
ATTENUATION MEASUREMENT Attenuation is mostly expressed by a logarithmic scale in
decibels (dB) or in nepers. The attenuation of a two-port de-

When a signal is sent along any transmission path, many dif- vice is defined as follows (4):
ferent mechanisms degrade it. Because of finite conductivity,
every cable shows a resistive loss. Furthermore, the dielectric in decibels,
loss and the skin effect may be significant at higher frequen-
cies, and imperfect screening of cables leads to radiation
losses which might be quite important at higher frequencies.
Single-mode optical fibers have two main intrinsic loss mech-
anisms, scattering loss and absorption loss. Scattering loss is

A = 10 log


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power delivered to a matched load
by a matched source

power delivered to the same load when
the two-port device is inserted


 (1)

dominated by Rayleigh scattering, and below 1600 nm ab-
in nepers,sorption losses are caused mainly by OH absorption. Fibers

that are bent too tightly or cabled too poorly may have, in
addition, bend losses because of nonguided modes. Connectors
show losses because of nonideal contacts and imperfect im-
pedance matching, which reflect part of the signal to the
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2 ln




power delivered to a matched load
by a matched source

power delivered to the same load when
the two-port device is inserted


 (2)

transmitter. Filters built in the transmission path have losses
in the passband caused by finite conductivity and probably Because log(x) � ln(x)/ln(10), the following relationship be-
dielectric losses. Wireless transmission paths, such as micro- tween decibels and nepers is valid:
wave links, satellite links, broadcast or mobile communica-
tion, are affected by scattering caused by rain, clouds, and Attenuation in decibels = 8.6858 × attenuation in nepers
multiple reflections.

The two examples following clearly show how additional Attenuation is a property only of a two-port device.
attenuation or losses influence a system:

Insertion Loss. In practical applications neither the source
nor the load have an impedance exactly equal to Z0 the char-In a radar system a total loss of 2 dB in the feeder system
acteristic impedance of a line. Therefore source and load haveand the duplexer wastes 37% of the transmitter power.
a reflection coefficient of rs and rL, respectively. Let P1 be theDuring the development of the different parts, the losses
power delivered from the source to the load and P2 be thehave to be measured very carefully to minimize the total
power absorbed by the same load when the two-port device isloss.
inserted (Fig. 2.)Satellite systems quite often operate with cooled front ends

Then the loss is defined byat the receiver because the signals to be picked up are ex-
tremely weak. Therefore the front ends often operate with
noise temperatures of 5 K. An additional loss of 0.1 dB L1 = 10 log

P1

P2
(3)

from an uncooled waveguide would raise the noise temper-
ature to 7 K. The insertion loss depends on the property of the device

and the reflection coefficients of the source and the load.
These examples show how important it is to measure the
losses of the different parts of a transmission system as accu- Scattering Parameters. Two-port networks, especially at ra-
rately as possible to optimize system parameters. dio frequencies, are very well characterized by scattering pa-

Many different methods and a variety of systems for mea- rameters.
suring attenuation have been developed. The most important A two-port device inserted between a source and a load is
techniques are described in the following sections. shown in Fig. 3.

The complex wave amplitudes a1, a2, b1, and b2 shown in
Fig. 3 are related as follows:

ATTENUATION
b1 = s11a1 + s12a2 (4)

Definition
andIn the field of loss measurement, the most important terms

are attenuation, insertion loss, mismatch loss and voltage loss b2 = s21a1 + s22a2 (5)
(1,2). These terms are discussed in the following sections.

Setting up the signal flow graph for the configuration in
Fig. 3 and using the nontouching loop rules of Mason (5,6),Attenuation. According to R. W. Beatty (3), attenuation is
the insertion loss is given by the following expression:defined as the decrease in power level at the load caused by

inserting a device between a Z0 source and load, where Z0 is
the characteristic impedance of the line. Figure 1 shows the
basic idea of such an attenuation measurement.

LI = 20 log
|(1 − rss11)(1 − rLs22) − rsrLs12s21|

|s21| · |1 − rsrL| (6)

1
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Figure 1. Attenuation measurement in a
matched system.
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For a matched system where rs � rL � 0, Eq. (6) delivers Similarly, the mismatch loss between the two-port device
and the load is given bythe attenuation

A = 20 log
1

|s21|
(7)

Equations (6) and (7) clearly show that the insertion loss

Lm2 = 10 log
power absorbed by the load

maximal available power at
the output of the two-port device

(12)
LI depends on the property of the two-port device and the re-

and with the parameters of Fig. 4flection coefficients of the source rs and the load rL. Otherwise
the attenuation is the pure property of the two-port device.

Voltage Loss. Voltage loss is used only for applications in
Lm2 = 10 log

(1 − |r2|2)(1 − |rL|2)

|1 − r2rL|2 (13)

the dc to UHF part of the spectrum where voltage is well
defined. According to Warner (4), it is defined as follows: If several two-port devices are cascaded, the mismatch loss

between them has to be calculated similarly and taken into
account.LV = 20 log

[
voltage at the input of the two-port device

voltage at the output of the two-port device

]
(8)

ATTENUATOR
and using the scattering parameters

Apart from the natural losses in devices and transmission
paths, manufactured devices have well-defined losses. These
devices called attenuators are used for measurement and forLV = 20 log

|(1 + s11)(1 − rLs22) + rLs12s21|
|s21(1 − rL)| (9)

adjusting power levels to a defined value in transmission sys-
tems. Attenuators are probably the most important devices inNote that LV is independent of the source reflection coeffi-
measurement systems and therefore exist in a large numbercient rs.
of different forms (7–9), such as symmetrical, coaxial, wave-When s11 � 0 and rL � 0, the voltage loss is equal to the at-
guide, optical, fixed-value, and variable-loss. The importanttenuation.
properties of attenuators are: frequency range, attenuation
accuracy, attenuation variation versus frequency, input andMismatch Loss. At higher frequencies every real two-port
output impedance match (reflection coefficient), power han-device has an input and output reflection coefficient that dif-
dling capacity, and phase linearity.fers from zero. Therefore, there is always a mismatch between

the source and the two-port device and between the two-port
Balanced-Line Attenuatordevice and the load (Fig. 4). This reflects part of the incoming

and outgoing wave toward the source and toward the two-port Balanced lines are used especially in telecommunications and
device, respectively, resulting in additional losses. lately in local area networks and in-house communications

The mismatch loss between the source and the two-port systems. Therefore, there is a demand for balanced-line atten-
device is expressed as: uators. Chains of symmetrical double-T or double-� circuits,

as shown in Fig. 5, are mostly used (10).
The reference handbooks (10) give formulas and tables to

determine the circuit elements for a given line impedance andLm1 = 10 log

power absorbed at the input of the
two-port device

maximal available power from the source
(10)

different element attenuations. The circuit has to be symmet-
rical to the ground plane and well matched to the line imped-

According to Fig. 3 the mismatch loss is given by ance. Special techniques are given to optimize the circuit for
small frequency dependency.

