is widespread.
/—‘-'q\ ¢

- il
\ “

Figure 15.3.10: Hall effect sensor used as a rotation sensor.

There are many other applications, particularly in automotive throttle, pedal, suspen-
sion, and valve position sensing, where a linear representation of the magnetic field is
desired. The AD22151 is a linear magnetic field sensor whose output voltage is pro-
portional to a magnetic field applied perpendicularly to the package top surface (see
Figure 15.3.11). The AD22151 combines integrated bulk Hall cell technology and
conditioning circuitry to minimize temperature related drifts associated with silicon
Hall cell characteristics.

The architecture maximizes the advantages of a monolithic implementation while al-
lowing sufficient versatility to meet varied application requirements with a minimum
number of external components. Principal features include dynamic offset drift can-
cellation using a chopper-type op amp and a built-in temperature sensor. Designed for
single +5 V supply operation, low offset and gain drift allows operation over a —40°C
to +150°C range. Temperature compensation (set externally with a resistor R1) can
accommodate a number of magnetic materials commonly utilized in position sensors.
Output voltage range and gain can be easily set with external resistors. Typical gain
range is usually set from 2 mV/Gauss to 6 mV/Gauss. Output voltage can be adjusted
from fully bipolar (reversible) field operation to fully unipolar field sensing. The
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voltage output achieves near rail-to-rail dynamic range (+0.5 V to +4.5 V), capable
of supplying 1 mA into large capacitive loads. The output signal is ratiometric to the
positive supply rail in all configurations.

Vee! 2

R1 TEMP
REF

AD22161

L3

Vour= | 1 *%] EAm\ZI //Gauss  NONLINEARITY =0.1% FS

CHOPPER AMP

AMP

Figure 15.3.11: AD22151 Linear output magnetic field sensor.

Optical Encoders

Among the most popular position measuring sensors, optical encoders find use in
relatively low reliability and low resolution applications. An incremental optical
encoder (left-hand diagram in Figure 15.3.12) is a disc divided into sectors that are al-
ternately transparent and opaque. A light source is positioned on one side of the disc,
and a light sensor on the other side. As the disc rotates, the output from the detector
switches alternately on and off, depending on whether the sector appearing between
the light source and the detector is transparent or opaque. Thus, the encoder produces
a stream of square wave pulses which, when counted, indicates the angular position
of the shaft. Available encoder resolutions (the number of opaque and transparent
sectors per disc) range from 100 to 65,000, with absolute accuracies approaching 30
arc-seconds (1/43,200 per rotation). Most incremental encoders feature a second light
source and sensor at an angle to the main source and sensor, to indicate the direction
of rotation. Many encoders also have a third light source and detector to sense a once-
per-revolution marker. Without some form of revolution marker, absolute angles are
difficult to determine. A potentially serious disadvantage is that incremental encoders
require external counters to determine absolute angles within a given rotation. If the
power is momentarily shut off, or if the encoder misses a pulse due to noise or a dirty
disc, the resulting angular information will be in error.
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INCREMENTAL
ABSOLUTE
LIGHT
LIGHT
SOURCES SOURCES
DISC DISC
SHAFT SENSORS SHAFT SENSORS
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ELECTRONICS ELECTRONICS

5 BITS 5BITS

Figure 15.3.12: Incremental and absolute optical encoders.

The absolute optical encoder (right-hand diagram in Figure 15.3.12) overcomes these
disadvantages but is more expensive. An absolute optical encoder’s disc is divided up
into N sectors (N = 5 for example shown), and each sector is further divided radially
along its length into opaque and transparent sections, forming a unique N-bit digi-

tal word with a maximum count of 2N — 1. The digital word formed radially by each
sector increments in value from one sector to the next, usually employing Gray code.
Binary coding could be used, but can produce large errors if a single bit is incorrectly
interpreted by the sensors. Gray code overcomes this defect: the maximum error pro-
duced by an error in any single bit of the Gray code is only 1 LSB after the Gray code
is converted into binary code. A set of N light sensors responds to the N-bit digital
word which corresponds to the disc’s absolute angular position. Industrial optical
encoders achieve up to 16-bit resolution, with absolute accuracies that approach the
resolution (20 arc seconds). Both absolute and incremental optical encoders, however,
may suffer damage in harsh industrial environments.

Resolvers and Synchros

Machine-tool and robotics manufacturers have increasingly turned to resolvers and
synchros to provide accurate angular and rotational information. These devices excel
in demanding factory applications requiring small size, long-term reliability, absolute
position measurement, high accuracy, and low-noise operation.
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A diagram of a typical synchro and resolver is shown in Figure 15.3.13. Both syn-
chros and resolvers employ single-winding rotors that revolve inside fixed stators. In
the case of a simple synchro, the stator has three windings oriented 120° apart and
electrically connected in a Y-connection. Resolvers differ from synchros in that their
stators have only two windings oriented at 90°.

§1 STATOR s2
ROTOR SYNCHRO

f S1TOS3=Vsinwmtsing
$37T0 $2 = V sin ot sin (8 + 120°)

V sin ot
$2TO 81 =Vsin otsin (6 + 240°)

R2

S3

4 RESOLVER

$1TO S3=Vsin otsin@
$4 TO 82 = V sin et sin (6 + 90°)

=V sin wt cos 8
(L_/WY\_J? 52

Figure 15.3.13: Synchros and resolvers.

STATOR

Because synchros have three stator coils in a 120° orientation, they are more difficult
than resolvers to manufacture and are therefore more costly. Today, synchros find
decreasing use, except in certain military and avionic retrofit applications.

Modern resolvers, in contrast, are available in a brushless form that employ a trans-
former to couple the rotor signals from the stator to the rotor. The primary winding of
this transformer resides on the stator, and the secondary on the rotor. Other resolvers
use more traditional brushes or slip rings to couple the signal into the rotor winding.
Brushless resolvers are more rugged than synchros because there are no brushes to
break or dislodge, and the life of a brushless resolver is limited only by its bearings.
Most resolvers are specified to work over 2 V to 40 V rms and at frequencies from
400 Hz to 10 kHz. Angular accuracies range from 5 arc-minutes to 0.5 arc-minutes.
(There are 60 arc-minutes in one degree, and 60 arc-seconds in one arc-minute.
Hence, one arc-minute is equal to 0.0167 degrees.)

