Module 5: Feedback Amplifiers and
Stability

Welcome to this enhanced and comprehensive edition of Module 5: Feedback Amplifiers
and Stability. In this module, we will embark on an even deeper exploration of feedback, an
indispensable concept in electronics engineering. We will systematically dissect the
principles of both positive and negative feedback, meticulously examining their operational
mechanisms, the profound advantages they offer, and the inherent disadvantages they
present. Our journey will then lead us through an exhaustive study of the four fundamental
feedback topologies, elucidating how each configuration uniquely influences an amplifier's
key characteristics, particularly its input and output impedances. We will rigorously quantify
the impact of feedback on critical performance parameters such as gain, bandwidth, input
resistance, output resistance, and distortion, grounding our understanding with practical
calculations and numerical examples. The latter half of the module is dedicated to the
paramount topic of amplifier stability, where we will uncover the conditions that lead to
undesirable oscillations, understand the concept of conditional stability, and gain a
qualitative yet insightful grasp of the Nyquist Stability Criterion. Finally, we will master the
essential quantitative tools—Gain Margin and Phase Margin—crucial for robust feedback
amplifier design, underscoring their importance in achieving predictable and reliable circuit
performance. Every concept will be presented with clarity, supported by relevant formulas,
and reinforced with practical numerical illustrations, ensuring a thorough and self-contained
learning experience.

5.1 Concept of Feedback: Positive and Negative
Feedback, Advantages and Disadvantages

At its most fundamental level, feedback in an electronic system is the process of extracting
a portion of the output signal and returning it to the input, where it combines with the original
input signal. This seemingly simple closed-loop interaction forms the backbone of countless
sophisticated electronic circuits, enabling precise control, enhanced performance, and
sometimes, intentional signal generation.

The core components that constitute a general feedback system are:

e Basic Amplifier (Forward Path): This is the primary amplification stage, possessing
an open-loop gain, typically denoted by A. Its function is to amplify the effective input
signal.

e Feedback Network (Feedback Path): This circuit samples a specific characteristic
of the output signal (e.g., voltage or current) and transforms it into a form suitable for
injection back into the input summing junction. This network is generally composed of
passive components (resistors, capacitors, inductors) to ensure its stability and
predictability. The feedback factor, BF, represents the fraction or characteristic of the
output signal that is returned to the input.



Summing/Comparison Network: This is the point where the original input signal

and the feedback signal are combined. The nature of this combination (addition or
subtraction) dictates whether the feedback is positive or negative.

Load: The external circuit or component connected to the amplifier's output, which
the amplifier is designed to drive.

The efficacy and behavior of a feedback system are critically determined by how the
feedback signal relates in phase to the original input signal at the summing junction.

Positive Feedback (Regenerative Feedback)

Positive feedback occurs when the feedback signal, upon returning to the input, is in phase
with (or adds to) the original input signal. This means the feedback actively reinforces the
input, leading to a cumulative effect.

Mechanism of Operation: Consider a small initial change in the input signal. This
change is amplified by the basic amplifier, producing a corresponding change at the
output. With positive feedback, a portion of this output change is fed back to the input
in such a way that it augments the original input change. This
amplified-and-reinforced signal then passes through the amplifier again, leading to an
even larger output, which in turn leads to an even stronger feedback signal, and so
on. This creates a self-reinforcing, "runaway" effect.

Fundamental Gain Equation (for Positive Feedback): The closed-loop gain Af for
a positive feedback system is given by:

Af=1-ABFA

Where:

o Afis the closed-loop gain (gain with feedback).

o As the open-loop gain (gain without feedback).

o BF is the feedback factor, representing the ratio of the feedback signal to the
output signal.

Critical Instability Condition: A key observation from this formula is what happens
when the term ABF approaches 1. As ABF—1, the denominator (1-ABF) approaches
zero. Mathematically, this causes the closed-loop gain Af to approach infinity. In a
practical circuit, this signifies that the amplifier can produce an output signal even
without any external input, meaning it will spontaneously generate oscillations. This is
the basis for oscillator circuits. If ABF>1, the system becomes unstable and the
output will rapidly drive towards the power supply rails (saturate).