Variable-value attenuators are commercially available for
different impedances (150 �, 120 �) in the frequency range

Lm1 = (1 − |rs|2)(1 − |r1|2)

|1 − rsr1|2
(11)

Figure 2. Insertion loss measurement in a non-
matched system.
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Figure 3. Scattering parameters for a two-port device inserted be-
Figure 4. Mismatch loss of a two-port device between a source andtween source and load.
a load.

from dc to several megahertz and have attenuation ranges length, and therefore the reactance of the elements gets more
from 0 dB to 132 dB. important and therefore degrades the performance of the at-

tenuator.
Lossy-Line Attenuator. Distributed lossy-line attenuators,Coaxial-Line Attenuator

explained by Weber (11), have very favorable performance.
Fixed-Value Coaxial Attenuator. Coaxial attenuators gener- As long as the attenuation is not very high, they have a flat

ally have multioctave bandwidth or frequently operate from attenuation response and an excellent impedance match. The
dc to several gigahertz (GHz). Coaxial transmission lines are center conductor of the transmission line is mostly made of
generally operated in the transverse electromagnetic (TEM) lossy material using thin film deposited on a substrate with a
mode and therefore an obvious solution for attenuators is to circular cross section. The disadvantage of lossy-line attenua-
use lumped elements that are small compared to the wave- tors is that they have a lower frequency limit depending on
length. There are four major constructions: T-circuit, �-cir- their physical length.
cuit, distributed lossy line and distributed thin-film tech- Thin-Film Attenuator. Distributed thin-film attenuators (12)
nology. use a resistive material deposited on a dielectric substrate for

T-Circuit Attenuator. The T-attenuator circuit is shown in the series and shunt losses (Fig. 8).
Fig. 6. The values of R1 and R2 are calculated from the follow-

Strip transmission lines and narrow ground electrodes oning formulas, where K is the transmission coefficient (7,10).
the longitudinal sides are added to the input and output ter-
minals. The characteristic impedance and the attenuation are
constant and given as follows (7):R1 = Z0

K − 1
K + 1

(14)

R2 = 2Z0K
K2 − 1

(15) TART Numbered Equation 19

Z0 = ρ

r
D − a

4a
(�) (19)

The attenuation in decibels is given by

A(dB) = 20 log K (16) α =
r

4
a(D − a)

(in nepers per unit length) (20)

Resistive rods for R1 are often used, and disk resistors are
Equation 20 shows that the attenuation is independent ofused for R2, or film resistors are used for both R1 and R2.

the resistivity of the film as long as the film is homogenous.�-Circuit Attenuator. Techniques similar to the T-circuit
The attenuation depends only on the geometry and thereforeare used for the �-circuit shown in Fig. 7, and the corre-
is insensitive to temperature changes.sponding formulas are as follows (7,10):

Variable-Value Coaxial Attenuator. There are two types ofR1 = Z0
K + 1
K − 1

(17)
variable attenuators: continuous variable attenuators and
step attenuators. Continuous variable attenuators have the
advantage of being noninterruptive when changing attenua-R2 = Z0

K2 − 1
2K

(18)

tion. This feature is important for some measurements, for
example, receiver sensitivity measurements. On the otherAt higher microwave frequencies the elements of the T-

and �-attenuators have dimensions comparable to the wave- hand, these attenuators may sometimes lack accuracy, setta-

Figure 5. Basic symmetrical double-T and

R1/2 R1/2

R2

Z ZZ Z

R1/2 R1/2

R1/2

R1 R1

R1/2

double-� attenuation circuits.



4 ATTENUATION MEASUREMENT
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Figure 6. T-attenuator circuit.
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Figure 8. Distributed thin-film attenuator element.bility, impedance match, high insertion loss and have lim-
ited bandwidth.

Step attenuators are very accurate and have the following
Resistant Card, T-, or �-Type Attenuator. Several construc-qualities: good reproduceability, low insertion loss, excellent

tions of variable attenuators using resistive cards or resistiveimpedance match, and wide operating bandwidth. But most
films are on the market (9). The variable card attenuator op-step attenuators are interruptive when changing the attenua-
erates like a potentiometer. A resistive film is fixed on a sub-tion value.
strate so that the resistance between the input and the outputContinuously Variable Attenuator
is varied with a movable coaxial wiper, and thus the amountPiston Attenuator (Waveguide Beyond Cutoff Attenuator). The
of attenuation changes. This type of attenuator does not havepiston attenuator is one of the oldest continuously variable
good input and output impedance matches. More sophisti-microwave attenuators (13). It is used especially as a preci-
cated constructions use T- or �-type structures where the se-sion attenuator or for handling high power levels. This type
ries and the shunt resistors are changed simultaneously.of attenuator uses a waveguide below its cutoff frequency. Ac-
Therefore the input and output ports of these attenuators arecording to transmission line theory, the amplitude of a wave
quite well matched. The minimum insertion loss is on the or-launched into such a waveguide decays exponentially. So the
der of 4 dB, and they operate up to several gigahertz.attenuation is calculable. Most constructions use a circular

Lossy-Line Attenuator. Lossy-line attenuators use a lossycross section and a magnetic coupling that generates the low-
center conductor partly covered with a thin sliding shield (7).est cutoff higher order transverse electric mode (TE11). Figure
This effectively changes the length of the resistive conductor9 shows the simplified construction of a piston attenuator. By
and thus the attenuation. Some constructions use microstripsliding the two concentric cylinders into each other, the physi-
lines with variable lossy walls (9). This type of attenuator iscal displacement of the coupling coil is changed and therefore
limited in its maximal attenuation because of the length ofalso the attenuation. Special care must be taken to avoid un-
the device.wanted higher order modes.