In operation, synchros and resolvers resemble rotating transformers. The rotor
winding is excited by an AC reference voltage, at frequencies up to a few kHz. The
magnitude of the voltage induced in any stator winding is proportional to the sine of
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the angle, 0, between the rotor coil axis and the stator coil axis. In the case of a syn-
chro, the voltage induced across any pair of stator terminals will be the vector sum of
the voltages across the two connected coils.

For example, if the rotor of a synchro is excited with a reference voltage, Vsinmt,
across its terminals R1 and R2, then the stator's terminal will see voltages in the form:

S1to S3 =V sinwt sin6
S3 to S2 =V sinmt sin (6 + 120°) S2 to S1 =V sinmt sin (6 + 240°),
where 0 is the shaft angle.

In the case of a resolver, with a rotor AC reference voltage of Vsinmt, the stator's ter-
minal voltages will be:

S1to S3 =V sinwt sin 6
S4 to S2 =V sinmt sin(6 + 90°) =V sinmt coso.

It should be noted that the 3-wire synchro output can be easily converted into the re-
solver-equivalent format using a Scott-T transformer. Therefore, the following signal
processing example describes only the resolver configuration.

A typical resolver-to-digital converter (RDC) is shown functionally in Figure 15.3.14.
The two outputs of the resolver are applied to cosine and sine multipliers. These
multipliers incorporate sine and cosine lookup tables and function as multiplying
digital-to-analog converters. Begin by assuming that the current state of the up/down
counter is a digital number representing a trial angle, ¢. The converter seeks to adjust
the digital angle, @, continuously to become equal to, and to track 0, the analog angle
being measured. The resolver's stator output voltages are written as:

V, =V sinwt sinO

V, =V sinwt cosd

where 0 is the angle of the resolver's rotor. The digital angle ¢ is applied to the cosine
multiplier, and its cosine is multiplied by V, to produce the term:

V sinmt sin® coso.

The digital angle ¢ is also applied to the sine multiplier and multiplied by V, to prod-
uct the term:

V sinwt cosO sing.
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These two signals are subtracted from each other by the error amplifier to yield an AC
error signal of the form:

V sinwt [sinO cos@ — cosO sin@]. Using a simple trigonometric identity, this re-
duces to:

V sinwt [sin (6 —@)].

The detector synchronously demodulates this AC error signal, using the resolver’s ro-
tor voltage as a reference. This results in a DC error signal proportional to sin(0 — @).

The DC error signal feeds an integrator, the output of which drives a voltage-con-
trolled-oscillator (VCO). The VCO, in turn, causes the up/down counter to count in
the proper direction to cause:

sin (0 — @) — 0.
When this is achieved,
0-90—0,
and therefore
¢0=0

to within one count. Hence, the counter's digital output, @, represents the angle 0. The
latches enable this data to be transferred externally without interrupting the loop’s
tracking.

V sin ot ROTOR REFERENCE
V sin ot sin 6 COSINE V sin @t sin 8 cos @ Vsinat[sin (8- 9]
—_—
MULTIPLIER /
STATOR
INPUTS P DETECTOR
SINE
V sin ot cos 0 L MULTIPLIER [y Gin ot cos 8 sin @ ERROR  Ksin (8-¢)
4 @ INTEGRATOR
UP/DOWN | _ B T _
COUNTER VCo = * >
VELOCITY
¢ @ = DIGITAL ANGLE
LATCHES
WHEN ERROR =0,
¢ [ @ =0+1LSB

Figure 15.3.14: Resolver-to-digital converter (RTD).
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This circuit is equivalent to a so-called type-2 servo loop, because it has, in effect, two
integrators. One is the counter, which accumulates pulses; the other is the integrator at
the output of the detector. In a type-2 servo loop with a constant rotational velocity in-
put, the output digital word continuously follows, or tracks the input, without needing
externally derived convert commands, and with no steady state phase lag between the

digital output word and actual shaft angle. An error signal appears only during periods
of acceleration or deceleration.

As an added bonus, the tracking RDC provides an analog DC output voltage directly
proportional to the shaft’s rotational velocity. This is a useful feature if velocity is to
be measured or used as a stabilization term in a servo system, and it makes tachom-
eters unnecessary.

Since the operation of an RDC depends only on the ratio between input signal am-
plitudes, attenuation in the lines connecting them to resolvers doesn’t substantially
affect performance. For similar reasons, these converters are not greatly susceptible to
waveform distortion. In fact, they can operate with as much as 10% harmonic distor-
tion on the input signals; some applications actually use square-wave references with
little additional error.

Tracking ADCs are therefore ideally suited to RDCs. While other ADC architectures,
such as successive approximation, could be used, the tracking converter is the most
accurate and efficient for this application.

Because the tracking converter doubly integrates its error signal, the device offers a
high degree of noise immunity (12 dB-per-octave rolloff). The net area under any giv-
en noise spike produces an error. However, typical inductively coupled noise spikes
have equal positive and negative going waveforms. When integrated, this results in

a zero net error signal. The resulting noise immunity, combined with the converter’s
insensitivity to voltage drops, lets the user locate the converter at a considerable dis-
tance from the resolver. Noise rejection is further enhanced by the detector’s rejection
of any signal not at the reference frequency, such as wideband noise.

The AD2S90 is one of a number of integrated RDCs offered by Analog Devices. Key
specifications are shown in Figure 15.3.15. The general architecture is similar to that
of Figure 15.3.14. The input signal level should be 2 V rms + 10% in the frequency
range from 3 kHz to 20 kHz.
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12-Bit Resolution (1 LSB = 0.08° = 5.3 arc min)
Inputs: 2V rms +10%, 3 kHz to 20 kHz

Angular Accuracy: 10.6 arc min +1 LSB

Maximum Tracking Rate: 375 revolutions per second
Maximum VCO Clock Rate: 1.536 MHz

Settling Time:
—1° Step: 7 ms
—179° Step: 20 ms

Differential Inputs

Serial Output Interface

+5V Supplies, 50 mW Power Dissipation
20-Pin PLCC

Figure 15.3.15: Performance characteristics for AD2590 resolver-to-digital converter.

Inductosyns

Synchros and resolvers inherently measure rotary position, but they can make linear
position measurements when used with lead screws. An alternative, the Inductosyn™
(registered trademark of Farrand Controls, Inc.) measures linear position directly. In
addition, Inductosyns are accurate and rugged, well-suited to severe industrial envi-
ronments, and do not require ohmic contact.