Advantages of Positive Feedback:

o Oscillation Generation: The most significant and widely utilized application
of positive feedback is in the design of oscillators. By carefully satisfying the
Barkhausen criterion (which we will discuss later), positive feedback allows
for the generation of continuous, periodic waveforms (like sine waves, square
waves, etc.) without the need for an external input signal.

o Increased Gain (Highly Sensitive Systems): While typically avoided in
amplifiers, positive feedback can theoretically lead to extremely high gain.
This sensitivity can be exploited in certain specialized applications like
Schmitt triggers for hysteresis, or in regenerative receivers for very weak
signal detection, though these often toe the line of controlled instability.



o Improved Selectivity (Q-enhancement): In resonant circuits (like tuned
amplifiers), positive feedback can effectively increase the Q-factor (quality
factor) of the circuit, leading to a sharper and more selective frequency
response. This means the circuit becomes highly sensitive to signals at the
resonant frequency while significantly attenuating others.

Disadvantages of Positive Feedback:

o Instability (Uncontrolled Oscillation): This is the primary and most
problematic disadvantage when positive feedback is unintentional in an
amplifier. Even minute, unavoidable positive feedback paths can cause an
amplifier designed for linear amplification to break into unwanted oscillations,
making it unusable for its intended purpose.

o Increased Distortion: Any non-linearity or distortion present in the amplifier's
output is reinforced by positive feedback, leading to a degraded signal quality.

o Reduced Bandwidth: Positive feedback tends to narrow the amplifier's
operating frequency range, making it less versatile.

o Sensitivity to Parameter Variations: Systems employing positive feedback
are often highly sensitive to changes in component values or operating
conditions, which can easily push them into or out of oscillation.

Negative Feedback (Degenerative Feedback)

Negative feedback occurs when the feedback signal, upon returning to the input, is 180
degrees out of phase with (or subtracts from) the original input signal. This means the
feedback actively opposes or counteracts the input, leading to a stabilizing and
self-correcting effect.

Mechanism of Operation: Consider an increase in the input signal. This is
amplified, causing an increase at the output. With negative feedback, a portion of this
increased output is fed back to the input in such a way that it reduces the effective
input signal. This counteracts the initial increase, preventing the output from growing
uncontrollably and forcing it to settle to a stable, amplified value that is less sensitive
to variations. This forms a crucial self-regulation mechanism.

Fundamental Gain Equation (for Negative Feedback): The closed-loop gain Af for
a negative feedback system is given by:

Af=1+ABFA

Where Af, A, and BF are as defined previously.

Key Insight: Since the denominator is (1+ABF), and assuming A and BF are positive
(which is usually the case for negative feedback loops), the closed-loop gain Af will
always be less than the open-loop gain A. Gain Stability: If the open-loop gain A is
very large such that the loop gain ABF> 1, then the equation simplifies significantly:
Af=ABFA=BF1

This is an extremely powerful result: the closed-loop gain of the amplifier becomes
primarily determined by the feedback network components (passive elements like
resistors, which are highly stable and precise) rather than the inherent, often variable,
characteristics of the active amplifier device. This is the fundamental reason why
negative feedback is so widely adopted in high-performance electronics.
Advantages of Negative Feedback:



Improved Gain Stability (Reduced Sensitivity to A): As shown above, the
closed-loop gain becomes robust against variations in the open-loop gain A
(which can change due to temperature fluctuations, power supply drift,
component aging, or manufacturing tolerances). This leads to much more
predictable and repeatable amplifier performance.

Reduced Non-linear Distortion: Any non-linearity introduced by the
amplifier itself (e.g., clipping, harmonic distortion) results in unwanted
components at the output. Negative feedback feeds these components back
to the input out of phase, effectively canceling a significant portion of them
and linearizing the amplifier's response.

Increased Bandwidth: Negative feedback extends the useful operating
frequency range of the amplifier. By sacrificing gain, we can achieve a wider
frequency response while maintaining stability. The gain-bandwidth product
often remains constant.

Reduced Noise: Negative feedback can significantly reduce noise that is
generated within the amplifier stages themselves. It cannot, however, reduce
noise that is present at the amplifier's input.

Precisely Controlled Input and Output Impedances: Negative feedback
provides a powerful mechanism to tailor the input and output impedances of
the amplifier to suit specific source and load requirements, which is essential
for efficient power transfer and signal integrity.

