CHAPTER 2: FEEDBACK AND STABILITY
Feedback plays a major role in real-life circuits. Most of practical circuits or systems
incorporate some sort of feedback. Feedback can be applied on a small scale or on a large scale and
appears in both analog and digital systems. Feedback allows circuit characteristics such as gain,
input impedance, output impedance, and bandwidth to be precisely controlled while making these
parameters insensitive to variations in individual components parameters.

I.

THE NEGATIVE-FEEDBACK LOOP

Figures below shows the block diagrams of an open-loop amplifier without feedback and a
closed-loop amplifier with feedback.
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In the closed-loop amplifier, the output xOUT is equal to A.xIN. The variable xS represents the
input signal applied to the entire system by the user. The feedback network accepts xOUT as its input
and produces a signal xF, called “feedback” signal. The later is subtracted from xS at the summation
node to produce xIN.

xIN = xS – xF

The relationship between xF and xOUT consists of the simple linear equation (linear
feedback).

xF = βxOUT

where β is called the feedback factor and it is a constant.
Then the output xOUT becomes:
or

xOUT = AxIN = A(xS – xF)
xOUT = A(xS – βxOUT)

As indicated in this equation, xOUT depends upon itself – a property intrinsic to the nature of
a feedback path that connects the output back to the input.
Rearrange the above equation:
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and finally put in the form:

xOUT(1+Aβ) =AxS
x
A
A fb = OUT =
xS
1 + Aβ

The factor Afb is called the closed-loop gain (gain with feedback) of the circuit. It represents
the net ratio of xOUT to xS when a feedback network described above is connected. Since Aβ>>1, the
closed-loop gain becomes:

A fb ≈

A 1
=
Aβ β

In the other word, the closed-loop gain, Afb, becomes independent of A in the limit Aβ>>1,
and depends only on the feedback factor β. This feature is an important one that allows Afb to be
precisely set, regardless of the exact value of A. Because the feedback network is generally made
from passive (and easy-to-control) circuit elements, the many factors that affect A, including
component variations, temperature, and circuit non-linearity, becomes much less important to the
closed-loop circuit. This benefit is generally worth the price of reduced gain, especially because A
can usually be made much larger than the closed-loop gain factor.
Example: Noninverting op-amp configuration

II.

GENERAL REQUIRMENTS OF FEEDBACK CIRCUITS

The feedback diagram shown above is a general one that can be applied to many feedback
amplifiers. Signals at summing node must be the same type (i.e., the three signals must either be all
voltages or all currents). The amplifier output, xOUT, however needs not be of the same signal type
as its input.
In general, the amplification factor, A, can have dimension units of Av=Volt/Volt,
Ai=Ampere/Ampere, Ar=Volt/Ampere, or Ag=Ampere/Volt. The feedback function β must have
units that are reciprocal to those of A, such that the product Aβ is dimensionless. This condition
ensures that xF is of the same signal type as xS and xIN.
For the feedback circuits discussed in this section, the feedback network will be made from
passive components only and the feedback factor β never exceed unity.
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In the feedback loop, xF is subtracted from xS, making the feedback negative. If xF is added
to xS at the summation node, the feedback becomes positive. Most circuits use negative feedback.
Positive feedback is used in circuits called oscillators and also in a class of circuits called active
filters which we will study in the later chapters.
Feedback affects the properties of all amplifiers. Negative feedback reduces amplifier nonlinearity, improves input and output impedances, extends amplifier bandwidth, stabilizes amplifier
gain, and reduces amplifier sensitivity to transistor parameters. These features are usually desirable
ones in amplifier design.

III.