The linear Inductosyn consists of two magnetically coupled parts; it resembles a
multipole resolver in its operation (see Figure 15.3.16). One part, the scale, is fixed
(e.g., with epoxy) to one axis, such as a machine tool bed. The other part, the slider,
moves along the scale in conjunction with the device to be positioned (for example,
the machine tool carrier).

The scale is constructed of a base material such as steel, stainless steel, aluminum,

or a tape of spring steel, covered by an insulating layer. Bonded to this is a printed-
circuit trace, in the form of a continuous rectangular waveform pattern. The pattern
typically has a cyclic pitch of 0.1 inch, 0.2 inch, or 2 millimeters. The slider, about 4
inches long, has two separate but identical printed circuit traces bonded to the surface
that faces the scale. These two traces have a waveform pattern with exactly the same
cyclic pitch as the waveform on the scale, but one trace is shifted one-quarter of a
cycle relative to the other. The slider and the scale remain separated by a small air gap
of about 0.007 inch.
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Figure 15.3.16: Linear Inductosyn.

Inductosyn operation resembles that of a resolver. When the scale is energized with a
sine wave, this voltage couples to the two slider windings, inducing voltages propor-
tional to the sine and cosine of the slider’s spacing within the cyclic pitch of the scale.
If S 1s the distance between pitches, and X 1s the slider displacement within a pitch,
and the scale is energized with a voltage V sinwt, then the slider windings will see
terminal voltages of:

V (sine output) =V sinwt sin[27tX/S]
V (cosine output) =V sinwt cos[2ntX/S].

As the slider moves the distance of the scale pitch, the voltages produced by the two
slider windings are similar to those produced by a resolver rotating through 360°. The
absolute orientation of the Inductosyn is determined by counting successive pitches in
either direction from an established starting point. Because the Inductosyn consists of
a large number of cycles, some form of coarse control is necessary in order to avoid
ambiguity. The usual method of providing this is to use a resolver or synchro operated
through a rack and pinion or a lead screw.

In contrast to a resolver’s highly efficient transformation of 1:1 or 2:1, typical Induc-
tosyns operate with transformation ratios of 100:1. This results in a pair of sinusoidal
output signals in the millivolt range which generally require amplification.
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Since the slider output signals are derived from an average of several spatial cycles,
small errors in conductor spacing have minimal effects. This is an important reason
for the Inductosyn’s very high accuracy. In combination with 12-bit RDCs, linear
Inductosyns readily achieve 25 microinch resolutions.

Rotary inductosyns can be created by printing the scale on a circular rotor and the
slider’s track pattern on a circular stator. Such rotary devices can achieve very high
resolutions. For instance, a typical rotary Inductosyn may have 360 cyclic pitches per
rotation, and might use a 12-bit RDC. The converter effectively divides each pitch into
4096 sectors. Multiplying by 360 pitches, the rotary Inductosyn divides the circle into a
total of 1,474,560 sectors. This corresponds to an angular resolution of less than 0.9 arc
seconds. As in the case of the linear Inductosyn, a means must be provided for counting
the individual pitches as the shaft rotates. This may be done with an additional resolver
acting as the coarse measurement.

Vector AC Induction Motor Control

Long known for its simplicity of construction, low-cost, high efficiency and long-term
dependability, the AC induction motor has been limited by the inability to control

its dynamic performance in all but the crudest fashion. This has severely restricted

the application of AC induction motors where dynamic control of speed, torque and
response to changing load is required. However, recent advances in digital signal
processing (DSP) and mixed-signal integrated circuit technology are providing the
AC induction motor with performance never before thought possible. Manufacturers
anxious to harness the power and economy of vector control can reduce R&D costs
and time-to-market for applications ranging from industrial drives to electric automo-
biles and locomotives with a standard chipset/development system.

It is unlikely that Nikola Tesla (1856—1943), the inventor of the induction motor,
could have envisioned that this workhorse of industry could be rejuvenated into a new
class of motor that is competitive in most industrial applications.

Before discussing the advantages of vector control it is necessary to have a basic
understanding of the fundamental operation of the different types of electric motors in
common use.

Until recently, motor applications requiring servo-control tasks such as tuned re-
sponse to dynamic loads, constant torque and speed control over a wide range were
almost exclusively the domain of DC brush and DC permanent magnet synchronous
motors. The fundamental reason for this preference was the availability of well
understood and proven control schemes. Although easily controlled, DC brush mo-
tors suffer from several disadvantages; brushes wear and must be replaced at regular
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intervals, commutators wear and can be permanently damaged by inadequate brush
maintenance, brush/commutator assemblies are a source of particulate contami-
nants, and the arcing of mechanical commutation can be a serious fire hazard is
some environments.

The availability of power inverters capable of controlling high-horsepower motors
allowed practical implementation of alternate motor architectures such as the DC per-
manent magnet synchronous motor (PMSM) in servo control applications. Although
eliminating many of the mechanical problems associated with DC brush motors, these
motors required more complex control schemes and suffered from several draw-
backs of their own. Aside from being costly, DC PMSMs in larger, high-horsepower
configurations suffer from high rotor moment-of-inertia as well as limited use in high-
speed applications due to mechanical constraints of rotor construction and the need to
implement field weakening to exceed baseplate speed.

In the 1960s, advances in control theory, in particular the development of indirect
field-oriented control, provided the theoretical basis for dynamic control of AC induc-
tion motors. Because of the intensive mathematical computations required by indirect
field-oriented control, now commonly referred to as vector control, practical imple-
mentation was not possible for many years. Available hardware could not perform the
high-speed precision sensing of rotor position and near real-time computation of dy-
namic flux vectors. The current availability of precision optical encoders, isolated gate
bipolar transistors (IGBTs), high-speed resolver-to-digital converters and high-speed
digital signal processors (DSPs) has pushed vector control to the forefront of motor
development due to the advantages inherent in the AC induction motor.