Improved Linearity: The overall transfer characteristic of the amplifier
becomes more linear, meaning the output is a more faithful replica of the input
over a wider dynamic range.

e Disadvantages of Negative Feedback:

o

Reduced Overall Gain: The most immediate and often compensated
disadvantage. To achieve a desired closed-loop gain, the open-loop gain A
must be significantly higher. This might necessitate using multiple
amplification stages or higher-gain active devices.

Potential for Instability (Phase Shift Issues): While generally a stabilizing
mechanism, negative feedback can turn into positive feedback at higher
frequencies due to unavoidable phase shifts introduced by parasitic
capacitances and component time constants within the amplifier and
feedback network. If the total phase shift around the loop reaches 360
degrees (or 0 degrees relative to the input) while the loop gain ABF is still
unity or greater, the amplifier will oscillate. This necessitates careful design
and often frequency compensation to ensure stability.

Increased Circuit Complexity: Implementing feedback requires additional
components (the feedback network), which adds to the circuit's complexity
and component count.

Summary Comparison Table: Positive vs. Negative Feedback

Feature

Feedback
Polarity

Positive Feedback Negative Feedback

In-phase (reinforcing) Out-of-phase (opposing)



Effect on Gain  Increases (can lead to Decreases (stabilizes gain)

oscillations)
Effect on Leads to instability, used for Improves stability, can lead to
Stability oscillation instability if poorly designed
Effect on Increases, degrades signal Decreases, improves signal purity
Distortion purity
Effect on Decreases Increases
Bandwidth
Effect on Highly variable, often increases  Precisely controllable
Impedance input and output
Primary Oscillators, regenerative circuits, Amplifiers (linear, stable, low
Application Schmitt triggers distortion), control systems
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5.2 Feedback Topologies

The configuration of how the feedback signal is sampled from the output and subsequently
mixed with the input signal defines the feedback topology. There are four fundamental
topologies, each uniquely impacting the amplifier's input and output impedance
characteristics. These topologies are systematically categorized based on two key decisions:

1. Output Sampling Method:

o Voltage Sampling (Shunt): A portion of the output voltage is sensed. This is
achieved by connecting the feedback network in parallel (shunt) with the
output load. Voltage sampling tends to decrease the output impedance.

o Current Sampling (Series): A portion of the output current is sensed. This is
achieved by connecting the feedback network in series with the output load.
Current sampling tends to increase the output impedance.

2. Input Mixing Method:

o Series Mixing: The feedback signal (a voltage) is added or subtracted in
series with the input voltage source. Series mixing tends to increase the input
impedance.

o Shunt Mixing: The feedback signal (a current) is added or subtracted in
parallel (shunt) with the input current source. Shunt mixing tends to decrease
the input impedance.

By combining these two choices, we arrive at the four distinct feedback topologies:

1. Voltage Series Feedback (Series-Shunt Feedback)

e Naming Convention: The first term refers to the input mixing (Series), the second to
the output sampling (Shunt/Voltage).



e Output Sampling: Voltage is sampled. The feedback network is connected in shunt
(parallel) across the output. This aims to keep the output voltage constant.

e Input Mixing: The feedback signal (a voltage) is connected in series with the input
voltage source. This means the feedback voltage is subtracted from the input
voltage.

e Ideal Open-Loop Amplifier Type: For efficient operation, the basic open-loop
amplifier (A) in this configuration should ideally be a Voltage Amplifier
(characterized by very high input impedance and very low output impedance).

e Feedback Factor (BF): This is a dimensionless voltage ratio.

BF=VoutVf

Where Vf is the feedback voltage and Vout is the output voltage.
Closed-Loop Gain Type: Voltage Gain (Avf=Vout/Vin).

Effect on Impedances:

o Input Impedance (Zinf): Increased. Because the feedback voltage
effectively reduces the voltage seen by the input (for a given applied voltage),
less current is drawn from the source, leading to a higher apparent input
impedance.

Zinf=Zin(1+AvfF)
Where Zin is the open-loop input impedance and Av is the open-loop voltage
gain.

o Output Impedance (Zoutf): Decreased. Since the feedback actively
samples the output voltage and adjusts the input to counteract changes, the
amplifier behaves more like an ideal voltage source, which has zero output
impedance.

