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Feedback is the process of combining a portion of the out-
put of a system with the system input to achieve modified
performance characteristics. Found in a multitude of en-
gineering applications, the process has become the foun-
dation of several disciplines, such as feedback control sys-
tems, feedback receivers, feedback oscillators,and feedback
amplifiers. It has become particularly pervasive in ampli-
fier design since the advent of transistors that can provide
high gain cheaply but cannot provide stable gain.

Negative feedback was originally applied by Harold S.
Black in 1927 at Bell Labs to valve (vacuum tube) am-
plifiers to reduce distortion. In 1957 Black’s work was de-
scribed by Mervin Kelly,president of Bell Labs,as one of the
two inventions of broadest scope and significance in elec-
tronics and communications is the first half of the century.
Negative feedback is the process of mixing an inverted por-
tion of the output of a system with the input to alter system
performance characteristics. The process of negative feed-
back has become especially important in linear amplifier
design and is characterized by several significant benefits:

� The gain of the amplifier is stabilized against vari-
ation in the characteristic parameters of the active
devices due to voltage or current supply changes, tem-
perature changes, or device degradation with age.
Similarly, amplifier gain is stabilized within a group
of amplifiers that have active devices with somewhat
different characteristic parameters.

� Nonlinear signal distortion is reduced.
� The frequency range over which there is constant lin-

ear amplification (the midband region) is increased.
� The input and output impedance of the amplifier can

be selectively increased or decreased.

It is a rare occurrence when benefits come without a
price. In the case of negative feedback, the aforementioned
benefits are accompanied by two primary drawbacks:

� The gain of the circuit is reduced. To regain the losses
due to feedback, additional amplification stages often
must be included in the system design. Complexity,
size, weight, and cost may be added to the final am-
plifier design.

� There is a possibility for oscillation. Should oscillation
occur, the basic gain properties of the amplifier are
destroyed.

This article considers the benefits of negative feedback
for amplifier design. Basic definitions are followed by a gen-
eral discussion of the properties of a feedback system. Am-
plifiers are divided into four categories of feedback topology,
and the specific properties of each topological type are de-
rived. While the discussions must focus on circuit analysis
techniques, a clear understanding of feedback in general,
and effects of circuit topology in particular, is a necessity

Figure 1. Basic negative feedback topology.

for good feedback amplifier design.

BASIC FEEDBACK CONCEPTS

Electronic amplifiers are fundamentally characterized by
four properties:

� The gain of the amplifier. Gain is defined as the ratio
of the output signal to the input signal. Each signal
may be either a voltage signal or current signal.

� The range of frequencies over which the gain is essen-
tially constant: This range of frequencies is identified
as the midband region. It is bounded by the frequen-
cies at which the output power is halved: the high and
low 3 dB frequencies.

� The midband input impedance. Defined as the ratio
of input voltage to input current.

� The midband output impedance. Defined as the
Thévenin impedance seen at the amplifier output ter-
minals.

The application of feedback to an amplifier alters each of
these fundamental properties.

The basic topology of a feedback amplifier is shown in
Fig. 1. An input signal, Xi, enters a summing (or mixing)
junction, symbolized by a circular symbol. At the summing
junction, the feedback signal, Xf , is subtracted from the
input signal and the resultant signal, Xδ, is passed on to a
linear amplifier, shown as a triangular symbol, of gain, A.
The output of the linear amplifier, Xo, forms the output of
the feedback system. The rectangular symbol indicates a
feedback network that samples the output signal, scales it
by a feedback factor, f, and passes it forward to the input
of the system. Each signal can take the form of either a
voltage or a current and ideally travels only in the direction
of the indicated arrows. Subtraction of the two inputs at the
summing junction is the key factor in negative feedback
systems.

Feedback systems can be mathematically modeled with
a set of simple relationships. The output, Xo, of the ampli-
fier is related to the input signal, Xδ, by a linear amplifica-
tion factor (gain), A, often called the forward or open-loop
gain:

Since the quantities Xo and Xδ can be either voltage or cur-
rent signals, the forward gain, A, can be a voltage gain,
a current gain, a transconductance, or a transresistance.
Voltage gain is the ratio of output voltage to input voltage:
Similarly, current gain relates output and input currents.
Transresistance implies the ratio of an output voltage to
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an input current: Transconductance is the ratio of an out-
put current to an input voltage. The feedback signal, Xf (a
fraction of the output signal, Xo), is then subtracted from
the input signal, Xi, to form the difference signal, Xδ.

where f is the feedback ratio defining the relationship be-
tween Xf and Xo:

As is the case with the amplifier gain, the feedback ratio,
f, is either a ratio of voltages, a ratio of currents, a transcon-
ductance, or a transresistance. The product fA, called the
loop gain, must be a positive, dimensionless quantity to
have stable negative feedback. Thus it is necessary, for neg-
ative feedback, that the mathematical sign of f be the same
as that of A within the midband region. The input–output
relationship for the overall feedback system can be derived
from Eqs. (1) and (2):

The overall gain of the system, including the effects of feed-
back, is then written as

The overall feedback amplifier gain, Af , has the same di-
mensions as the forward gain, A. Equation (5) has special
significance in the study of feedback systems and is typi-
cally identified as the basic feedback equation. The denom-
inator of the basic feedback equation is identified as the
return difference, D, but is also commonly referred to as
the amount of feedback:

The return difference, for negative feedback systems,
has magnitude larger than unity (in the midband fre-
quency region) and is often specified in decibels:

The return difference quantifies the reduction in gain due
to the addition of feedback to the system. It also plays a
significant role in quantifying changes in frequency band-
width and input and output impedance. Specifically, the
high and low 3 dB frequencies are increased and decreased,
respectively, by approximately a factor of D; and the input
and output impedances are increased or decreased by a
factor of D depending on the sampling and mixing circuit
topologies.