A simplified block diagram of an AC induction motor control system is shown in Fig-
ure 15.3.17. In this example, a single-chip IC (ADMC300, ADMC330, or ADMC331)
performs the control functions. The inputs to the controller chip are the motor cur-
rents (normally three-phase) and the motor rotor position and velocity. Hall-effect
sensors are often used to monitor the currents, and a resolver and an RDC monitor

the rotor position and velocity. The DSP is used to perform the real time vector-type
calculations necessary to generate the control outputs to the inverter processors. The
transformations required for vector control are also accomplished with the DSP.

The ADMC300 comprises a high performance, 5-channel 16-bit ADC system, a
12-bit 3-phase PWM generation unit, and a flexible encoder interface for position sen-
sor feedback. The ADMC330 includes a 7-channel 12-bit ADC system and a 12-bit
3-phase PWM generator. The ADMC331 includes a 7-channel 12-bit ADC system,
and a programmable 16-bit 3-phase PWM generator. It also has additional power
factor correction control capabilities. All devices have on-chip DSPs (approximately
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20 MHz) based on Analog Device’s Modified Harvard Architecture 16-bit DSP core.
Third-party DSP software and reference designs are available to facilitate motor con-
trol system development using these chips.

\
ADMC300, ADMC330, or ADMC331 :

’
1
1
] ]
1 VECTOR s POWER
] TRANSFORM 7(> PWM 74 STAGE
| PROCESSOR 1 (INVERTER)
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. DSP ADCs | : // MOTOR CURRENTS :
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A A A ’ |
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POSITION, VELOCITY CONVERTER
HOST
COMPUTER

Figure 15.3.17: AC induction motor control application.

Accelerometers

Accelerometers are widely used to measure tilt, inertial forces, shock, and vibra-
tion. They find wide usage in automotive, medical, industrial control, and other
applications. Modern micromachining techniques allow these accelerometers to be
manufactured on CMOS processes at low cost with high reliability. Analog Devices
IMEMS® (Integrated Micro Electro Mechanical Systems) accelerometers represent
a breakthrough in this technology. A significant advantage of this type of accelerom-
eter over piezoelectric-type charge-output accelerometers is that DC acceleration can
be measured (e.g., they can be used in tilt measurements where the acceleration is a
constant 1g).

The basic unit cell sensor building block for these accelerometers is shown in Figure
15.3.19. The surface micromachined sensor element is made by depositing poly-
silicon on a sacrificial oxide layer that is then etched away leaving the suspended
sensor element. The actual sensor has tens of unit cells for sensing acceleration, but
the diagram shows only one cell for clarity. The electrical basis of the sensor is the
differential capacitor (CS1 and CS2) which is formed by a center plate which is part
of the moving beam and two fixed outer plates. The two capacitors are equal at rest
(no applied acceleration). When acceleration is applied, the mass of the beam causes
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it to move closer to one of the fixed plates while moving further from the other. This
change in differential capacitance forms the electrical basis for the conditioning elec-
tronics shown in Figure 15.3.20.

Tilt or Inclination

Car Alarms

Patient Monitors

Inertial Forces

Laptop Computer Disc Drive Protection
Airbag Crash Sensors

Car Navigation systems

Elevator Controls

Shock or Vibration

Machine Monitoring

Control of Shaker Tables

ADI Accelerometer Fullscale g-Range: +2g to +100g

ADI Accelerometer Frequency Range: DC to 1 kHz

Figure 15.3.18: Accelerometer applications.

AT REST

APPLIED ACCELERATION

CSt | |CSZ

TETHER___

BEAM —_

H H H
H H
1} 1]
CILE n :

CS1=CS2 CS1 c

FIXED
OUTER
PLATES

[ DENOTES ANCHOR

Figure 15.3.19: ADXL-family micromachined accelerometers.
(Top view of IC.)
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Figure 15.3.20: ADXL-family accelerometers internal signal conditioning.

The sensor’s fixed capacitor plates are driven differentially by a 1 MHz square wave:
the two square wave amplitudes are equal but are 180° out of phase. When at rest,
the values of the two capacitors are the same, and therefore the voltage output at their
electrical center (i.e., at the center plate attached to the movable beam) is zero. When
the beam begins to move, a mismatch in the capacitance produces an output signal

at the center plate. The output amplitude will increase with the acceleration experi-
enced by the sensor. The center plate is buffered by Al and applied to a synchronous
demodulator. The direction of beam motion affects the phase of the signal, and syn-
chronous demodulation is therefore used to extract the amplitude information. The
synchronous demodulator output is amplified by A2 which supplies the acceleration
output voltage, Vot

An interesting application of low-g accelerometers is measuring tilt. Figure 15.3.21
shows the response of an accelerometer to tilt. The accelerometer output on the dia-
gram has been normalized to 1g fullscale. The accelerometer output is proportional
to the sine of the tilt angle with respect to the horizon. Note that maximum sensitivity
occurs when the accelerometer axis is perpendicular to the acceleration. This scheme
allows tilt angles from —90° to +90° (180° of rotation) to be measured. However, in
order to measure a full 360° rotation, a dual-axis accelerometer must be used.

398



Position and Motion Sensors

+90° X |

o
— 0 Acceleration

+10 tuieeinessromnessiseiserssinioessesiseisesssoans

Acceleration = 1g x sin 6

i
Og i
-90°

—1g eeeeeeT
Figure 15.3.21: Using an accelerometer to measure tilt.
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15.4 Selecting Position and Displacement Transducers
Tom Anderson, SpaceAge Control, Inc.

As an application development manager for a position transducer supplier, I receive
numerous queries on how to solve a broad range of position-measurement challenges.

These inquiries run the gamut from the common (aircraft flight-control surface
movement) to the exotic (Formula One racecar suspension travel) to the seemingly
impossible (three-dimensional tracking of a golf ball in flight from a fixed position).

These position-measurement challenges usually share one common element. They
can be solved using a variety of solutions, but it’s not always easy to determine the
best one.

There are possibly more options for measuring position than any other type of sensed
variable. While there may be more suppliers for pressure transducers, the variety of
position transducer types and technologies is unmatched.

The 1997 Thomas Register lists 264 suppliers of pressure transducers and 229 suppli-
ers of displacement and position transducers. However, there are 13 categories related
to displacement and position measurement, compared to just four categories for pres-
sure measurement.

In this chapter, I introduce you to various position-transducer selection parameters.
You’ll also find information on position-measurement techniques, technologies, and
choices.