Zoutf=1+AvBFZout
Where Zout is the open-loop output impedance.

e Practical Application: The non-inverting operational amplifier configuration
(e.g., voltage follower, non-inverting amplifier) is the most prominent example of
voltage series feedback.

2. Current Series Feedback (Series-Series Feedback)

Naming Convention: Series input mixing, Series output sampling.
Output Sampling: Current is sampled. The feedback network is connected in
series with the output load. This aims to keep the output current constant.

e Input Mixing: The feedback signal (a voltage) is connected in series with the input
voltage source.

e Ideal Open-Loop Amplifier Type: For this configuration, the basic open-loop
amplifier (A) should ideally be a Transconductance Amplifier (characterized by
high input impedance and high output impedance, converting an input voltage to an
output current).

e Feedback Factor (BF): This is a resistance, as it converts output current to feedback
voltage.

BF=loutVf
Closed-Loop Gain Type: Transconductance Gain (Gmf=lout/Vin).
Effect on Impedances:
o Input Impedance (Zinf): Increased. Similar to voltage series, series mixing
at the input increases the effective input impedance.



Zinf=Zin(1+GmpF)
Where Gm is the open-loop transconductance gain.

o Output Impedance (Zoutf): Increased. Since the feedback actively samples
the output current and adjusts the input to maintain it, the amplifier behaves
more like an ideal current source, which has infinite output impedance.
Zoutf=Zout(1+GmpF)

e Practical Application: While less commonly seen as a standalone op-amp
configuration, a common-emitter amplifier with an unbypassed emitter resistor
demonstrates the principle of current series feedback. The voltage developed across
the emitter resistor provides a negative feedback voltage in series with the input.

3. Voltage Shunt Feedback (Shunt-Shunt Feedback)

Naming Convention: Shunt input mixing, Shunt output sampling.
Output Sampling: Voltage is sampled. The feedback network is connected in shunt
(parallel) across the output.

e Input Mixing: The feedback signal (a current) is connected in shunt (parallel) with
the input current source. This means the feedback current is subtracted from the
input current.

e Ideal Open-Loop Amplifier Type: The basic open-loop amplifier (A) should ideally
be a Transresistance Amplifier (characterized by very low input impedance and
very low output impedance, converting an input current to an output voltage).

e Feedback Factor (BF): This is a conductance, as it converts output voltage to
feedback current.

BF=Voutlf
Closed-Loop Gain Type: Transresistance Gain (Rmf=Vout/lin).
Effect on Impedances:

o Input Impedance (Zinf): Decreased. Because the feedback current flows in
parallel with the input source, it effectively shunts some current away, making
the apparent input impedance lower. This is desirable when the amplifier is
driven by a current source.

Zinf=1+RmBFZin
Where Rm is the open-loop transresistance gain.

o Output Impedance (Zoutf): Decreased. Similar to voltage series, voltage
sampling at the output reduces the effective output impedance.
Zoutf=1+RmpFZout

e Practical Application: The inverting operational amplifier configuration is a
prime example of voltage shunt feedback. The feedback resistor connects the output
to the inverting input, which acts as a virtual ground, effectively a shunt input.

4. Current Shunt Feedback (Shunt-Series Feedback)

Naming Convention: Shunt input mixing, Series output sampling.
Output Sampling: Current is sampled. The feedback network is connected in
series with the output load.

e Input Mixing: The feedback signal (a current) is connected in shunt (parallel) with
the input current source.



e Ideal Open-Loop Amplifier Type: The basic open-loop amplifier (A) should ideally
be a Current Amplifier (characterized by low input impedance and high output
impedance, converting an input current to an output current).

e Feedback Factor (BF): This is a dimensionless current ratio.
BF=loutlf
Closed-Loop Gain Type: Current Gain (Aif=lout/lin).
Effect on Impedances:

Input Impedance (Zinf): Decreased. Similar to voltage shunt, shunt mixing

at the input reduces the effective input impedance.

Zinf=1+AiBFZin

Where Ai is the open-loop current gain.

Output Impedance (Zoutf): Increased. Similar to current series, current
sampling at the output increases the effective output impedance.