The derivation of the basic feedback equation is based
on two basic assumptions:

� The reverse transmission through the amplifier is
negligible (a signal at the output produces essentially
no signal at the input) compared to the reverse trans-
mission through the feedback network.

� The forward transmission (left to right in Fig. 1)
through the feedback network is negligible compared

to the forward transmission through the amplifier.

In most feedback amplifiers, the amplifier is an active
device with significant forward gain and near-zero reverse
gain: The feedback network is almost always a passive net-
work. Thus, in the forward direction, the large active gain
will exceed the passive attenuation significantly. Similarly,
in the reverse direction, the gain of the feedback network,
albeit typically small, is significantly greater than the near-
zero reverse gain of the amplifier. In almost every elec-
tronic application, the aforementioned requirements for
the use of the basic feedback equation are easily met by
the typical feedback amplifier.

ANALYSIS OF FEEDBACK AMPLIFIER PROPERTIES

The analysis and design of electronic amplifiers is typi-
cally a multistep process. Complete, analytic characteri-
zation of an amplifier is a complex process whose results
are in a form that often masks the individual amplifier
properties. Amplifier designers therefore investigate the
amplifier gain, frequency response, and impedance proper-
ties separately, carefully balancing system requirements to
converge on a successful design. In addition to simplifying
the process, separate investigation of the amplifier proper-
ties often leads to greater insight into design improvement.
When a successful design is apparent, final fine-tuning is
accomplished with the aid of a computerized circuit sim-
ulator [i.e., System Program with Integrated Circuit Em-
phasis (SPICE)] and a breadboard prototype.

Essentially all of the drawbacks and benefits of feedback
systems can be investigated on a simple level by looking at
the properties of the basic feedback equation [Eq. (5)]. Gain
stabilization, the reduction in nonlinear signal distortion,
the increase in the frequency range over which there is lin-
ear amplification, the reduction in gain, and the possibil-
ity of oscillation all can be investigated on a simple level.
The change in the input and output impedances cannot
be investigated at this level: It is necessary to specify the
nature (voltage or current) of the input and output quanti-
ties and the circuit topology to investigate these impedance
changes.

Amplifier Gain

In the section on basic feedback concepts, it was shown
that feedback reduces amplifier gain by a factor of the re-
turn difference, D. While reduction of gain can be a signifi-
cant drawback, the ancillary gains are significant. Primary
among those benefits is the stabilization of the amplifier
gain against variation in the characteristic parameters of
the active devices. It is well known that the forward gain,
A, of an electronic amplifier is highly dependent on the pa-
rameters of the active devices contained within that ampli-
fier. These parameters are typically dependent on temper-
ature, bias conditions, and manufacturing tolerances. To
maintain consistent amplifier performance, it is desirable
to design amplifiers that are reasonably insensitive to the
variation of the device parameters.

The relationship between the differential change in gain
due to device parameter variation with and without feed-
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back is obtained by differentiating Eq. (5):

Stable negative feedback amplifiers require that the return
difference have magnitude greater than unity:

Thus the absolute variation in gain is reduced by a factor
of the return ratio squared. Another measure of the change
in gain variation can be found by regrouping terms.

The factors in this equation more realistically describe the
benefits: Equation (10) demonstrates the change in the per-
centage of gain variation about the nominal value. It can
be seen that the percentage variation of the overall ampli-
fier gain, Af , is reduced by a factor of the return ratio when
compared to the percentage variation of the gain, A, of the
forward amplifier.

For example, a feedback amplifier is constructed with
an amplifier that is subject to a 3% variation in gain as its
fundamental forward-gain element and it is desired that
the feedback amplifier have no more than 0.1% variation
in its overall gain due to the variation in this element. The
necessary return difference to achieve this design goal can
be obtained as follows: Equation (10) is the significant re-
lationship in determining the gain variation:

The significant properties are

The minimum necessary return ratio is 30,more often iden-
tified as its decibel equivalent,

Equation (10) is extremely useful for small changes in am-
plification due to parameter variation but is inaccurate for
large changes. If the change in amplification is large, the
mathematical process must involve differences rather than
differentials:

To put this into the same format as Eq. (10), it is necessary
to divide both sides of the equation by A1f .

or

The results are similarly a reduction in gain sensitivity by
a factor of the form of the return difference.

The differential change in feedback amplifier gain due
to variation in the feedback ratio, f, can be obtained by dif-
ferentiating Eq. (5) with respect to the feedback ratio. Ap-
propriate mathematical manipulation leads to the desired
results:

It is easily seen that the percentage variation of the over-
all amplifier gain Af is approximately the same magnitude
(actually slightly smaller) than the percentage variation of
the feedback ratio, f. Since electronic feedback amplifiers
typically employ a feedback network constructed entirely
with passive elements (usually resistors), variation in the
feedback ratio can be kept relatively small through the uti-
lization of precision elements in the feedback network. In
good amplifier designs, the variation of amplifier gain due
to variability in the feedback network is usually of lesser
significance than that due to variability of the basic for-
ward amplifier gain.