Pin Attenuator. Pin attenuators change the loss in either aAttenuation as a function of wavelength is given per unit
step or continuous mode. The series and shunt resistors arelength as (10)
replaced by pin diodes, electronic devices that change their
conductivity. The diodes are controlled by a bias current. Var-
ious types of circuits are available, such as series, shunt,A = 2π · 20

λc · ln 10

�
1 −

�
λc

λ

�2

in decibels per unit length (21)
bridged T, and � (9). Pin attenuators are electronic circuits
and therefore may produce harmonics. Below about 10 MHz,where �c is the cutoff wavelength of the waveguide and � is
the pin diode exhibits some rectifying behavior. At muchthe free-space wavelength.
higher frequencies, the pin diode behaves more like a variableIf the operating frequency is chosen to be much lower than
resistor. Because of the matching circuits for input and out-the cutoff frequency, the term �c/� is negligibly small for the
put and the bias network, most devices operate in a limitedoperating frequency band, and a flat attenuation frequency
frequency band. Attenuation from 2 dB to 80 dB is achieved.response is achieved. The advantages of cutoff attenuators

Step Attenuator. Step attenuators always use a set of fixedare that they are calculable and that high accuracy is
attenuators that are switched into a line by different mecha-achieved (0.001 dB/10 dB for 60 dB attenuation). For this rea-
nisms. The steps are mostly 0.1 dB, 1 dB, and 10 dB. The 0.1son, cutoff attenuators are often used as standard attenua-
dB steps generally cover a range of 1.1 dB, the 1 dB steps ators. Their main disadvantage is the high insertion loss (15

to 20 dB) because tight coupling has to be avoided so as not
to stimulate higher modes.

Z0Z0

R2

R1 R1
Movable tube

Circular waveguide

Fixed tube

Coaxial lines

Figure 9. Principle of a piston attenuator.Figure 7. �-attenuator circuit.
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Figure 12. Lossy-wall attenuator.
range of 11 dB, and the 10 dB steps cover a range up to 110
dB. The step attenuator has excellent repeatability, covers a
wide frequency range (e.g., dc to 26.5 GHz), has a good imped- Several constructions of lossy-wall attenuators exist. One
ance match, and mostly has a flat frequency response of the version is shown in Fig. 12 (14).
attenuation value. Section 2 with equally spaced slots filled with a lossy mate-

In the turret-type coaxial attenuator a set of coaxial fixed rial defines the attenuation. Sections 1 and 3 are configured
attenuators is placed in a cylindrical arrangement. With a to minimize the reflection due to the discontinuity in the wall.
rotary motion the different elements (e.g., 0 dB, 10 dB, 20 dB, The lossy-wall attenuator withstands high power because the
. . .) are switched between the junctions of the transmission dissipated heat is transferred to any cooling system.
line.

Another type of step attenuator uses a variety of fixed at- Variable-Value Waveguide Attenuator
tenuation elements. The different attenuation elements are Flap and Side-Vane Attenuator. By adding a mechanism that
cascaded by switches or bypassed. The switches may be acti- changes the position of the resistive card, the fixed-value-flap
vated manually or electrically. and side-vane attenuator are easily transformed into a vari-

able-value attenuator. It is often used as a settable atten-
Waveguide Attenuator uator.

Rotary-Vane Attenuator. The rotary-vane attenuator wasWaveguide attenuators work mostly in the entire usable
invented in the early 1950s by E. A. N. Whitebread (Elliot H.waveguide bandwidth, which is not quite half an octave. To
Brothers, London) and A. E. Bowen (Bell Telephone Labora-attenuate a wave propagated in a waveguide, either the elec-
tories). It was proposed and developed as a precision wave-tric or the magnetic field or even both are influenced. As an
guide attenuator (15–19). The rotary-vane attenuator con-example, a resistive card inserted into the waveguide parallel
sists of three sections of waveguide that have a resistive filmto the E-field attenuates it. Another technique uses lossy
spanned across the waveguide, as shown in Fig. 13. The mid-walls that influence the current in the waveguide wall. Most
dle section has a circular cross section and can be rotatedof these attenuators are not phase-invariant.
with respect to the two fixed-end sections. Figure 13 illus-
trates the principle of a rotary-vane attenuator. For clarity,Fixed-Value Waveguide Attenuator. The waveguide flap at-
the transitions from a round to a rectangular waveguide attenuator (Fig. 10) and the side-vane attenuator (Fig. 11) (7)
both ends are omitted.are very popular.

The electric field is perpendicular to all resistive filmsThe flap attenuator is based on a resistive card inserted in
whenever the films are aligned. In this case no current flowsthe center of the waveguide parallel to the E-field. The more
in the resistive film, and therefore no attenuation occurs. Ifthe card dives into the waveguide, the more the E-field is
the center part is rotated by an angle �, the component Esin�weakened, and therefore attenuation increases. A smooth
in � produce a current flowing in the resistive film and arecard shape is chosen to minimize the reflection caused by
absorbed. Thus the resulting attenuation is given bythe discontinuity.

The side-vane attenuator (Fig. 11) influences the E-field A(dB) = −40 log(cos θ ) + A0 (22)
similarly. The vane is always completely inside the wave-
guide, but it uses the fact that the E-field varies along the The rotary vane attenuator has the following advantages:
broad side. For the most popular TE10 mode, the E-field is
zero at the side wall and has its maximum in the center of The attenuation is almost independent of the frequency.
the waveguide. Therefore the position of the resistive card de-

The phase shift is very small. The phase variations arefines the attenuation value. A smooth shape minimizes the
smaller than 1� up to 40 dB attenuation.reflection of the discontinuity.

The input and output VSWRs are very low under all condi-
tions.

The attenuation is not sensitive to the resistive film as
long as its attenuation is high enough.

The attenuation is not sensitive to temperature changes.

Rotary vane attenuators are commercially available for
most of the known waveguide bands. They typically have an

Resistive card

E

accuracy of 2% of the reading in decibels or 0.1 dB, whichever
is greater.Figure 11. Principle of a side-vane attenuator.
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Figure 13. Principle of a rotary-vane atten-
uator. �
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Attenuator for Optical Fibers change with time, and flat spectral transmittance. This is
achieved by vacuum-depositing Ni and Cr alloys onto a glass

Attenuators have to be adapted to an optical fiber system.
substrate. The ND-filters are the reflecting type. To avoid

Therefore different attenuators for single-mode or multimode
multiple reflections and to ensure that the light is not re-

applications are available and mostly operate within one or
flected into the input lead, the two filters are inclined at a

two wavelength windows. Various attenuation techniques are
small angle with respect to the optical axis.

used to reduce the transmitting light, such as lateral or axial
Commercially available attenuators of this type have an

displacement of the fibers or optical prisms, and inserting ab-
insertion loss of about 3.5 dB, a range of up to 65 dB, and an

sorbing filters.
accuracy of about �0.5 dB per 10 dB. They are available for
wavelengths of 850 nm, 1300 nm, and 1550 nm.