THE FOUR TYPES OF NEGATIVE FEEDBACK
1. The four basic amplifier types

A circuit used for electronic amplification can be designed to response to either voltage or
current as its primary input signal. Similarly, the circuit can be designed to supply either a voltage
or a current as its primary output signal. Depending on its mix of input and output signals, an
amplifier can be classified into one of the four basic types summarized in the Figure below.

a. A voltage amplifier with gain Av accepts a voltage as its input signal and provides a
voltage as its output signal.
b. A current amplifier with gain Ai has its input and output signals that are both currents.
c. A circuit in which the input signal is a voltage and the output signal is a current is called a
transconductance amplifier or sometimes a voltage-to-current converter. The amplification factor,
Ag or gm, for a transconductance amplifier, defined as the ratio iOUT/vIN, has a unit of amperes per
volt, or conductance.
d. A transresistance amplifier with gain Ar accepts a current as its input signal and provides
a voltage as its output signal. The amplification factor, Ar or rm, of a transresistance amplifier,
sometimes called a current-to-voltage converter, is defined as the ratio vOUT/iIN and has the units of
volts per ampere, or resistance.
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2. The four types of negative feedback
There are four types of negative feedback listed in the Table and shown the Figure below.
Depending on its input and output, each negative feedback circuit has a specific application.
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∗∗∗ VOLTAGE-CONTROLLED VOLTAGE SOURCE (VCVS)
This is a non-inverting voltage amplifier using negative feedback. The circuit has high input
impedance and low output impedance to provide a stiff voltage source. It converts a voltage input to
a voltage output with an inversion factor equal to the gain of the amplifier (ACL). The output voltage
is controlled and proportional to the change of the input voltage.
+VCC
vin

vout

+
_
-VEE

R2

Feedback fraction, β:

Closed loop gain:

v
R1
β = R1 =
v out R1 + R 2

R1

Gain CL = 1 + A OLβ
Loop gain:
A CL =

A OL
A
R
1 R + R2
=1+ 2
≈ OL ≈ = 1
R1
1 + A OLβ A OLβ β
R1

Error between ideal and exact values:
100%
% Error =
1 + A OLβ
Impedances:

Zin = (1 + A OLβ) R in
Z out =
Output voltage:

R out
1 + A OLβ

vin=Avout

As mentioned earlier, negative feedback stabilizes the voltage gain, increases the input
impedance, decreases output impedance and reduces any nonlinear distortion of the amplified
signal.
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a. Gain stability:
The gain of the feedback amplifier is stabilized because it depends only on the external
resistances (i.e., can be precision resistors). This gain stability depends on having a low percent
error between the ideal and the exact closed-loop voltage gains. The smaller the percent error, the
better the stability.
The worst-case error of closed-loop voltage gain occurs when the open-loop voltage gain
AOL is minimum.
100%
% Maximum error =
1 + A OL(min)β
b. Nonlinear distortion:
In the later stage of an amplifier, non-linear distortion will occur with large signals because
the input/output response of the amplifying devices becomes non-linear as shown in figure below.
Nonlinear also produces harmonics of the input signal as shown in the spectrum diagram.

The degree of harmonic distortion is measured by the percent of total harmonic distortion,
TDH, and defined as:

THD =

Total harmonic voltage
100%
Fundamental voltage

Negative feedback reduces harmonic distortion. The exact equation for closed-loop
harmonic distortion is:
THD OL
THD CL =
1 + A OLβ
As shown, the quantity 1+AOLβ has a curative effect. When it is large, it reduces the
harmonic distortion to negligible levels, (i.e., high-fidelity sound in audio amplifier system).
Example 19-1, 19-2, 19-3, 19-4 (page 667)
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∗∗∗ CURRENT-CONTROLLED VOLTAGE SOURCE (ICVS) (19-4)
This negative feedback amplifier converts a current input to voltage output, it has a low
input impedance and low output impedance. The conversion provides a stiff voltage source from a
current input. The conversion factor is called transresistance (rm) (i.e., output voltage is proportional
to the current by a resistance).
R2

+VCC

_
iin

vout

+
-VEE

Output voltage:

v out = i in R 2

A OL
= i in R 2
1 + A OL

The circuit is a current-to-voltage converter. Different values of R2 can be selected to have
different conversion factors (transresistances). Input and output impedances:

z in ( CL) =

R2
1 + A OL

Z out ( CL ) =

R out
1 + A OL

Example: inverting amplifier, 19-5, 19-6 (page 674)