Nonlinear Signal Distortion

Stabilization of gain with parameter variation suggests
that amplifier gain will be stabilized with respect to other
gain-changing effects. One such effect is nonlinear distor-
tion. Nonlinear distortion is a variation of the gain with
respect to input signal amplitude. A simple example of
nonlinear distortion is demonstrated in Fig. 2, in which
the transfer characteristic of a simple amplifier is approx-
imated by two regions, each of which is characterized by
different amplification, A1 and A2. To this transfer charac-
teristic, a small amount of feedback is applied so that fA1

= 1, and the resultant feedback transfer characteristic is
shown. As can be seen easily, the overall feedback trans-
fer characteristic also consists of two regions with overall
amplification A1f and A2f . In this demonstration, the am-
plification ratios are:

Feedback has significantly improved the linearity of the
system and consequently has reduced the nonlinear distor-
tion. Larger amounts of feedback (increasing the feedback
ratio, f) will continue to improve the linearity. For this ex-
ample, increasing the feedback ratio by a factor of 5 will
result in a ratio of overall gain in the two regions of 1.067
(as compared to 1.5 previously). The saturation level of an
amplifier is not significantly altered by the introduction of
negative feedback. Since the incremental gain in satura-
tion is essentially zero, the incremental feedback difference
is also zero. No significant change to the input occurs and
the output remains saturated.

Another viewpoint on gain stabilization comes from a
limiting form of the basic feedback equation:
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Figure 2. The effect on feedback on an amplifier transfer char-
acteristic.

For large return difference (D = 1 + Af) the overall gain
with feedback is dominated by the feedback ratio, f, and
therefore virtually independent of the forward gain, A, and
any variations in A.

Frequency Response

Typical linear amplifiers have a range of frequencies over
which the gain is essentially constant: This frequency
range is called the midband. As frequencies increase, the
performance parameters of an amplifier degrade. Simi-
larly, coupling and bypass capacitors internal to the am-
plifier, when present, will degrade low-frequency perfor-
mance. Using feedback to broaden of the frequency range
over which gain is relatively constant can be considered
a special case of the stabilization of gain due to variation
in amplifier performance characteristics. Feedback reduces
the effects of these frequency-dependent degradations and
thereby increases the frequency band over which the am-
plifier has stable gain.

A more exact description of the increase in the width of
the midband region can be obtained through a frequency-
domain analysis. It is common practice to use the frequen-
cies at which the output power is reduced by 50% (the high
and low 3 dB frequencies) as descriptors of the limits of the
midband region. Discussion focuses on the change in these
3 dB frequencies.

It can be shown that the basic forward amplifier gain,
A, is described as the midband gain, A0, divided by a poly-
nomial in frequency (written as s or jω):

The locations of the first few poles of A(s) [or the zeroes of
P(s)] closest to the midband region are the dominant pre-
dictors of amplifier frequency response: Specifically, their
location controls the 3 dB frequencies.

The application of feedback to an amplifier alters the
gain expression through the basic feedback equation so
that the total gain, Af , is described by

Figure 3. Pole migration due to feedback.

The application of feedback to the basic forward amplifier
has the effect of vertically shifting the denominator polyno-
mial by a constant, fA0 (see Fig. 3).This shift upward causes
movement in the zeroes of the denominator, thereby chang-
ing the location of the poles of the frequency response. Any
movement of the poles nearest the region of constant gain
(the midband region) equates into a change in the width
of the midband region. Observation of the consequences of
the result in graphical format is a great aid to understand-
ing pole migration.

For example, when the high-frequency response is de-
scribed by a single pole p1, Eq. (21) takes the form

It can be seen easily that the gain has been reduced by a
factor of the return difference, D, and the pole frequency
has been increased by the same factor. Similarly, if the low-
frequency response is described by a single pole, pL1, the
pole frequency will be reduced (that is, divided by) by a
factor of D. Since, in single-pole systems, the 3 dB frequency
coincides with the pole frequencies, the high and low 3 dB
frequencies, ωH and ωL, are shifted by a factor of the return
ratio:

As the number of poles increases, description of the
bandwidth increases with the application of feedback in-
creases in complexity. When the high or low frequency re-
sponse can be described by two poles, the damping coeffi-
cient due to the application of feedback is function ratio of
the initial pole locations, k, and the return difference. The
damping coefficient can be calculated to be:

ζ = 1 + k

2
√

k(1 + f Ao)
= 1 + k

2
√

k D
(19)

where the k is defined as the ratio of the larger pole to the
smaller pole:

kH = ω2H

ω1H
or kL = ω1L

ω2L
(20)
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This simple expression for the damping coefficient is a
particularly important result in that it can tell the circuit
designer the flatness of the frequency response in rela-
tion to the amount of feedback applied: a flat frequency
response requires critically or overdamped pole pairs (ζ ≥
0.707).

Once the damping coefficient is determined, the expres-
sion for the high or low 3 dB frequency shift with the ap-
plication of feedback takes a form similar to the single pole
case with an additional factor:

ωH f = K(ζH, kH) · D · ω1H or ωL f = ω1L

K(ζL, kL) · D
, (21)

where k is the ratio of the initial pole spacing (k ≥ 1), ζ is
the pole-pair damping coefficient, ω1H and ω1L are the poles
closest to the midband, and the factor, K(ζ, k), is given by:

K(ζ, k) = 2k ζ

k + 1

√
1 − 2ζ2 +

√
(1 − 2ζ2)2 + 1 (22)

This relationship is shown in Fig. 4 for a variety of initial
pole spacing ratios, k. In most amplifier applications, 0.9 <

K(ζ, k) <
√

2: some designers use a K(ζ, k) ≈ 1 as a first-
order approximation.

For amplifiers where the frequency response must be
described by more than two poles, the description of the
frequency shift is even more complicated. Fortunately, am-
plifiers with a high- or low-frequency response that is de-
scribed by more than two poles are reasonably modeled
by considering them to be two-pole systems (1). Equation
(26) adequately approximates the change in bandwidth for
these higher-order systems.