Fixed- or Adjustable-Value Attenuator. A pair of lenses is
used in most fiber optical attenuators to collimate the light Calculable Attenuation Standards
of the input fiber and to refocus it to the output fiber. Any

Many attenuators have been described in the previous sec-attenuation mechanism, such as absorbing filters or ab-
tions, but only a few are suitable as attenuation standards.sorbing glass with variable thickness can be inserted into the
An attenuation standard is a device that can be traced to theoptical beam path. Attention has to be given to the attenua-
SI units by an unbroken chain. The application of the de-tion mechanism so that there is very little polarization-depen-
scribed standards depend on the frequency band and the tech-dent loss. Fixed-value attenuators are commercially available
nique used in the measurement system.for a range of 3 dB to 40 dB with an accuracy of 0.5 dB to

1 dB.
Kelvin–Varley Divider. The Kelvin–Varley divider (KVD)

was described for the first time by Varley in 1866 (21). It is aVariable-Value Attenuator. The reflection type variable at-
resistive voltage divider and operates from dc up to severaltenuator often combines a series of 10 dB steps for the high
hundred kilohertz. Figure 15 is an example of a four-decadevalues and a continuous variable attenuation of up to 10 dB
Kelvin–Varley divider.or 15 dB. Figure 14 shows the basic configuration of an optical

Each decade consists of eleven equal resistors except forsection (20).
the last decade which has only ten. The decades are connectedA rod lens collimates the light of the fiber into a spatial
by switches that always span two resistors. The value of thebeam that passes two neutral density filters (ND-filter). The
resistors of each following decade is reduced by a factor ofsecond rod lens focuses the spatial beam into the output fiber.
5. The four-decade Kelvin–Varley divider allows varying theThe ND-filter must have high uniformity, little attenuation
output-to-input voltage ratio from zero to one in steps of one
part in 104. The unloaded KVD has a constant input imped-
ance that is independent of the switch setting whereas the
output resistance varies with the setting. The original type of
KVD (Fig. 15) requires either very large or very small resis-
tance values because each decade needs five times larger val-
ues. Due to stray capacitance, the divider reacts similarly to
an RC-filter. For example, a 100 k� input impedance limits
the 3 dB bandwidth to about 100 kHz. To avoid large resis-
tance values, modified constructions with a resistor shunting
the decades have been developed.

Two major errors determine the accuracy: deviations of the
resistors from nominal values and the resistances of the

Rotatingmechanism
Rotating

mechanism

Continuously
variable ND filter

10 dB step
ND filter

Rod lens

Ferrule

Input

Rod lens

Ferrule

OutputLight beam

switch contacts and leads. The first three or four decades are
the most sensitive, and therefore these resistors often are ad-Figure 14. Basic configuration of an optical section.
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toroidal core. A superalloy having an extremely high perme-
ability (�100,000) and low hysteresis loss is preferred as a
core material. For an exact division of the tapped autotrans-
former, it is not necessary to have a 100% coupling between
the ten inductors (4). But the 10 self-inductances and the 45
mutual inductances have to be exactly equal.

The following error sources limit the accuracy of IVDs:

inequality in the series resistances and the leakage induc-
tances of the sections in each autotransformer

inhomogenities in the magnetic cores
distributed admittances between the windings
internal loading caused by the later stages
impedances of the connecting leads and switch contacts
variations in the input voltage, frequency, and ambient
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With careful design the mentioned errors can be mini-
Figure 15. Principle of a four-decade Kelvin–Varley divider. mized. Recently, programmable binary IVDs with 30 bits, a

resolution of 1 part in 109, and a linearity of 0.1 ppm have
been developed (25).

IVDs with eight decades and an accuracy of four parts injustable. Several calibration techniques have been developed
108 are commercially available.and are described in the literature (22,23).

Today commercially available Kelvin–Varley dividers have
up to seven decades, have an absolute linearity of �1 part in Intermediate-Frequency Piston Attenuator. The IF piston at-

tenuator is based on the same principle as the attenuator pre-107, and long term stability of �1 part in 106 per year.
viously described for RF, but it is designed to operate at a
specific, fixed frequency, mostly 30 MHz or 60 MHz. As Eq.Inductive-Voltage Divider. The inductive-voltage divider

(IVD), also called a ratio transformer, is an exceptionally ac- 21 shows, attenuation depends on the cutoff wavelength �c,
the free-space wavelength �, and the displacement of the twocurate variable attenuation standard. It consists of a number

of very accurately tapped autotransformers. The autotrans- coils. The waveguide dimensions, which can be determined,
define the cutoff wavelength, and the displacement can beformers are connected together by high quality switches. The

IVD operates from 10 Hz to about 100 kHz, and the greatest measured very precisely. Therefore the IF piston attenuator
is used as a calculable standard. Figure 17 shows a simplifiedaccuracy is achieved at about 1 kHz. In 1962 Hill and Miller

(24) described a multidecade IVD with seven decades and a diagram of an IF piston attenuator.
The standard IF piston attenuator consists of a high-preci-resolution of 1 part in 107. Figure 16 shows the principle of a

seven-decade IVD with a setting of 0.4324785. The output-to- sion circular cylinder that has excellent conductivity, a fixed
coil, and a movable coil mounted on a piston. The piston at-input voltage ratio can be set from zero to one.

The tapped autotransformers are constructed by winding tenuator operates in the H11 (TE11) mode that has the lowest
attenuation. A well-designed metal strip filter in front of theexactly equal lengths of copper wire on a high permeability

Figure 16. Principle of a seven-decade
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Rotary-Vane Attenuator. The principle of the rotary-vane
attenuator is described in the section Variable Waveguide At-
tenuator. Because the attenuation is given by the equation

A(dB) = −40 log(cos θ ) + A0 (24)

where A0 is the insertion loss at a setting of � � 0, the device
can be used as a calculable primary standard.

The rotating angle � of the center vane has to be deter-

��
L

Circular
waveguide

Movable piston
with pickup coil

Mode
filter

OutputInput

Fixed
coil

mined very precisely, especially for higher attenuation values.
Figure 17. Simplified IF piston attenuator. As an example, a rotational angle accuracy of �0.001� results

in an attenuation accuracy of �0.01 dB at a setting of 60 dB.
Especially precise optical readouts have been developed by

fixed coil attenuates the higher modes. To allow smooth move- national standards laboratories (29–31) to allow an angular
ment and to avoid any scratches, the plunger carrying the resolution of �0.001�. Following are the main error sources
moving coil is insulated. Equation 23 expresses the attenua- for precision rotary-vane attenuators:
tion per unit length more precisely:

misalignment of the end vanes
insufficient attenuation of the central vaneA = s11

r

�
1 −

�
λc

λ

�2

· ε − δ

r
(23)

incorrect readout of the rotational angle
eccentricity of the rotorin nepers per unit length, where �c � 2�r/s11, �c is the cutoff
leakage of the rotating jointswavelength, � is the free-space wavelength, s11 the first zero
internal reflections at the ends of the three vanesof the Bessel function J1 � 1.8411838, r the radius of the cyl-

inder, and � is the skin depth.
Highly accurate standard attenuators use a laser interfer- Careful design of the attenuator results in an accuracy of

�0.0015 dB up to 16 dB at 10 GHz.ometer to accurately determine the displacement of the coil.
Yell (26,27) and Bayer (28) developed extremely accurate IF
piston attenuators with a dynamic range of 120 dB, a resolu- Comparison of Attenuation Standards. The attenuation stan-
tion of 0.0001 dB, and an accuracy of 0.0002 dB/10 dB over dards mentioned previously are used in various precision
the linear range of 90 dB. measurement systems, such as RF-, IF- or LF-substitution.