∗∗∗ VOLTAGE-CONTROLLED CURRENT SOURCE (VCIS) (19-5)
This amplifier converts a voltage input to a current output with a conversion factor
transconductance, gm, (i.e., 1/R). Both input and output impedances are high in this circuit to
provide a stiff current source.
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+
_
-VEE

iout
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Output current:

i out =

i out =
Input and output impedances:

v in
(R + R 2 )
R1 + 1
A OL
v in
= g m vin
R1

where g m =

1
R1

Zin (CL ) = (1 + A OLβ) R in
Z out (CL ) = (1 + A OL ) R1
Example 19-7 (page 677)

∗∗∗ CURRENT-CONTROLLED CURRENT SOURCE (ICIS)
The current amplifier has low input impedance and high output impedance, it provides a stiff
current source with a current gain factor Ai.
+VCC

_
+
-VEE

iin

RL
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Closed loop current gain:

Ai =

A OL (R 1 + R 2 ) R 2
≅
+1
R L + A OL R1
R1

Input and output impedances:

Zin (CL) =

R2
1 + A OLβ

where β =

R1
R1 + R 2

Z out (CL ) = (1 + A OL ) R 1

Example 19-8 (page 678)
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∗∗∗ BANDWIDTH
Negative feedback increases the bandwidth of an amplifier because the roll-off in open-loop
voltage gain means less voltage is fed back, which produces more input voltage as a compensation.
Because of this, the closed-loop cutoff frequency is higher than the open-loop cutoff frequency.
The closed-loop cutoff frequency is given by:
f 2(CL) =

f unity
A CL

The gain bandwidth product (GBP) is defined as
GBP = Gain ⋅ frequency

and this gain bandwidth product is constant, i.e.:

or

A OL f OL= A CL f CL
A CL f 2(CL ) = f unity

The left side of this equation is the GBP and the right side of the equation, funity, is a constant
for a given op-amp. Because GBP is a constant for a given op-amp, a designer has to tradeoff gain
for bandwidth. The less gain used, the more bandwidth results. Conversely, if the designer wants
more gain, less bandwidth results. As shown, the unity frequency determines GBP of the op-amp,
higher unity frequency op-amp may be needed for specific application which requires both high
gain and high bandwidth.
Example 19-9, 19-10, 19-11, 19-12, 19-13 (page 682)
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FEEDBACK LOOP STABILITY
Whenever a multistage amplifier like an op-amp is connected in a negative feedback
configuration, the stability of the feedback loop must be examined to verify that unwanted
oscillations will not occur.
The output of a linear system will experience a relative phase shift of –90O if the driving
frequency is increased beyond one of the poles of the system function. In a system with three or
more poles, a frequency will exist at which the phase shift exceeds 180O.

At some frequency, ω180, the –180O phase shift will change an otherwise negative feedback
loop into a positive feedback loop as shown below.
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The response of the feedback loop at ω180 can be written as:

v out =

(−1) A180
1 + (−1) A180β

If A180 and β are such that A180β=1, the denominator becomes 0 and the output becomes
infinite, even with vin equal to 0.
•
•

Such a condition is equivalent to oscillation at the frequency ω180.
It can be shown that the less stringent inequality A180β≥1 also leads to oscillation at ω180.

* Note: in practice, the saturation limits of the op-amp limit the magnitude of oscillation
(i.e., the output voltage is not infinity).

I.

FEEDBACK LOOP COMPENSATION

Unwanted oscillations at ω180 can be prevented by the use of frequency compensation.
Compensation consists of altering the open loop response of the op-amp so that the stability
condition is met:
A180β < 1
Compensation is often included in the internal design of an op-amp but may be implemented
– if necessary – by adding external components to the feedback loop.
In an internal compensated op-amp, the stability condition is met up to some maximum
value of β. Some op-amps (LM741) are stable under all negative feedback conditions. The value of
A180 in these op-amps is less than unity.
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If an op-amp is not internal compensated for all feedback conditions, its feedback loop must
be evaluated for stability. If the feedback loop is unstable, external compensation must be added.
External compensation is sometimes preferred over internal compensation because the latter limits
the gain bandwidth product of the feedback loop.

II.

EVALUATION OF STABILITY CONDITION

The stability of a feedback loop can be determined by evaluating the gain margin and phase
margin:
Gain − M arg in = 1 − A( jω)β ω = 1 − A180β
180

for stability, the gain margin must be positive (i.e., A180β < 1).