For example, an amplifier has a midband gain, A0 =
1000 and has frequency response described by one low-
frequency pole, fL = 10, and two high-frequency poles, fH1 =
10 kHz and fH2 = 100 kHz, and feedback is applied so that
the midband gain is reduced to A0f = 140. The new low and
high 3 dB frequencies can be determined as follows: The
return difference is the ratio of the two gains:

The low-frequency response is described by a single pole;
thus the low 3 dB frequency is changed by a factor of D:

The high-frequency response is described by two poles with
ratio, k.

k = ω2H

ω1H
= f2H

f1H
= 10 MHz

1 MHz
= 10.

The damping coefficient for the two poles are found to be:

ζH = 1 + k

2
√

k(1 + f Ao)
= 1 + 10

2
√

10(7.14286)
= 0.6508

Notice that the high poles of the feedback amplifier are
slightly underdamped and that there will be a small
“bump” (≈ 0.1 dB) in the frequency response as a result.
The high 3 dB frequency, fHf , is then found from K(ζH, k),

D, and fl:

fHf = K(ζH, k)D f1 = (1.277)(7.4286)(1 MHz) = 9.12 MHz

The resultant frequency response plots are shown in Fig
5.

Input and Output Impedance

The input and output impedance of a feedback amplifier
can be selectively increased or decreased through the ap-
plication of feedback. As has been seen in the previous
sections, general discussions provide great insight into
many of the properties of feedback systems. To consider
the design of electronic feedback amplifiers, it is necessary,
however, to specify the details of the feedback sampling
and mixing processes and the circuits necessary to accom-
plish these operations. The sampling and mixing processes
have a profound effect on the input impedance, the output
impedance, and the definition of the forward-gain quan-
tity that undergoes quantified change due to the applica-
tion of feedback. This subsection analyzes the various ide-
alized feedback configurations. The following section looks
at practical feedback configurations.

The mixing and the sampling processes for a feedback
amplifier utilize either voltages or currents. Voltage mixing
(subtraction) implies a series connection of voltages at the
input of the amplifier: Current mixing implies a shunt con-
nection. Voltage sampling implies a shunt connection of the
sampling probes across the output voltage: Current sam-
pling implies a series connection so that the output current
flows into the sampling network. Either type of mixing can
be combined with either type of sampling. Thus, a feedback
amplifier may have one of four possible combinations of the
mixing and sampling processes. These four combinations
are commonly identified by a hyphenated term: (mixing
topology)–(sampling topology). The four types are as fol-
lows:

� Shunt–shunt feedback (current mixing and voltage
sampling)

� Shunt–series feedback (current mixing and current
sampling)

� Series–shunt feedback (voltage mixing and voltage
sampling)

� Series–series feedback (voltage mixing and current
sampling)

The four basic feedback amplifier topologies are shown
schematically in Fig. 6. A source and a load resistance have
been attached to model complete operation. In each dia-
gram the input, feedback, and output quantities are shown
properly as voltages or currents. Forward gain, A, must be
defined as the ratio of the output sampled quantity divided
by the input quantity that undergoes mixing. As such it is a
transresistance, current gain, voltage gain, or transconduc-
tance. The feedback network, as described by the feedback
ratio (f), must sample the output quantity and present a
quantity to the mixer that is of the same type (current or
voltage) as the input quantity. As such it is a transconduc-
tance, current gain, voltage gain, or transresistance. Table
1 lists the appropriate quantities mixed at the input, the
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Figure 4. High 3 dB frequency as a function of ζ and nonfeed-
back pole spacing.

Figure 5. An example of the effect of feedback on frequency re-
sponse.

output sampled quantity, the forward gain, and the feed-
back ratio for each of the four feedback amplifier topologies.
It is important to remember that the product, fA, must be
dimensionless and, in the midband region of operation, pos-
itive.

In the previous section, all benefits of feedback were
discussed except the modification of input and output
impedance. The specific definitions of the four feedback am-
plifier topologies allow for that discussion to begin here.
The mixing process alters the input impedance of a neg-
ative feedback amplifier. Heuristically, one can see that
subtraction of a feedback quantity at the mixing junction
increases the input quantity necessary for similar perfor-
mance. Thus, subtracting current (shunt mixing) requires
an increase in overall input current and decreases the in-
put impedance. Similarly, subtracting voltage (series mix-
ing) requires an increase in overall input voltage and in-
creases input impedance.

Shunt Mixing Decreases the Input Resistance. For the
shunt–shunt feedback amplifier (Fig. 7), the voltage across
its input terminals (arbitrarily identified as v) and the in-
put current, ii, are related by the feedback amplifier input
resistance, Rif :

Similarly, the forward-gain amplifier has input quantities
related by its input impedance, Ri:

The two input currents, ii and iδ, are related through the
forward gain and the feedback ratio:

Figure 7. Input and output resistance for shunt–shunt feedback.

Therefore, combining Eqs. (32) and (33) yields

The input resistance to feedback amplifier is the input re-
sistance of the forward-gain amplifier reduced by a factor
of the return difference. Shunt–series feedback amplifier
input resistance is similarly derived (replacing RM by AI).
The same basic reduction in input resistance occurs:

Series Mixing Increases Input Resistance. For the
series–series feedback amplifier of Fig. 8, the voltage
across its input terminals, vi, and the input current
(arbitrarily identified as i) are related by the feedback
amplifier input resistance, Rif :
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Figure 6. Feedback amplifier topologies.
(a) Shunt–shunt feedback. (b) Shunt–series
feedback. (c) Series–shunt feedback. (d)
Series–series feedback.