The standards have very different accuracy depending on the
attenuation setting. Figure 18 shows a comparison of differ-
ent precision attenuation standards used in national metrol-
ogy laboratories (32).

Optical Attenuation Standards. Imamura (33) shows one so-
lution of a calculable optical attenuation standard that is
used to calibrate precision attenuators. The key element is a
rotating disk with a well-defined opening. The device operates
as an optical chopping system (Fig. 19).

As long as the response of the detector is slow compared to
the rotational speed �, the ratio P1 to P0 defines the attenua-
tion. In this case the attenuation depends only on the opening
angle � (in radians) and is given by the following equation:

A = −10 · log
P1

P0
= −10 · log

θ

2π
(25)

θ

ω

P0

Continuous
light beam

P1

Chopped
light beam

Single
inductive-voltage
divider (1 kHz)

Piston
attenuator

Single
rotary-vane
attenuator

Chain of coaxial
attenuators

10

10–4

10–5

20 40 100
dB attenuation

M
a

x.
 e

rr
o

r 
d

B

Figure 18. Comparison of attenuation standards. Figure 19. Principle of an optical chopping system.
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Z0

Swept
level
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DUT

Z0

Level
meter

Insertion points

Figure 20. Principle of a direct measurement system.

Generator

DUT

Z0 Z0

Reference
attenuator

Receiver

Figure 21. Principle of a LF-substitution method.

ence attenuator used in a parallel or a serial configurationAn opening angle of 36� defines an attenuation of 10 dB.
(Fig. 21).Special care has to be paid to the diffraction of light at the

Because the attenuation of the device under test (DUT) isedges of the disk openings and the stability of the light source
compared with that of the reference attenuator, neither theand the sensor. The overall accuracy is estimated to be
output level of the generator nor the absolute level indication�0.008 dB for 10 dB attenuation.
of the receiver have to be known. The only requirements are
that generator and receiver remain stable during measure-
ments. The accuracy is determined mainly by the calibration
of the reference attenuator.MEASUREMENT OF ATTENUATION

Radio Frequency and MicrowaveVarious kinds of measurement systems are used depending
on the frequency range, the type of attenuator, the required In radio frequency and microwave many different measure-
accuracy and the available standards. Most of the modern at- ment principles are known. They all have their own charac-
tenuation measurement systems are computer- or micropro- teristics: one is meant to measure low values of attenuation,
cessor-controlled. They use the same principle as the manual another to measure high values, a third to achieve highest
systems but operate much faster. If maximum accuracy is re- accuracy. The most popular measurement principles are dis-
quired, manually controlled measurement systems are often cussed in the following sections.
preferred.

Power Ratio Method. The power ratio method (4,40) (Fig.
22) is very simple for measuring attenuation. It is commonly

Low-Frequency Measurement Systems used as long as maximum accuracy is not required.
The method is based on the linearity of the power meter orLow frequency attenuation measurements are used mainly in

the receiver used. First the power P1 of the generator is mea-communication systems where voice, video and data have to
sured without the device under test (DUT) and then P2 isbe transmitted with as little distortion as possible. Dedicated
measured with the DUT inserted. The attenuation of the DUTtest systems have been developed for testing and adjusting
is calculated by the ratio of P2 to P1:the communication systems working either with coaxial lines

(50 � or 75 �) or balanced lines (124 �, 150 �, or 600 �).
A(dB) = 10 log

P2

P1
(26)

Direct Measurement. Operation of communication systems
To measure attenuation, the insertion points have to berequires a great number of test systems for which low-cost

matched either by tuners or matching pads. The square lawtest systems that are easily handled were developed. The sys-
characteristic of the power sensors and the noise limit thetems are based on current, voltage, or power measurement
dynamic range to about 40 dB. If a tuned receiver is usedand operate in a frequency band from 200 Hz up to 30 MHz.
instead of a power meter, the measurement range is extendedThe test system (Fig. 20) consists of a tuneable generator with
to about 100 dB.a known constant output level and a wideband voltmeter or a

Several error sources influence the accuracy:high-sensitivity, selective superheterodyne receiver.
Many test systems can be switched to operate in either

the stability of the generator and the detector systemcoaxial-line (50 � or 75 �) or balanced line (124 �, 150 �, or
the frequency stability of the generator600 �) configuration. In the balanced-line mode the test sys-

tems have a limited frequency range of 200 Hz to several the matching at the insertion points
MHz depending on the impedance selected. In the selective-
level meter mode, bandwidths of 25 Hz to 3.1 kHz are used,
and the dynamic range achieved is on the order of 80 dB. The
attenuation measurement accuracy in the frequency range in-
dicated is about 1 dB.

P2

Generator DUT

Insertion points
P1

Power
meter

Low-Frequency Substitution Method. The LF-substitution
method is based on a precisely calibrated low-frequency refer- Figure 22. Principle of the power ratio method.
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IF-Substitution Method. The IF-substitution method (4,40)
(Fig. 24) gives good accuracy, operates over a large dynamic
range, and is used up to very high frequencies. Most systems
operate in a parallel substitution mode.