Basic Terminology

A brief note on semantics: for ease of communication, this guide refers to transducers
and sensors as being the same. While not strictly true, is generally irrelevant whether
you are using a position sensor or transducer. The purpose of both is the same—to
find out where something is!

Transducers covered here provide position, displacement, and proximity measure-
ments, which are defined as:

m position — location of the object’s coordinates with respect to a selected
reference

m displacement — movement from one position to another for a specific distance
or angle

m proximity — a critical distance signaled by an on/off output
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In this chapter, I focus primarily on transducers for position and displacement mea-
surement. Unless otherwise noted, I use the term “position transducer” to refer to
displacement and proximity transducers as well.

The Parameters

On what basis should you select a position transducer? As a starting point, let’s look
at the laundry list of parameters shown in Figure 15.4.1. While this list is not all-in-
clusive, it helps you begin to decide what parameters are relevant to your application.

Perhaps the first parameter to address in any application is whether the transducer can
physically touch the object being monitored. If your application is sensitive to outside
influences, a noncontact transducer may be the most appropriate. Otherwise, a contact
sensor might offer advantages not found in a noncontact sensor.

Parameter Relevant? Ranking |Choices
Contact QdYes QNo 11 Contact (1 Noncontact
Motion Type dYes QNo (d Linear (1 Rotary
Dimensions dYes [QANo 1d One-dimensional (J Multidimensional
Measurement Type dYes QNo 1 Absolute 1 Incremental Id Threshold (Proximity)
Range dYes QNo 1 Less than 1” 11-30" I Greater than 30”
Physical Size/Weight | O Yes Q1 No 11 Size Restriction___ 1 Weight Restriction____
Environmental dYes No J Humidity 1 Vibration I Corrosion
[ Moisture 1 Temperature [ Other_____
Installation/Mounting | @ Yes QNo J Removable [ Installation 1 Time Limit___
Accuracy dYes No 1 Linearity 1 Resolution 11 Repeatability
1 Hysteresis
Lifetime dYes No dCycles____ (1 Hours of Continuous Operation_____
Cost dYes QNo 1 Less than $50 1 $50-$500 (1 Greater than $500
Delivery QdYes QONo 1 Less than 1 Week 1 1-4 Weeks i1 Greater than 4 Weeks
Output dYes QNo [d Analog Voltage (1 Analog Current I Digital
[ SensorBus____ A Visual A Other____
Frequency Response | dYes ([ No (d Less than 5 Hz 1 5-50 Hz I Greater than 50 Hz

Figure 15.4.1: What are your requirements?

At first thought, noncontact transducers may seem like the superior solution for all
applications. However, the decision isn’t that clear cut. Noncontact products can emit
potentially harmful laser- or ultrasonic-based signals. These products also rely on
having a clear visual environment to operate in. Frequency response isn’t always as
high as with a contact sensor, but costs are often higher. Finally, operating-tempera-
ture ranges are typically not as broad.
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Another parameter to consider early on
is whether you need to measure linear
or rotary movement. Note that using
cable position transducers (like the one
shown in Figure 15.4.2), cams, pulleys,
levers, electronics, software, and other
methods can enable a rotary transducer
to measure linear motion, and vice
versa. Lack of space, cost, and ease of
mounting are a few reasons for doing

this. Figure 15.4.2: Cable position transducers

Once you decide if you require a provide extended ranges in small sizes.
contact or noncontact solution and are

measuring rotary or linear movement, selecting a transducer technology becomes
much easier.

Next, determine if you’re monitoring one-dimensional or multidimensional motion. If
the motion is multidimensional, determine whether you need to measure in multiple
dimensions or if the object is moving in multiple dimensions and you only have to
measure one of them.

Often, multidimensional motion is measured with multiple one-dimensional transducers.

Also, think about the type of signal you need to obtain. If you need a signal that speci-
fies a unique position, be sure to specify a transducer with absolute output.

However, if all you need is relative position from a prior position or a simple on/off
indicator, then incremental or threshold technology is more appropriate. Figure 15.4.3
gives you a view of some incremental

rotary optical encoders.

An important difference between incre-

mental and absolute transducers 1s that

incremental transducers typically need

to be reinitialized after powerdown by

moving the monitored object to a home

position at powerup. This limitation Figure 1 5.4.3: Incremental rotary optical

is unacceptable in some applications. encoders provide quadrature digital output.
Threshold measurements are on/off in nature and usually involve limit switches or
similar devices. As you might guess, absolute devices are usually more expensive than
incremental or threshold devices.
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Travel, also known as range, varies from microns to hundreds of feet (or more, de-
pending on your definition of transducer). The range of many precision transducers is
limited to 10 inches or less.

If your application needs to operate on the Space Station or some other size- and
weight-sensitive platform, you need to specify the maximum values for the transduc-
er’s dimensions and weight.

The application’s operating environment can have a large impact on your technology
choice as well. You need to determine what operating and storage temperatures the
device will be in and whether you need to meet commercial, industrial, or military
environmental requirements.

Also consider whether excessive humidity, moisture, shock, vibration, or EMF will be
encountered. Determine whether your environment has other unique aspects, such as
high or low pressure or the presence of hazardous or corrosive chemicals.

An often-overlooked parameter is the method and time required for transducer instal-
lation and mounting. For testing applications, this parameter may not be so important.
However, OEM and large-volume applications often require simple installation and
removal to reduce labor costs and enable easy maintenance. See if the transducer can
only be mounted with manufacturer-provided special mounting bases or if a variety of
mounting techniques can be used. Besides the common threaded fastener approach,
some other nonpermanent mounting techniques include suction cups, magnets, indus-
trial adhesives, grooved fittings, and clamping.

In going through the previous parameters, you might have asked yourself, “Hey, what
about accuracy?” While accuracy is certainly important and sometimes critical, it’s
often the last degree of freedom in the selection of a transducer. As you may know
from experience, accuracy is not a well-agreed-on term. Typically, various compo-
nents of accuracy, linearity, repeatability, resolution, and hysteresis are quoted for
vendor convenience or per user requirements.

With the availability of software calibration tools today, linearity isn’t as important as it
once was. For many applications, in fact, repeatability is the most important component.