Figure 8. Input and output resistance for series–series feedback.

Similarly, the forward-gain amplifier has input quantities
related by its input impedance, Ri:

The two input voltages, vi and vδ, are related through the
forward gain and the feedback ratio:

Therefore, combining Eqs. (37) and (38) yields

The input resistance to feedback amplifier is the input re-
sistance of the forward-gain amplifier increased by a factor
of the return difference. Series–shunt feedback amplifier
input resistance is similarly derived (replacing GM by AV).
The same basic reduction in input resistance occurs:

Resistors shunting the input, such as biasing resistors,
often do not fit within the topological standards of series
mixing. Thus, they must be considered separate from the
feedback amplifier to model feedback amplifier character-
istics properly using the techniques outlined in this and
other articles. Examples of such resistors are found in the
next section of this article.

The sampling process alters the output impedance of the
feedback amplifier. As was the case for shunt mixing, shunt
sampling decreases the output resistance: Series sampling
increases the output resistance.

Shunt Sampling Decreases the Output Resistance. For the
shunt–shunt feedback amplifier of Fig. 7, the output resis-
tance is measured by applying a voltage source of value,
v, to the output terminals with the input, ii, set to zero
value. A simplified schematic representation of that mea-
surement is shown in Fig. 9. In this figure, the forward-
gain amplifier has been shown with its appropriate gain
parameter, RM, and output resistance, Ro.

The output resistance of the feedback system is the ra-
tio,

The current, i, is calculated from Ohm’s law at the output
of the amplifier:
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Figure 9. Schematic representation of shunt–shunt feedback for
output resistance calculations.

Figure 10. Schematic representation of series–series feedback
for output resistance calculations.

In the case where the input current has been set to zero,

Combining Eqs. (43) and (44) yields

The output resistance of the feedback amplifier is the out-
put resistance of the forward-gain amplifier decreased by a
factor of the return difference. Series–shunt feedback am-
plifier output resistance is similarly derived (replacing RM

by AV). The same basic reduction in input resistance occurs:

Resistors that shunt the output terminals, such as a load
resistor, are considered as part of the feedback amplifier.
The forward-gain parameter (RM or AV) must be calculated
in a consistent fashion with the consideration of these ele-
ments.

Series Sampling Increases the Output Resistance. For the
series–series feedback amplifier of Fig. 8, the output resis-
tance is measured by applying a current source of value,
i, to the output terminals with the input, vi, set to zero
value. A simplified schematic representation of that mea-
surement is shown in Fig. 10. In this figure, the forward-
gain amplifier has been shown with its appropriate gain
parameter, AV, and output resistance, Ro.

The output resistance of the feedback system is the ratio

The voltage, v, is given by

Since the input voltage, vi, has been set to zero value,

Combining Eqs. (48) and (49) yields

The output resistance is then given by

The output resistance of the feedback amplifier is the out-
put resistance of the forward-gain amplifier increased by a
factor of the return difference. Shunt–series feedback am-
plifier output resistance is similarly derived (replacing GM

by AI). The same basic increase in input resistance occurs:

Resistances shunting the output, such as load resis-
tances, do not fit within the topological standards of series
sampling. Thus, they must be considered separate from the
feedback amplifier to model feedback amplifier character-
istics properly using the techniques outlined in this and
other articles. The forward-gain parameters, AI and GM,
must be calculated excluding these resistances.

PRACTICAL FEEDBACK CONFIGURATIONS

Previous discussions of feedback and feedback configura-
tions have been limited to idealized systems and amplifiers.
The four idealized feedback schematic diagrams of Fig. 6
identify the forward-gain amplifier and the feedback net-
work as two-port networks with a very specific property:
Each is a device with one-way gain. Realistic electronic
feedback amplifiers can only approximate that idealized
behavior. In addition, in practical feedback amplifiers there
is always some interaction between the forward-gain am-
plifier and the feedback network. This interaction most of-
ten takes the form of input and output resistive loading
of the forward-gain amplifier. The division of the practical
feedback amplifier into its forward-gain amplifier and feed-
back network is also not always obvious. These apparent
obstacles to using idealized feedback analysis can be re-
solved through the use of two-port network relationships
in the derivation of practical feedback amplifier proper-
ties. Once amplifier gain and impedance relationships have
been derived, the utility of the two-port representations be-
comes minimal and is typically discarded.

Identification of the Feedback Topology

Feedback topology is determined through careful observa-
tion of the interconnection of the feedback network and
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forward-gain amplifier. Shunt mixing occurs at the input
terminal of the amplifier. Thus, shunt mixing is identified
by a connection of feedback network and the forward-gain
amplifier at the input terminal of first active device within
the amplifier; that is,

� At the base of a BJT for a common-emitter or common-
collector first stage

� At the emitter of a BJT for a common-base first stage
� At the gate of a FET for a common-source or common-

drain first stage, or
� At the source of a FET for a common-gate first stage

Series mixing occurs in a loop that contains the input
terminal of the forward-gain amplifier and the controlling
port of the first active device. The controlling port of a BJT
in the forward-active region is the base-emitter junction:
A FET in the saturation region is controlled by the voltage
across the gate-source input port. Series mixing is charac-
terized by a circuit element or network that is both con-
nected to the output and in series with the input voltage
and the input port of the first active device.