Phase − M arg in = arg(A ( jω) β ω
where A ( jω)β = 1

(PM )

) − (−1800 ) = 1800 + arg(A ( jω) β ω

( PM )

)

at ωPM.
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A negative phase margin indicates that A ( jω)β is greater than unity at ω180 and the circuit
will be unstable.
-

-

If one margin passes the stability test, the other will also.
To ensure stability, it is necessary to design a feedback loop with excess gain or phase
margin.

Example:

The open-loop frequency response of a particular op-amp is described by the
following transfer function:
A0
A ( jω) =
ω
ω
ω
(1 + j )(1 + j )(1 + j )
ω1
ω2
ω3
6
6
where A0=10 , ω1=10rad/sec, ω2=ω3=10 rad/sec.
Since ω1 << ω2, the dominant pole of A(jω) ≈ ω1 .
a. How large can the feedback parameter β become before instability results? Assume β is
not a function of frequency.
b. Design a non-inverting amplifier that meets the stability conditions.
Solution:

Since β is not frequency dependent, ω180 occurs at the frequency where the angle of the
transfer function is at –180O, that is where:
ω
ω
ω
arg(A ( jω) ) = − tan −1 ( ) − tan −1 ( ) − tan −1 ( ) = −1800
ω1
ω2
ω3
solving for ω results in
ω180 ≅ 106 rad/sec
The magnitude of A(jω) at ω180 as follows:
A180 =

10 6
106
106
10 6
)
)(1 + j
(1 + j
)(1 + j
10
106
10 6

=

106
(105 )( 2 ) 2

=5

stability of the feedback loop required that A ( jω)β ≤ 1 , therefore:
1
β ≤ = 0.2
5
For the circuit to be stable, the closed-loop gain must therefore meet the minimum condition:

v out 1
= ≥5
v in β
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In practice, β should be decreased somewhat to improve the gain and phase margin beyond
their minimally stable values.

III.

EXTERNAL COMPENSATION

If an op-amp in a negative feedback loop is under-compensated, a compensation network
can be added to the loop.
Example: The open loop response A(jω) of particular op-amp is measured and is shown in
the following figure.
a. Show that the minimum allowed β that ensures stability is 0.001.
b. To what closed-loop gain does β correspond?
c. Design a compensation network that will stabilize the op-amp in a non-inverting
amplifier with a gain of 5 (i.e., 14dB).
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Solution:
The value of f180 can be obtained from the angle portion of the above Bode plot.

f180 = 3.2*106 Hz
At this frequency, A180=60dB=1000. For stability, A ( jω) β ≤ 1 , therefore β < 10-3.
A non-inverting amplifier, with a desired gain of 5 will have β=0.2, will be unstable unless a
compensation network is added to the feedback loop. If the compensation network adds a pole to
the op-amp open-loop response at a frequency well below f180, the open-loop gain at f180 will be
reduced so that the stability condition can be met.
If the pole is located below f90, it will add an additional –90O phase shift at f90, bringing the
total phase shift at f90 to –180O. The original f90 before compensation will become the new f180 after
compensation. Therefore
A 90β = 1

or

A 90 dB + β dB = 0

The uncompensated op-amp has a gain magnitude of 90dB at f90 (see figure above). If an
amplifier with closed-loop gain of 5 (i.e., 14dB) is to be made, then β=1/5 (i.e., - 14dB) and A90
must be reduced from 90dB to 14dB (i.e., 76dB). This can be achieved with a pole at fc =50.7Hz.
The following procedure shows how to evaluate this fc frequency.
This value can be computed by noting that above fc , the pole at fc will increase the roll-off
by –20dB/decade.
f 90 − f c =
fc =

f 90

10 3.8

− 76dB
= 3.8decades
− 20dB / decade
=

3.2 ⋅ 105 Hz
6.31 ⋅ 103

= 50.7Hz

A compensation pole at fc can be introduced by the simple RC filter shown below. Note that

1
= 2πf = 319rad / sec . Arbitrary choose resistor (or capacitor) then calculate the other.
R cCc
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