Accuracy is typically specified in absolute units like mils or microns or in relative
units such as percent of full-scale measurement. If you are comparing the accuracy of
one device against another, make sure you are comparing apples to apples. For exam-
ple, see if the accuracies being quoted are at a single temperature or over a temperature
range. If you need it, find out if temperature compensation is available.
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If you expect to see significant numbers of cycles or if the transducer will be in ser-
vice for an extended period of time, specify the lifetime and reliability requirements
as well. When choosing the transducer, find out what warranties are offered as well as
how maintenance and repairs are handled.

A transducer that can be repaired in-house can reduce costs significantly. You should
also consider what type of periodic recalibration is recommended and whether cali-
bration procedures are provided.

It’s a good idea to ask vendors what type of use their transducers see most often.
Common uses include OEM, retrofit, industrial control, commercial, and test and mea-
surement. Hopefully, the transducer has seen previous use in your type of application.

In the early stages of transducer specification, product cost sometimes doesn’t even
make the list. More often than not, this parameter gains importance as the project
moves forward.
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Figure 15.4.4: Selection tradeoffs, typical performance of linear position transducers.

When determining costs, make sure to look at the initial acquisition cost as well as the
cost over the product’s life. For example, are special signal conditioning electronics,
power supplies, electrical connectors, housings, installation tools, or mounting fix-
tures required? Ask the vendor for typical repair, maintenance, and replacement costs.
And, inquire about the cost of the transducer in volume and single-unit quantities. The
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cost savings (e.g., a cost of $100 in volume but $600 in single quantities) may be an
important factor if small-quantity replacement units will be needed in the future.

Another parameter that’s occasionally overlooked is the time it takes the product to be
delivered to you after you order it. The custom nature of some transducers combined
with production processes and manufacturing economics requires lead times of eight
weeks or more. This delivery schedule might be acceptable now, but what about in six
months when you need extra quantities or a spare part? Evaluate whether or not you
can afford to be without a part for an extended period of time.

Obviously, the transducer is going to be a part of a system. So, determine your pre-
ferred electrical input and output requirements. Common output choices include
analog AC and DC voltage, resistive, current (4—20 mA), digital, and visual (meter).

Increasingly, outputs using sensor bus protocols are being offered. Most position
transducers require 50 V or less, and some are self-powered.

Finally, for fast-moving applications, determine the maximum velocity or acceleration
that needs to be monitored. Ensure that your data acquisition or control system has an
adequate sampling rate to record the resulting data stream.

Check Your Requirements

Now that you’re aware of the key parameters, you need to determine which ones are
relevant to your application and of these relevant parameters, which are most critical.
If you don’t prioritize your requirements, it’s going to be difficult to make a selection
decision. You may come to the conclusion that there is no transducer that can meet
your needs. This may be true, but it’s more likely that your requirements are too strin-
gent and that you need to make a tradeoff to arrive at the optimum selection.

For example, an engineer recently approached our company looking for a transducer
with £0.0001 inch resolution over 30 inches, and he wanted to keep the cost under
$500. He was adamant that all three specifications be met. Our products didn’t meet
all of his specifications, and we were at a loss as to where we would refer him. After
some more discussion, we found out that the resolution requirement was only neces-
sary over a limited portion of the total range and that the cost goal, while important,
did have some flexibility.

Hence, in this situation, range was most important, followed by resolution, and then
cost.

The moral of this story: focus on your top requirements. Make the best decision you
can, given the specifications you need. And keep in mind that you can’t have every-
thing, unfortunately.
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Next Steps

In this chapter, I’ve given you some parameters for selecting position transducers. But
in case you hadn’t noticed, I didn’t provide any information on what type of technol-
ogy you should select for your position transducer. The constant change in transducer
technology and the difficulty in generalizing about a particular technology’s capabili-
ties and limitations mean there’s no way

I can cover this area in detail here. Refer

to the previous sections of this chapter

for more details on various technologies.

Additionally, choosing the technology

should come after determining and pri-

oritizing your requirements. Once your

requirements are well known, the choice

of technology tends to be self-selecting.

For example, just knowing whether you

require a contact or noncontact technol-

ogy can cut your choices almost in half.

If you need the latter, a laser position Figure 15.4.5: Laser position sensors have
sensor like the one in Figure 15.4.5 may resolutions of 0.1 um or better.
be a good choice.

To get a feel for the capabilities of some of the more prevalent linear position-mea-
surement technologies, Figure 15.4.4 maps out how these technologies compare
against each other based on cost, accuracy, and maximum range. Note that not all
technologies are shown.

It may be difficult to clearly define the parameter values you require as well as which
parameters are most important in your application. However, it can be even more
difficult to obtain these parameters from vendors and then compare one vendor’s
statements against another’s. To get information on products beyond what you see in
the vendor’s product literature, review transducer-related publications such as Mea-
surement and Control and Sensors for articles on position-measurement products and
technologies.

Also, be sure to ask your colleagues about their experiences and recommendations.
They may have a position transducer on hand that you may be able to test for your
application.
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Of course, in this day and age, make an effort to search Web engines and Internet
newsgroups. Numerous engineering, instrumentation, and measurement-oriented
newsgroups can be reached via search engines. Extensive sources of position-trans-
ducer manufacturers can be found in the Thomas Register and the Sensors Buyer’s
Guide.

Contact vendors and request references of similar applications. Ask these references
why they selected the product they did and whether they’re happy with their decision.
Also, find out what other options they considered.

Finally, ask the vendor for product samples or evaluation units that you can use for
testing before purchase. If the vendor is hesitant to do this, offer to provide them with
a test report summarizing your evaluation. This information may be valuable to them,
and they may be more willing to assist you.

Photos 15.4.2, 15.4.3, and 15.4.5 are courtesy of Space Age Control, Oak Grigsby,
and Dynamic Control Systems, respectively.
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CHAPTER 1 6

Pressure Sensors

16.1 Piezoresistive Pressure Sensing
Glenn Harman, Global Product Leader, Honeywell Sensing and Control

Pressure sensors convert input pressures to electrical outputs to measure pressure,
force and airflow. These measurements are used to control everything from the wa-
ter level in your washing machine to the gases emitted by your car’s exhaust system.
Pressure sensors are used in medical equipment to monitor blood pressure, regulate
intravenous infusions, and to detect such things as changes in cranial pressure, hear-
ing problems and glaucoma. People in the manufacturing and process industries rely
on pressure sensors to control their machinery and processes. They are essential to the
operation of HVAC systems, forklifts, and earth-moving equipment. They measure
altitude and turbidity on aircraft and are an important feature of the flight data record-
ers required on all commercial flights.