Identification of the sampling is derived from direct ob-
servation of the connection of the output of the basic for-
ward amplifier and the feedback network. Shunt sampling
is typically characterized by a direct connection of the feed-
back network to the output node: Series sampling implies a
series connection of the amplifier output, the feedback net-
work, and the load. Two tests performed at the feedback
amplifier output can aid in the determination of sampling
topology:

� If the feedback quantity vanishes for a short-circuit
load, the output voltage must be the sampled quantity.
Thus, zero feedback for a short-circuit load implies
shunt sampling.

� If the feedback quantity vanishes for an open-circuit
load, the output current must be the sampled quan-
tity. Thus, zero feedback for an open-circuit load im-
plies series sampling.

After the topological type has been identified, each am-
plifier must be transformed into a form that allows for
the use of the idealized feedback formulations. This trans-
formation includes modeling the amplifier and the feed-
back network with a particular two-port representation
that facilitates combination of elements. Once the transfor-
mations are accomplished, the amplifier performance pa-
rameters are easily obtained using the methods previously
outlined. The particular operations necessary to transform
each of the four feedback amplifier topological types re-
quire separate discussion. Only the shunt–shunt topology
is discussed in detail: The other three topologies use simi-
lar techniques that lead to the results shown in Fig. 13 and
described in Table 2.

Shunt–Shunt Feedback: a Detailed Derivation. Figure
11 is a small-signal model representation of a typical
shunt–shunt feedback amplifier. In this representation,
the forward-gain amplifier and the feedback network have

been replaced by their equivalent y-parameter two-port
network representations so that parallel parameters can
be easily combined. A resistive load has been applied to
the output port; and, since shunt–shunt feedback ampli-
fiers are transresistance amplifiers, a Norton equivalent
source has been shown as the input. The forward-gain pa-
rameter of each two-port, y21, is the transadmittance.

The basic feedback equation for a transresistance am-
plifier takes the form:

The application of the basic feedback equation to this cir-
cuit in its current form is not immediately clear. It is nec-
essary to transform the feedback amplifier circuit into a
form that allows for easy application of the basic feedback
equation, Eq. (53). Such a transformation must meet the
previously stated feedback requirements:

� The forward-gain amplifier is to be a forward trans-
mission system only—its reverse transmission must
be negligible.

� The feedback network is to be a reverse transmission
system that presents a feedback current, dependent
on the output voltage, to the amplifier input port.

While a mathematically rigorous derivation of the trans-
formation is possible, greater insight to the process comes
with a heuristic approach.

The two-port y-parameter representation, in conjunc-
tion with the shunt-shunt connection, is used to describe
the two main elements of this feedback amplifier so that
all the input port elements of both two-port networks are
in parallel. Similarly, all output port elements are in par-
allel. It is well known that circuit elements in parallel may
be rearranged and, as long as they remain in parallel, the
circuit continues to function in an identical fashion. Hence,
it is possible, for analysis purposes only, to move elements
conceptually from one section of the circuit into another
(from the feedback circuit to the amplifier circuit or the
reverse). The necessary conceptual changes made for the
transformation are as follows:

� The source resistance, the load resistance, and all in-
put and output admittances, y11 and y22, are placed
in the modified amplifier circuit. While inclusion of
the source and load resistance in the amplifier seems,
at first, counterproductive, it is necessary to include
these resistances so that the use of the feedback prop-
erties produces correct results for input and output
resistance (after appropriate transformations).

� All forward transadmittances, y21 (represented by cur-
rent sources dependent on the input voltage, v1), are
placed in the modified amplifier circuit.

� All reverse transadmittances, y12 (represented by cur-
rent sources dependent on the output voltage, vo), are
placed in the modified feedback circuit.
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Figure 11. Two-port realization of a shunt–shunt feedback ampli-
fier.

The dependent current source can be easily combined:

and

In virtually every practical feedback amplifier, the re-
verse transadmittance of the forward-gain amplifier is
much smaller than that of the feedback network (y12

a <

y12
f ) and the forward transadmittance of the feedback net-

work is much smaller than that of the forward-gain ampli-
fier (y21

f < y21
a). Thus approximate simplifications of the

amplifier representation can be made:

and

The shunt–shunt feedback amplifier circuit of Fig. 11 is,
with these changes and approximations, thereby trans-
formed into the circuit shown in Fig. 12.

This transformed circuit is composed of two simple ele-
ments:

� The original amplifier, with its input shunted by the
source resistance; the feedback network short-circuit
input admittance, y11

f , and its output shunted by the
load resistance; the feedback network short-circuit

output admittance, y22
f

� A feedback network composed solely of the feedback
network reverse transadmittance, y12

f

It is also important to notice that the input resistance, Rif ,
of this circuit includes the source resistance, Rs. As such,
it is not the same as the input resistance of the true ampli-
fier, Rin. The input resistance of the true amplifier can be
obtained as

Similarly, the output resistance, Rof , of this circuit includes
the load resistance, RL: Similar operations may be neces-
sary to obtain the true output resistance of the amplifier.

The y-parameters of the feedback network can be ob-
tained:

where i2 is the current entering the output port of the feed-
back network (see Fig. 10). With the determination of these
two-port parameters, the circuit has been transformed into
a form that is compatible with all previous discussions. The
forward-gain parameter (in this case, GM) of the loaded ba-
sic amplifier must be calculated, while the feedback ratio
has been determined from the two-port analysis of the feed-
back network:
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Figure 12. Redistributed shunt–
shunt realization.

In the case of totally resistive feedback networks, the
shunting resistances can be found in a simple fashion:

� rin = (yf
11)−1 is found by setting the output voltage to

zero value, vo = 0, and determining the resistance from
the input port of the feedback network to ground.