The signal passing through the DUT is mixed to an IF of
30 or 60 MHz. This signal is compared with the signal of the
30 MHz reference oscillator and the standard attenuator by a

fa

f0 ± fa

Generator Computer

Local
oscillator

DUT Ac-
DVM

Insertion points

10 MHz reference

f0

narrowband 30 MHz receiver (mostly with synchronous detec-
tion). In a first phase the insertion points are clamped to-Figure 23. Principle of the voltage ratio method.
gether, and the standard attenuator is adjusted until there is
no switching signal (i.e., 1 kHz) detectable any longer. The
reading A1 of the standard attenuator is taken. In a second

the square law region of the detector system phase the DUT is inserted, the standard attenuator is ad-
justed so that the signal of the standard attenuator equalsthe crosstalk for high attenuation measurement
the signal of the mixer, and the reading A2 is taken. The at-
tenuation of the DUT is given by the difference A2 minus A1Commercially available systems using a tuned receiver
between readings.achieve a measurement uncertainty of 0.1 dB at 50 dB atten-

A piston attenuator, an inductive-voltage divider, or auation. These systems are easily automated by controlling the
high-precision resistive attenuator can be used as a stan-instruments with a computer.
dard attenuator.In national standards laboratories very sophisticated sys-

In national standards laboratories very high-precision pis-tems have been developed resulting in an accuracy of 0.06 dB
ton attenuators with a resolution of 0.0001 dB over a 100 dBat 50 dB attenuation (34,35).
range have been used in a parallel substitution system. The
accuracy achieved is better than 0.001 dB per 10 dB stepVoltage Ratio Method. The voltage ratio method makes use
(27,32,36).of high resolution ac-digital voltmeters (ac-DVM) available

Accuracy of about 0.002 dB and a dynamic range of 100 dBnow. Because the ac-DVMs work only up to several MHz, the
have been achieved by using a seven-decade 50 kHz inductiveRF signals have to be down-converted to low frequency. Fig-
voltage divider in a parallel substitution system (37).ure 23 shows the principle of a voltage ratio system working

Weinert (38) proposed a parallel IF complex vector substi-at an audio frequency of 50 kHz.
tution system using a high precision IF attenuator. The sys-If a synthesizer locked to the same reference frequency is
tem has a single-step dynamic range of 140 dB and a displayused as a signal generator and local oscillator, a very stable
resolution of 0.001 dB.audio frequency f a (e.g., 50 kHz) is generated. The audio fre-

The following error sources limit the accuracy and the dy-quency signal is amplified and measured with an ac-DVM. If
namic range:U1 is the voltage measured with the two insertion points

clamped together and U2 is the voltage with the DUT in-
serted, the attenuation is given by

the matching at the insertion points

the level stability of the signal source

the mixer linearity
A(dB) = 20 log

�
U2

U1

�
+ C (27)

the noise balance
where C is the correction factor in decibels for the nonlinear-

the level stability of the IF reference oscillatority of the amplifier and the DVM.
The dynamic range of the direct system is about 20 to 30 the standard attenuator resolution and stability

dB. More sophisticated systems achieve an uncertainty less the crosstalk for high attenuation measurement
than 0.001 dB for 20 dB attenuation. By adding a gauge block
technique, for example, a calibrated step attenuator (10, 20,
30, 40, 50, 60, 70 dB) in series with the DUT in the RF path,
the range is extended to 90 dB with excellent accuracy of
0.001 dB (32).

The error sources which limit the measurement uncer-
tainty are

the matching of the insertion points
the generator output level stability
the AF-amplifier stability
the AF-amplifier and ac-DVM linearity
the mixer linearity

Generator

30 MHz
reference
oscillator

Local
oscillator

30 MHz
receiver

Synchronous detector

Standard
attenuator

30 MHz IF

DUT

the gauge-block attenuator stability and reproduceability
the crosstalk for high attenuation measurement Figure 24. Principle of the IF-substitution method.
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operate very fast and are easily expandable to highest fre-
quencies. Commonly used scalar network analyzers operate
from 10 MHz to 18 GHz or 26 GHz, and often their frequency
range can be extended to 50 GHz in coaxial lines and to 110
GHz in wave guides. The dynamic range is limited to about

Generator Receiver
Standard
attenuator DUT

Insertion points
75 dB by the square law characteristic of the detectors and

Figure 25. Principle of the series RF-substitution method. noise. The measurement accuracy achieved is quite reason-
able for example, 0.6 dB measuring a 30 dB attenuator. The
insertion points have to be well matched.

The following errors influence the measurement uncer-RF-Substitution Method. In the RF-substitution method
tainty:(4,40) (Fig. 25), the reference standard attenuator and the

DUT operate at the same frequency. Because the attenuation
the harmonics of the sweep generator;of the reference standard is compared either in a series or in
the matching of the insertion points;a parallel substitution system with the DUT, the results are
the square law characteristic of the detectors; andindependent of the receiver characteristics. A rotary-vane at-

tenuator, a piston attenuator, or a chain of well-matched and the sweep generator level stability.
precisely calibrated attenuators (e.g., step attenuator) is used
as a reference standard. Vector Measurement. Vector measurements enable char-

acterising a two-port circuit completely. In addition to theIn the first step the insertion points are clamped together,
and the reference standard is adjusted to a value A1 according magnitude, the phase of the scattering parameters is also de-

termined. There are two major concepts for measuring theto the estimated attenuation of the DUT. The receiver shows
the reading U1. In the second step the DUT is inserted, and complex parameters of a two port device: the vector network

analyzer and the six-port technique.the reference standard is adjusted to get the same reading
U1 at the receiver A2. The attenuation of the DUT is calcu- Modern vector network analyzers (8,39,40) measure all

four scattering parameters: s11, s21, s12, and s22 without the ne-lated as the difference beween the two decibel readings of the
reference attenuator, A1 minus A2. cessity of turning the DUT around. Therefore they are sym-

metrical (Fig. 27) and measure in both directions.
The basic concept looks similar to that of the scalar net-Scalar Measurement. All of the attenuation measurement

systems described in the previous sections provide scalar work analyzer. The signal of the generator is divided into ref-
erence and measurement paths. In forward measurements,measurements. There are many commercial scalar network

analyzers available (Fig. 26) (8,39). These analyzers measure the directional bridge A determines the reflected signal,
bridge B determines the transmitted signal, and vice versathe input reflection and the attenuation of the device under

test. Because mostly wideband detectors are used, only the for the reverse case. Instead of using diode detectors, the sig-
nals are down-converted to an intermediate frequency andmagnitude of two quantities can be determined.