Wherever pressure, force or airflow needs to be precisely controlled, there is a poten-
tial pressure sensing application. Today’s pressure sensors provide a high degree of
repeatability, low hysteresis, and long-term stability in applications with input pres-
sures ranging from less than one pound per square inch gauge (psig) to thousands of

psig.
Fundamentals of Pressure Sensing Technology

Most pressure, force and airflow sensors are fabricated using silicon-processing
techniques common in the semiconductor industry. Therefore, much of the same
terminology used in the semiconductor industry also applies to pressure sensor
technology. Piezoresistive ion implanted semiconductor technology dominates the
component market for pressure sensors for many good reasons. Other approaches,
including variable reluctance, variable capacitance, fiber optic, and piezoelectric, are
available for niche applications; however, those technologies are not covered in this
chapter.
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Piezoresistive pressure sensors (strain gage sensors) are often referred to as IC
(integrated circuit) sensors, solid-state sensors, monolithic sensors (formed from
single-crystal silicon) or just silicon sensors. They are processed in wafer form, where
each wafer will contain a few hundred to a few thousand sensor die, depending on the
size of the sensor die. A typical sensor chip measures 80 x 80 mils or 2 mm X 2 mm.

Piezoresistive (silicon) pressure sensors contain a sensing element made up of a
silicon chip with a thin, circular silicon diaphragm and four piezoresistors. These
nearly identical solid-state resistors are buried in the surface of the silicon.

The piezoresistance of a semiconductor refers to the change in resistance caused
by strain when pressure or force is applied to the diaphragm. Pressure causes the
diaphragm to flex, inducing a stress on the diaphragm and also on the buried resis-
tors.

The resistor values change depending on the amount of pressure applied to the
diaphragm. Therefore, a change in pressure (mechanical input) is converted to a
change in resistance (electrical output). The sensing element converts or transduc-
es the energy from one form to another, hence the term “pressure transducer.”

Pressure sensors are produced first by ion implanting the four piezoresistors into
the silicon. Ion implantation is used increasingly to provide improved perfor-
mance over sensors produced by diffusion.

After the four piezoresistors are formed, the diaphragm is created by chemically
etching a controlled shape in the silicon from its backside (on the surface oppo-
site the piezoresistors). The unetched portion of the silicon slice provides a rigid
boundary constraint for the diaphragm and a surface for mounting it to some other
member.

The thickness of the diaphragm determines the pressure range (sensitivity) of the
sensor. However, this relationship is not a linear function. For example, doubling
the thickness of the diaphragm decreases the sensitivity by a factor of four. Typi-
cal diaphragm thicknesses are 5 to 200 microns (pretty thin stuff), depending on
their pressure range. Overpressure is a term used to specify the maximum pressure
that may be applied to a sensor’s sensing element without causing a permanent
change in its output characteristics.

The high sensitivity or gage factor of silicon strain gages is approximately 100
times that of metal strain gages. By implanting the piezoresistors into a ho-
mogenous single crystalline silicon medium, they are integrated into the silicon
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force-sensing element. Typically, other types of strain gages are bonded to force
sensing members of dissimilar material, resulting in thermoelastic strain and
complex fabrication processes. Most discrete strain gages are inherently unstable
due to bond degradation, temperature sensitivity, and hysteresis caused by thermo-
elastic strain. Silicon diaphragm pressure sensors are extremely reliable because
silicon is an ideal material for receiving the applied force, and the implanted gages
are not subject to bonding problems.

As a perfect crystal, silicon does not become permanently stretched but returns
to its original shape. Silicon wafers are better than metal for pressure sensing
diaphragms because silicon offers extreme elasticity within its operating range.
Silicon diaphragms normally fail only by rupturing, usually due to extreme
overpressure. Micromachining and laser trimming help
manufacturers produce reliable sensors capable of ex-
treme accuracy.

The sensor’s resistors can be connected in either a
half-bridge or a full “Wheatstone bridge” arrangement,
whereby two resistors increase with positive pressure
while the other two decrease in resistance. When pres-
sure is applied to the device as shown in Figure 16.1.1,
the resistors in the arms of the bridge change by an
amount, AR. The alignment of the resistor on the sili- =N
con determines if the resistor will increase or decrease Figure 16.1.1
with applied pressure.

The resulting differential output voltage VO, is easily shown to be VO = VBx AR/R.
Since the change in resistance is directly proportional to pressure, VO can be written
as: VO = (SxPxVB) + VOS where:

VO is the output voltage in mV

S is the sensitivity in mV/V per psi.
P is the pressure in psi.

VB is the bridge voltage in volts.

VOS is the offset error (the differential output voltage when
the applied pressure is zero).

The differential output of a “raw” pressure sensor is, however, not precise in terms of
calibration and temperature effects. It is partially because of this that sensor manufac-
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turers offer a variety of levels of signal-conditioned sensors from their basic raw state,
up through fully calibrated and compensated transmitters with amplified outputs and
application-specific integrated circuits (ASIC).

Types of Pressure Measurements

Pressure sensors are categorized, in part, by the type of pressure they measure. Most
sensors are offered in a series of products with different listings designed to measure
different types of pressure: gauge, differential, absolute, or vacuum gauge.

Most people are accustomed to dealing in gauge pressure—that is, pressure relative

to the normal atmospheric pressure that surrounds us. As such, absolute pressure and
absolute pressure sensors, which measure pressure relative to a perfect vacuum, can
be confusing. Since the zero absolute pressure of a perfect vacuum is impractical to
achieve, absolute pressure is much more difficult to measure. It is easier to understand
absolute pressure once you have a clear understanding of the more familiar differen-
tial and gauge pressures.

Differential pressure is the difference in pressure between two pressure sources—for
instance, measuring two sources of pressure to determine the status of a filter. This
type of pressure measurement is usually expressed in pounds per square inch differen-
tial (psid).

Differential pressure sensors are designed to simultaneously accept two independent
pressure sources, so they have two pressure ports. The output is proportional to the
pressure difference between the two sources, so we can use this output to determine
if the filter needs to be cleaned or replaced. Bidirectional differential pressure sensors
are differential pressure sensors that allow the greater input pressure to be applied to
either pressure port.