� rout = (yf
22)−1 is found by setting the input voltage to

zero value, vi = 0, and determining the resistance from
the output port of the feedback network to ground.

The feedback ratio, f, is simply the ratio of the feedback
current, if , to the output voltage when the input port of the
feedback network, vi, is set to zero value. All idealized feed-
back methods can be applied to this transformed amplifier,
and all previously derived feedback results are valid.

The other three feedback amplifier topologies can be
similarly analyzed using various two-port parameters for
analysis:

� Shunt–series—g parameters
� Series–shunt—h parameters
� Series–series—z parameters

Such analysis leads to a characterization of the loading of
the basic forward amplifier as is described in Fig. 13. As
is the case with the shunt–shunt topology, individual ele-
ments within the feedback network may appear more than
once in the loaded basic forward amplifier equivalent cir-
cuit. Table 2 summarizes the analysis of feedback amplifier
properties.

STABILITY IN FEEDBACK AMPLIFIERS

Under certain conditions, feedback amplifiers have the pos-
sibility of being unstable. This instability stems from the
frequency-dependent nature of the forward gain of the ba-
sic amplifier, A, and the feedback factor, f. The frequency
dependency is exhibited in the changes in magnitude and
phase of the product, fA, as a function of frequency.

Instability can be visualized by studying the basic feed-
back equation as a function of frequency:

It is important that an amplifier be designed so that stabil-
ity is present at all frequencies, not only those in the mid-
band region. If the product −f(jω)A(jω) approaches unity
at any frequency, the denominator of Eq. (61) approaches
zero value:The total gain of the amplifier approaches infin-
ity. This condition represents an output that is truncated
only by power supply limitations regardless of input mag-
nitude and is an unstable condition that is intolerable in
amplifiers. To avoid this instability, it is necessary to avoid
a simultaneous approach of |f(jω)A(jω)| = 1 and ∠f(jω)A(jω)
= ±180◦. Since each pole can only provide a phase shift of
between 0 and −90◦, the second condition is only possible
for amplifiers that have high- or low-frequency responses
described by three or more poles. Simultaneously satisfy-
ing both conditions can be avoided if the magnitude of fA is
always less than unity when the phase angle of fA is ± 180◦.
Designers of feedback amplifiers typically verify that this
is the case through the use of amplifier frequency-response
plots.

Gain Margin and Phase Margin

A frequency-response plot of the loop gain, fA, for a typi-
cal amplifier is shown in Fig 14. The frequency at which
|f(jω)A(jω)| = 1 is identified as ωm and the frequency at
which ∠f(jω)A(jω) = −180◦ is identified as ωp. Since ωm �=
ωp, it is apparent that this is a stable amplifier—that is, the
two instability conditions are not simultaneously met. It is,
however, important to ensure that the two conditions are
not met simultaneously with a margin of safety. The mar-
gin of safety is defined by the gain margin and the phase
margin of the feedback amplifier.

Gain margin is defined as the difference in the loop gain
magnitude (in decibels) between 0 dB (unity gain) and the
loop gain magnitude at frequency ωp:

Phase margin is the difference between the loop gain phase
angle at frequency ωm and −180◦:

Each safety margin is shown in Fig. 14. It is common
to specify the design of feedback amplifiers with gain
and phase margins greater than 10 dB and 50◦, respec-
tively. These margins ensure stable amplifier operation
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Figure 13. Feedback network loading of
basic forward amplifier. (a) Shunt–shunt
feedback. (b) Shunt–series feedback. (c)
Series–shunt feedback. (d) Series–series
feedback.

Figure 14. Gain margin and phase margin.

over component parameter variation, temperature change,
and other variations found in typical amplifiers.

Compensation

Two fundamental techniques are available for ensuring
amplifier stability:

� Reducing the midband loop gain, fA, of the amplifier
� Adding a compensation network to the amplifier to

shape the loop gain frequency response so that the
phase and gain margins are positive and in an ac-
ceptable range

Careful design is required in each of these cases to ensure
stable amplifier operation over typical performance condi-
tions.

In many cases, decreasing the loop gain to achieve sta-
bility is not an acceptable design possibility. Additionally,
as is often the case in operational amplifier circuits, the
feedback ratio, f, may be determined by the user rather
than the amplifier designer and can range widely. In such
cases, compensation networks are added within the feed-
back loop of the amplifier to increase the gain and phase
margins. Such compensation networks add poles or a com-

bination of poles and zeros to the loop gain characteristic.
The most commonly used compensation techniques are as
follows:

� Dominant pole compensation
� Lag–lead (pole–zero) compensation
� Lead compensation

Each technique modifies the gain and phase profiles of the
basic forward amplifier through pole and zero manipula-
tion.

In dominant pole compensation, the amplifier is mod-
ified by adding a dominant pole that is much smaller in
magnitude than all other poles in the amplifier gain func-
tion: Typically it is chosen so that the loop gain, fA, reaches
0 dB at the frequency of the next pole (the first pole of the
uncompensated amplifier). Consequently, the modified loop
gain falls below 0 dB before the nondominant poles shift
the total phase shift near 180◦ and the circuit is inherently
stable. Dominant pole compensation will typically result in
a phase margin of approximately 45◦.

The location of the new compensation pole can be de-
termined by modeling the loop gain response with a single
pole and setting its value to 0 dB at the first pole of the
uncompensated amplifier:

Solving Eq. (64) for the compensation pole frequency, ωc,
results in:

If the design goals of the feedback amplifier includes a
range of feedback ratios, the frequency of the compensa-
tion pole is determined by the maximum value of the feed-
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back ratio. That is, ωc is chosen to be the smallest value
predicted by Eq. (65).