The signal of the sweep generator is divided by a power analyzed in magnitude and phase. Synthesized sweep genera-
tors and synchronous detection are being used to obtain highsplitter or a directional coupler into reference and measure-

ment paths. The directional bridge or coupler measures the accuracy for magnitude and phase measurements. Because
the complex signals are measured, the main errors due toreflected wave of the DUT. The analyzer forms the ratio A/R

which is proportional to the input reflection coefficient of the component imperfections may be corrected. Frequently a 12-
term error model is applied to correct the source and loadDUT. Using a third detector, the attenuation is measured by

calculating the ratio B/R. Most scalar network analyzers are match, the bridge characteristics, the transmission leakage
cross talk and down-converter characteristics. In the firstmicroprocessor- or computer-controlled and offer simple cor-

rection methods. The calibration for reflection measurements phase well-known standards (e.g., open, short, line) are mea-
sured, and the 12 error parameters are determined. In theis frequently done by using open and short circuits, and a

connect through normalization is used for the transmission second phase the DUT is measured and the data corrected
according to the calculated error terms. Several differentpath. Because these analyzers are broadband systems, they

Figure 26. Principle of a scalar network

Generator
Power
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Sweep control
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B

analyzer.
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Synthesized
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Reference
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Power
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Forward
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Measurement
ports

Transmission forward

Reflection reverse

Reference reverse

Reference forward

Reflection forward
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Figure 27. Principle of a vector network analyzer.

techniques for measuring the error parameters are used, such The six-port technique is another method for measuring
the complex scattering parameters of a device. The magnitudeas open-short-load, transmission-reflect-line, line-reflect-line,

etc. Each technique uses different kinds of reference stan- and the phase of the signal are calculated from four scalar
power measurements made with detectors arranged as showndards, such as short and open circuits, well defined lines,

known loads. in Fig. 28 (8,40).
The four power sensors gather enough information to cal-Excellent performance is achieved by using the 12-term er-

ror correction technique. For example, at 20 GHz, load and culate the magnitude and phase of the reflection of the DUT
and the power launched into it. The calibration of the six-source match better than 	38 dB return loss, transmission

tracking is better than 0.06 dB and cross talk is less than port device is rather complicated because a set of quadratic
equations has to be solved. The quadratic equations can be	104 dB. As a result a 30 dB attenuator can be measured at

20 GHz with an uncertainty of 0.07 dB. linearized and solved for both calibration and measure-
ment (8,40).Vector network analyzers are commercially available in co-

axial configurations in frequency bands from about 100 kHz The simplicity of the detection system is an advantage of
the six-port device especially for wideband applications andto 50 GHz and in waveguides up to 110 GHz. Some specially

dedicated systems operate in waveguides up to 1000 GHz. very high operating frequencies. Compared to the vector net-
work analyzer, the six-port device requires more calibrationThe measuring uncertainty is defined mainly by the follow-

ing parameters: and more complicated mathematics.
Two six-port devices connected in the configuration shown

in Fig. 29 are required to provide attenuation measurements.accuracy of the reference standards
The dividing circuit includes phase adjustments to obtainstability of the generator and of the detection system

different ratios b1/b2 at the terminals of the DUT. Using state-
stability of the connection cables

of-the-art power sensors the dynamic range of a dual six-port
repeatability of the connectors device is as large as 60 dB.
accuracy of the built-in software to calculate the error pa- To achieve maximum accuracy, through connection, re-

rameters and DUT scattering parameters flection line TRL-calibration is frequently used. Because the
six-port device determines the complex parameters during the
calibration process, the test ports appear well matched. The
measurement uncertainties are primarily limited by the cali-
bration standards, mainly the reflection standard (short or

Six-port
device

Generator DUT
a

b

b0 b1

b2 b3

P0 P1

P2 P3

DividerGenerator

Six-port
A

DUT

a2b2

a1b1

Six-port
B

Figure 28. Principle of six-port technique for reflection mea-
surement. Figure 29. Principle of a dual six-port for s-parameter measurement.
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Figure 32. Principle of an optical time-domain reflectometer.

Figure 30. Principle of the insertion-loss method.

open). Real-time operation is limited by the computing time method was developed to measure the attenuation of fibers as
a function of the wavelength. Using a light source combinedand the response time of the power sensors.
with a monochromator, a fiber can be tested at any wave-

Fiber Optics length from 800 nm to 1600 nm with a spectral width of 3
nm. The light from the source is projected into the fiber byThree main methods (41,42) are used for attenuation mea-
a lens.surements: the insertion loss technique, the cut-back tech-

The power P2(�) is measured at the far end of the fibernique, and the backscattering method. The first two methods
(test length lt) by using a cooled detector. Then the fiber is cutperform two-point (end to end) measurements and the last
back to a short length of 2 m to 3 m without changing theperforms a one-ended characterization. Some of the methods
projecting conditions, and the power P1(�) is recorded. If theare standardized (43,44).
power loss in the short length of fiber is assumed to be negli-

Insertion Loss Method. The insertion loss technique consists gible, the attenuation is given by the following equation:
of a stable laser source and a stable, accurate, optical power
meter. The power P2 of the laser source is sent into the DUT A(λ) = 10 log[P2(λ)/P1(λ)] (29)
(e.g., an optical fiber), and the power P3 is measured at the
far end. The attenuation is given by the ratio of the two power Assuming a uniform fiber, the attenuation coefficient per unit
levels as length of the fiber is given by

A(dB) = 10 log
�

P3

P2

�
(28)

α(λ) = A(λ)

(lt − lr)
(30)

To achieve more accurate measurements in the first phase,
the power of the source is directly measured and is remeasured where lt and lr are given in kilometers. The achieved uncer-
in the second phase with the DUT inserted. More sophisticated tainty for cable length of several kilometers is about 0.02 dB/
measuring systems use a configuration shown in Fig. 30. km for multimode fibers and 0.004 dB/km for single mode.

A second power sensor measures the power level of the
source instantaneously by a power divider. In this configura- Backscattering Method. The backscattering method is a
tion the power stability of the source is less important be- one-ended measurement based on Rayleigh scattering in an
cause P1 is always used as a reference. By using cooled detec- optical fiber (41,46). Figure 32 shows the principle of an opti-
tors, a dynamic range up to 90 dB is achieved. cal time-domain reflectometer (OTDR).

The accuracy of the measurements are determined by the A laser pulse is projected into the fiber by a coupler, and
following factors: the backscattered power is measured. The backscattered

power is related to the attenuation loss of the fiber and thethe power level and wavelength stability of the source
measured time delay is related to the distance in the fiber.the calibration and stability of the power sensors
The attenuation is calculated by using two values of the back-

the reproduceability of the connectors scattered power at different time delays (different locations
the linearity of the detectors along the fiber). The OTDR has the advantage of providing

attenuation and reflection information along the fiber. A typi-The measurement uncertainties for the insertion-loss tech-
cal recording is shown in Fig. 33.nique are on the order of 0.9 dB including the connector re-

The length of the pulse is responsible for the dead zoneproduceability. Sophisticated systems reach over a limited dy-
where no measurement is possible. A lead-in fiber allowsnamic range of 50 dB and uncertainty of 0.2 dB.
masking the dead zone. From the measured data details in
the fiber path, such as connector loss or splice loss, irregulari-Cut-Back Method. The cut-back method (41,45) (Fig. 31) is

the most accurate technique, but it is destructive. This ties of attenuation and defects are be analyzed.