Zoutf=Zout(1+AipF)

e Practical Application: A common-base amplifier with an input current source
can exhibit current shunt feedback characteristics, where the input current and a
feedback current combine at the emitter, and the output current is sampled.

Summary Table of Feedback Topologies and Their Impedance Effects:

This table consolidates the impact of each topology on the key impedance parameters,
which is a critical design consideration for matching sources and loads.

Feedback
Topology

Voltage
Series

Current
Series

Voltage
Shunt

Current
Shunt

Output
Sampled

Voltage

Current

Voltage

Current
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Input
Mixed

Series

Series

Shunt

Shunt

Ideal Open-Loop
Amplifier Type

Voltage Amplifier

Transconductance
Amplifier

Transresistance
Amplifier

Current Amplifier

Effect on Input
Impedance
(Zinf)

Increases
(Zin(1+ABF))

Increases
(Zin(1+ABF))

Decreases
(Zin/(1+ABF))

Decreases
(Zin/(1+ABF))

Effect on Output
Impedance
(Zoutf)

Decreases
(Zout/(1+ABF))

Increases
(Zout(1+ABF))

Decreases
(Zout/(1+ABF))

Increases
(Zout(1+ABF))

Understanding these impedance transformations is vital for proper circuit design, ensuring
efficient power transfer and minimal signal loading.

5.3 Effect of Feedback: On Gain, Bandwidth, Input
Resistance, Output Resistance, Distortion



Negative feedback, by its very nature of error correction, profoundly modifies the
performance characteristics of an amplifier. The factor (1+ABF), often referred to as the
desensitivity factor or amount of feedback, quantifies the degree to which these
parameters are affected. The larger this factor, the stronger the impact of feedback.

The cornerstone formula for the closed-loop gain with negative feedback is:
Af=1+ABFA

Let's now systematically quantify the effects of this feedback on various critical amplifier
parameters.

1. Effect on Gain

e Gain Reduction: As clearly evident from the fundamental formula, for any positive
ABF, the denominator (1+ABF) will be greater than 1. Consequently, the closed-loop
gain Af will always be less than the open-loop gain A. This reduction in gain is the
direct consequence of the feedback loop actively opposing the input signal.

e Gain Desensitization (Stability of Gain): This is one of the most significant
advantages of negative feedback. If the open-loop gain A is very large (a common
characteristic of modern op-amps and high-gain discrete amplifiers), such that the
loop gain ABF> 1, then the closed-loop gain formula approximates to:

Af=ABFA=BF1

This approximation reveals that the closed-loop gain becomes virtually independent
of the amplifier's internal open-loop gain A. Instead, it is solely determined by the
feedback factor BF, which is typically set by passive, stable, and precise components
(like resistors in a voltage divider). This ensures that the overall amplifier gain
remains highly stable despite variations in the active devices (e.g., transistors,
op-amps) due to temperature, power supply fluctuations, aging, or manufacturing
tolerances.

Numerical Example: Gain Desensitization in Detail Consider a high-gain amplifier with an
initial open-loop voltage gain A=200,000. It is configured with negative feedback using a
feedback factor F=0.005.

1. Calculate the initial closed-loop gain (Af): First, calculate the loop gain:
ABF=200,000%0.005=1000. Now, calculate Af:
Af=1+ABFA=1+1000200,000=1001200,000~=199.800

2. Scenario: Open-loop gain drops by 30% Suppose the open-loop gain A drops
significantly by 30% due to an increase in temperature, from 200,000 to 140,000.
Let's find the new closed-loop gain (Af'). New loop gain: A BF=140,000%0.005=700.
New Af"

Af'=1+A'BFA’=1+700140,000=701140,000=199.715

3. Compare the changes:

o Percentage change in open-loop gain:
200,000140,000-200,000%100%=-30%

o Percentage change in closed-loop gain:
199.800199.715-199.800%100%=~-0.0425%



4. This dramatic difference illustrates the power of negative feedback. A large 30%
variation in the inherent amplifier gain results in only a minuscule 0.0425% change in
the overall amplifier gain, demonstrating exceptional stability and predictability.