An example of dominant pole compensation is shown
in Fig. 15 in the frequency domain. For clarity, the gain
plots are represented by straight-line Bode approxima-
tions, while the exact phase plots are retained. The exam-
ple amplifier is described by a midband gain of 60 dB with
poles at 1 MHz, 5 MHz, and 50 MHz: the feedback ratio is
f = 0.1.

The possibility of feedback amplifier instability is fo-
cused at the frequency where |fA| = 1 or equivalently where
|A|dB = −20 log(f). For this particular three-pole example,
instability may occur at ωm ≈ 21 MHz. Here the phase mar-
gin is very small and negative (≈ −7◦). After compensation,
the focus is again centered where the gain plot (now com-
pensated) intersects the negated feedback ratio plot. The
addition of the compensation pole, ωc, shifts this intersec-
tion to the frequency of the first uncompensated pole, ωp1.
For this example, the compensation pole is placed at 10
kHz and yields a phase margin of ≈43◦ and a gain margin
of ≈14 dB.

Dominant pole compensation reduces the open-loop
bandwidth drastically. Still, it is common in many circuits
with inherently large gain: Operational amplifiers com-
monly utilize dominant pole compensation.

Lead–lag (or pole–zero) compensation is similar to dom-
inant pole compensation with one major exception. In ad-
dition to a dominant pole, a higher-frequency zero is added.
This zero is used to cancel the first pole of the uncompen-
sated amplifier. The added dominant pole can then be cho-
sen so that the gain reaches 0 dB at the frequency of the
next pole (the second pole of the uncompensated amplifier).
Lead–lag compensation has a distinct bandwidth advan-
tage over dominant pole compensation.

The location of the new compensation pole can be de-
termined in a similar fashion to the method utilized under
dominant pole compensation with the exception that the
loop gain (without the first original pole) is to reach 0 dB
at the second pole of the uncompensated amplifier. Solving
Eq. (64) for the compensation pole frequency, ωc, results in:

As with dominant pole compensation, design goals includ-
ing a range of feedback ratios lead to the determination of
frequency of the compensation pole by the maximum value
of the feedback ratio. That is, ωc is chosen to be the smallest
value predicted by Eq. (66).

The previously described, uncompensated amplifier is
compensated with a lag–lead pole–zero pair and the fre-
quency domain results are displayed in Fig. 16. The possi-
bility of feedback amplifier instability is again focused at
the intersection of the gain and the negated feedback ratio
plots. After compensation, the focus is centered where the
gain plot (now compensated) intersects the negated feed-
back ratio plot. The addition of the compensation pole, ωc,
and a zero at the first uncompensated pole, ωp1, shifts this
intersection to the frequency of the second uncompensated
pole, ωp2. The previously identified amplifier parameters
lead to a compensation pole at 50 kHz, a positive phase

margin of ≈48◦, and a gain margin of ≈20 dB.
Lead compensation can lead to the largest bandwidth

of the three most common compensation networks. Here,
as in lead–lag compensation, a pole and a zero are added.
The zero is used to cancel the second pole of the uncom-
pensated amplifier, and the added pole is positioned at a
frequency higher than the zero. The objective is to reduce
the phase shift of the uncompensated amplifier at the fre-
quency where the loop gain reaches 0 dB (ωm). Lead com-
pensation can be extremely effective in feedback amplifiers
where there are two or three dominant poles in the uncom-
pensated amplifier.

The previously described, uncompensated amplifier is
compensated with a lead pole–zero pair and the frequency
domain results are displayed in Fig. 17. After compensa-
tion, the focus is again centered where the gain plot (now
compensated) intersects the negated feedback ratio plot.
The addition a zero at the second uncompensated pole, ωp2,
and a high-frequency compensation pole, ωc, shifts this in-
tersection a frequency beyond the second uncompensated
pole, ωp2. For this example, the high-frequency pole was
chosen at 500 MHz. This design choice leads to a positive
phase margin of ≈35◦ and a gain margin of ≈15 dB. Notice
that with lead compensation there is no significant reduc-
tion in the frequency response of the feedback amplifier.

A passive component circuit implementation of each of
the three compensation techniques is schematically shown
in Fig. 18. For the circuit of Fig. 18(a), the compensation
network component values are chosen so that

where Ao, Ro, and ωp1 are the midband gain, the output re-
sistance, and the first pole frequency, of the basic forward
amplifier, respectively. For the circuit of Fig. 18(b), the com-
pensation network component values are chosen so that

and

For the circuit of Fig. 18(c), the compensation network com-
ponent values are chosen so that

and

While the placement of a compensation network at the
output of the basic forward amplifier is an effective tech-
nique for feedback topologies with shunt sampling, other
placement may be necessary. In particular, connections at
the output of a feedback amplifier with series sampling
are not within the feedback loop and are therefore invalid.
In such cases, alternate placement of the compensation is
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Figure 15. Bode diagram for a dominant pole compensated am-
plifier.

Figure 16. Bode diagram for a lag–lead compensated amplifier.

Figure 17. Bode diagram for a lead compensated amplifier.

necessary. One common placement intersperses the com-
pensation network between individual gain stages of the
amplifier. Similarly, it is possible to compensate a feed-
back amplifier within the feedback network rather than
the basic forward amplifier. Unfortunately, analysis of com-
pensation within the feedback network is often extremely
complex due to the loading of the basic forward amplifier
by feedback network components.
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Figure 18. Compensation networks. (a) Dominant pole compen-
sation. (b) Lag–lead (pole–zero) compensation. (c) Lead compen-
sation.
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