Figure 31. Principle of the cut-back
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The standard uncertainty of the input estimate q is the
experimental standard deviation of the mean (for n � 10)

u(q) = s(q) (33)

Type B Evaluation of Uncertainty Components

Systematic effects that remain constant during measure-
ments but change if the measurement conditions are altered
cannot be corrected and therefore contribute to uncertainty.
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Other contributions arise from errors that are not possible or
Figure 33. Typical backscattering signature of a fiber. impractical to correct for, such as from calibration certificates

or manufacturers’ specifications. Most of these contributions
are adequately represented by a symmetrical distribution. In
RF metrology three main distributions are of interest: nor-Commercially available OTDRs have a dynamic range of
mal, rectangular, and U-shaped.about 35 dB and cover distances up to 65 km depending on

the fiber loss. A well-calibrated OTDR can produce a mea-
Normal Distribution. Uncertainties derived from multiplesurement uncertainty of about 0.02 dB/km.

contributions are assumed to be normally distributed. Accred-
ited calibration laboratories issue calibration certificates cal-
culated for a normal distribution and a minimum level of con-ERRORS AND UNCERTAINTIES IN
fidence of 95% (approximate coverage factor k � 2). TheATTENUATION MEASUREMENTS
standard uncertainty associated with the estimate xi is given
byWhenever measurements are made, the results differ from

the true or theoretically correct values. The differences are
the result of errors in the measurement system, and it should u(xi) = uncertainty

k
(34)

be the aim to minimize these errors. In practice there are
limits because no measurement instruments operate per-

Rectangular Distribution. This means that there is equalfectly. A statement of measurement uncertainty reflects the
probability that the true value lies between limits. This is thequality of the measured results, and it has to be accompanied
case for most manufacturers’ specifications that give a semi-by a statement of confidence.
range limit ai:The International Committee for Weights and Measures

(CIPM) (47) has published a guide for expressing uncertainty
in measurements which has been adopted by the European u(xi) = ai√

3
(35)

Cooperation for Accreditation of Laboratories (EA) (48). Ac-
cording to the guide, uncertainty is grouped in two categories:

U-Shaped Distribution. This distribution is applicable toType A and Type B.
mismatch uncertainty (49). Because the phases of the reflec-Type A evaluation is the result of statistical analysis of a
tion coefficients (of source, DUT, load) in scalar measurementseries of repeated observations and therefore includes ran-
are not known, the mismatch loss has to be taken into ac-dom effects.
count as an uncertainty. The mismatch uncertainty is asym-Type B evaluation is by definition other than Type A, for
metrical to the measured result, and normally the larger ofexample, judgment based on data of calibration certificates,
the two limits M � 20 log(1 	 �
G� �
L�) is used. The standardexperiences with instruments, and manufacturers’ specifica-
uncertainty is calculated astions.

Type A Evaluation of Uncertainty Components u(xi) = M√
2

(36)

Random effects result in errors that vary unpredictably. For
an estimate of the standard deviation s(qk) of a series of n Combined Standard Uncertainty
readings, qk is obtained from

The combined standard uncertainty for uncorrelated input
quantities is calculated as the square root of the sum of the
squares of the individual standard uncertainties:s(qk) =

s
1

(n − 1)

n∑
k=1

(qk − q)2 (31)

where q is the mean of n measurements. uc(y) =
s

m∑
i=1

u2
i (y) (37)

The random component of uncertainty is reduced by re-
peating the measurements. This yields the standard deviation

Expanded Uncertaintyof the mean s(q)

The expanded uncertainty U defines an interval in which
there is the true value with a specified confidence level. Nor-
mally accredited calibration laboratories are asked to use the

s(q) = s(qk)√
n

(32)
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turer’s specification and contributes to the uncertainty
as

uN = aN√
3

(43)

The cross talk of the measurement system aI is determined

Generator ReceiverDUT

Impedance
matching

Insertion points

Impedance
matching

Gr r Ls11 s22

Receiver

by measurements and regarded as limits, and therefore
Figure 34. Example of an attenuation measurement system. contributes to the uncertainty as

coverage factor k � 2 (approximately 95% confidence level)
ul = al√

3
(44)

giving:
Two mismatch losses have to be taken into account, one

during the normalization (often also called calibration)U = k · uc(y)

phase and the second while measuring the DUT.

Uncertainty in Attenuation Measurement

Let us assume a simple attenuation measuring setup, shown
in Fig. 34, consisting of a generator, two matching circuits

Normalization Phase. The maximum mismatch loss (49) isand a receiver. In the first phase when the two insertion
calculated from the reflection coefficients of the source andpoints are clamped together, the receiver measures P1( f) (of-
the receiver asten called a normalization). In the second phase the DUT is

inserted, and the receiver reads the values P2( f). MC = 20 log(1 − |rG||rL|) (45)
Attenuation as a function of the frequency is calculated

from the ratio of the two sets of readings:
As in scalar measurements, the phases of the reflection coef-
ficients are unknown. The mismatch loss contributes to the
measurement uncertainty and is normally assumed to be U-A( f ) = 10 log

[
P2( f )

P1( f )

]
(38)

shaped distributed:

The following errors contribute to the uncertainty of the mea-
surement: uC = MC√

2
(46)

The statistical errors of n repeated measurements (Type
A) are given by the arithmetic experimental standard Measurement Phase. There are two mismatch losses (49)
deviation: that have to be considered: one between the generator and

the input of the DUT and the other between the output of the
DUT and the receiver. In addition, for small attenuation val-
ues the interaction between the input and the output connec-s(A) =

s
1

(n − 1)

n∑
k=1

(Ak − A)2 (39)

tion has to be considered. The maximum limits of the mis-
match loss which have to be used for the uncertainty are(A is the arithmetic mean of the measurements)
given byThe standard uncertainty is calculated from

us(A) = s(A) = s(A)√
n

(40)
Mm = 20 log

|1 − |rGs11| − |rLs22|
−|rGrLs11s22| − |rGrLs21s12||

1 − |rGrL| (47)

The generator level stability aG is taken from the manufac-
The uncertainty is given byturer’s specification and is assumed to be rectangularly

distributed. The uncertainty is calculated as follows:

um = Mm√
2

(48)
uG = aG√

3
(41)

The total uncertainty is calculated either from linear values
The receiver level linearity and stability aR is taken from or from decibel values as long as they are small:

the manufacturer’s specification. The uncertainty is cal-
culated as uc(A) =

p
u2

s + u2
G + u2

R + u2
N + u2

l + u2
C + u2

m (49)

The expanded uncertainty is calculated using a coverage fac-uR = aR√
3

(42)

tor k � 2 (approximately 95% confidence level) as
The noise level of the receiver influences the measurement

of high attenuation values. It is given in the manufac- U (A) = k · uc(A) = 2 · uc(A) (50)
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