In the differential pressure sensor shown in Figure 16.1.2, measurands (the physical
parameters being quantified by the measurements) are applied to both ports.

When one of these two pressure sources is ambient pressure, this is then called gauge
pressure. Therefore, gauge pressure is a form of differential pressure measurement

in which atmospheric pressure is used as the reference. Measurement of auto tire
pressure, where a pressure above atmospheric pressure is needed to maintain tire
performance characteristics, is an example. With a gauge device, as shown in Figure
16.1.3, the P1 port is vented to atmospheric pressure, and the measurand is applied to
the P2 port.
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Figure 16.1.3: A high-level gauge pressure sensor output
is shown. One-volt output represents ambient pressure.
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Figure 16.1.2: A signal-conditioned, differential pressure
sensor output is shown. One-volt output occurs when
pressures are equal on both ports.

415



Chapter 16

Absolute pressure is measured with respect to a vacuum reference. Absolute pres-
sure sensors are most commonly used to measure changes in barometric pressure or
as altimeters. These applications require reference to a fixed pressure, as they cannot
simply be referenced to the surrounding ambient pressure.

Absolute pressure sensors must measure input pressure in relation to zero pressure (a

total vacuum on one side of the diaphragm). For example, 10 pounds per square inch

absolute (psia) would be 10 psi above a perfect vacuum. This is roughly 4.7 psi below
the standard atmospheric pressure at sea level of 14.7 psia. Zero psia is then the pres-

sure of a perfect vacuum.

In the absolute pressure sensor shown in Figure 16.1.4, the P2 port is sealed with a

vacuum representing a fixed reference. The difference in pressure between the vac-

uum reference and the measurand applied at the P1 port causes the deflection of the
diaphragm, producing the output voltage change.

Note: For illustrative purposes, pounds per square inch (psi) is used as the unit of
pressure measure. This unit can obviously be converted to other common pressure
units such as in Hg, kPa, bar, and so forth.
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Figure 16.1.4: A signal-conditioned, absolute pressure sensor
output is shown. One-volt output represents a perfect vacuum.
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Absolute pressure sensors can be made by hermetically sealing a vacuum reference
chamber to one side of the sensing element. (See Figure 16.1.5.) Pressures to be
measured are then measured relative to this vacuum reference. The actual “vacuum,”
which is sealed into the sensor, is approximately 0.0005 psia (25 millitorr). If gas
becomes trapped in the reference chamber, it will exert pressure during expansion
and contraction with temperature in accordance with Boyle’s law, so this near abso-
lute vacuum is used as a reference to eliminate any potential thermal errors. One of
the advantages of the integrated circuits of piezoresistive sensors is the small volume
of trapped vacuum reference, which, in conjunction with a reliable silicon-to-silicon
hermetic seal, makes these devices time and temperature stable.

Finally, vacuum gauge pressure is a form of pressure measurement in which vacuum
pressures are sensed with reference to ambient pressure. Figure 16.1.6 shows an out-
put from a vacuum gauge sensor.
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Figure 16.1.6: A high-level vacuum gauge sensor output is shown.
One-volt output represents ambient pressure.
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Selecting and Specifying Pressure Sensors

With the type or types of pressure you need to measure in mind, you can begin to nar-
row your search for the right sensors by considering the performance parameters that
are important in your specific application.

Sensor manufacturers want to insure the sensors you purchase are compatible with
your application, and most suppliers offer some type of application data sheet to help
you gather the information needed to specify the right sensors for your application.
For example, point your browser to http://content.honeywell.com/sensing/prodinfo/
pressure/technical/c15_7.pdf for a form listing the most relevant specifications for
selecting pressure sensors, including pressure, accuracy, electrical packaging and
environmental requirements.

What pressure will the transducer measure?

Your first consideration is the maximum pressure of your system. In general, you
want to use a transducer that has a maximum pressure range of at least 1.5 times the
maximum pressure expected in your system. This extra capacity is advised because
many systems, especially hydraulic and process control systems, have pressure spikes
or continuous pulsations. The spikes can be five to ten times over the “maximum”
pressure. These high-pressure, short-duration spikes can destroy a pressure transducer.
Continuous high-pressure pulsations, near or slightly above a transducer’s rated maxi-
mum, can also limit the life of the transducer. If pulsation frequencies approach the
natural (resonance) frequency of the transducer, even low-amplitude pulsations can
cause resonance excitation and damage the transducer. However, specifying a higher
range transducer is not always a solution because you will sacrifice resolution. You
can use a snubber to reduce the spikes, but this is also a trade-off in that it slows the
response time of the transducer.

In a sensor’s specifications, Span or full-scale output is the algebraic difference
between the upper and lower limits of the sensor’s pressure range (the difference
between the output curve endpoints). Normally these endpoints are null and full scale.
Null offset (zero measurand output or ZMO) is the electrical output that occurs when
the pressures or forces on both sides of the sensor’s diaphragm are equal. “Null”
refers to the equal pressure and “null offset” to the output you get when the pressure
is at null.

Most manufacturers can tell you how many cycles their products are designed to with-
stand without loss of performance. For example, Honeywell designs to more than 200
million full-pressure cycles. Consider the system pressure carefully when choosing a
transducer. You will be trading off system accuracy versus life of the transducer.
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What is the pressure medium?

Another key factor you must consider when selecting a transducer is the medium it
will measure. Is it a viscous liquid or a slurry that could plug a pressure port? Is it a
solvent or corrosive that could attack the
transducer’s materials in contact with it,
or is it clean, dry air?

These questions will determine whether
you need a flush diaphragm device and
what materials can be in contact with
the medium. Some models have flush
diaphragms and others have pressure
ports. You can specify stainless steel dia-
phragms when there is contact with the  Figure 16.1.7: For sensing in harsh or wet
medium to reduce problems caused by environments, you can specify a stainless steel
corrosive media. (See Figure 16.1.7.) pressure cavity to protect performance.

How accurate does the transducer need to be?

Accuracy is a general term used by many transducer manufacturers to describe the
measurement error or uncertainty in the transducer’s output. Sources of these errors
may include nonlinearity, hysteresis, nonrepeatability, temperature, zero balance, cali-
bration and humidity effects. Most manufacturers specify “accuracy” as the combined
effects of nonlinearity, nonrepeatability, and hysteresis. Other errors may be specified
separately.

Linearity error is the deviatio