2. Effect on Bandwidth
Negative feedback has the beneficial effect of increasing the bandwidth of an ampilifier.

e Mechanism (Gain-Bandwidth Product): For many amplifiers, especially those
dominated by a single pole in their frequency response (like op-amps compensated
for unity gain stability), the gain-bandwidth product (GBP) is approximately
constant. This means that if you reduce the gain, the bandwidth must increase
proportionally to maintain a constant product.

e Formula: The closed-loop bandwidth (BWf) is related to the open-loop bandwidth
(BW) by:

BWf=BW(1+ABF)

This formula shows that the bandwidth is extended by the same desensitivity factor
that reduces the gain. This is a direct consequence of trading off gain for improved
frequency response.

Numerical Example: Bandwidth Extension An open-loop amplifier has a low-frequency
gain A=5000 and a 3dB bandwidth BW=20 kHz. It is configured with negative feedback
where the feedback factor F=0.02.

1. Calculate the loop gain (ABF): ABF=5000%0.02=100.
2. Calculate the closed-loop bandwidth (BWf):
BWf=BW(1+ABF)=20 kHzx(1+100)=20 kHzx101=2020 kHz=2.02 MHz

The bandwidth has significantly increased from 20 kHz to 2.02 MHz, demonstrating the
dramatic improvement in frequency response offered by negative feedback.

3. Effect on Input Resistance (Zinf)
The effect on input resistance depends on how the feedback signal is mixed at the input:

e Series Mixing (Voltage Series and Current Series Topologies):
o Effect: Input resistance increases.
o Mechanism: When the feedback signal (a voltage) is connected in series
with the input, it effectively opposes the input voltage (for negative feedback).
This means that for a given input current drawn from the source, a larger
input voltage is required to produce it, making the amplifier appear to have a
higher input impedance. The amplifier "looks" more like an open circuit to the
source.
o Formula:
Zinf=Zin(1+ABF)
This characteristic is highly desirable for voltage amplifiers, as it minimizes
the loading effect on the signal source.
e Shunt Mixing (Voltage Shunt and Current Shunt Topologies):
o Effect: Input resistance decreases.



o Mechanism: When the feedback signal (a current) is connected in parallel
(shunt) with the input, it effectively shunts some of the input current from the
source away from the amplifier's internal input. This means that for a given
input voltage, more current is drawn from the source, making the amplifier
appear to have a lower input impedance. The amplifier "looks" more like a
short circuit to the source.

o Formula:

Zinf=1+ABFZin

This characteristic is desirable when the amplifier is driven by a current
source, as current sources prefer a low input impedance (closer to a short
circuit) to deliver maximum current.

4. Effect on Output Resistance (Zoutf)

The effect on output resistance depends on how the feedback signal is sampled at the
output:

e Voltage Sampling (Voltage Series and Voltage Shunt Topologies):

o Effect: Output resistance decreases.

o Mechanism: When the output voltage is sampled, the feedback loop
attempts to keep the output voltage constant regardless of changes in the
load current. If the load current increases, causing the output voltage to drop,
the feedback senses this drop and adjusts the amplifier's input to
compensate, effectively boosting the output voltage back up. This behavior
mimics an ideal voltage source, which has zero output impedance.

o Formula:

Zoutf=1+ABFZout
This is a highly desirable feature for voltage amplifiers, ensuring a stable
output voltage even with varying loads.

e Current Sampling (Current Series and Current Shunt Topologies):

o Effect: Output resistance increases.

o Mechanism: When the output current is sampled, the feedback loop attempts
to keep the output current constant regardless of changes in the load voltage.
If the load resistance changes, causing the output current to try to change,
the feedback senses this and adjusts the amplifier's input to compensate,
effectively forcing the output current back to its desired value. This behavior
mimics an ideal current source, which has infinite output impedance.

o Formula:

Zoutf=Zout(1+ABF)
This is a highly desirable feature for current amplifiers, ensuring a stable
output current even with varying loads.

5. Effect on Distortion and Noise

Negative feedback offers a significant improvement in the quality of the amplified signal by
reducing both non-linear distortion and noise generated within the ampilifier itself.

e Mechanism (Error Correction):



o Distortion: Non-linear distortion occurs due to the inherent non-linearities of
active devices (e.g., transistors). These non-linearities introduce unwanted
harmonic components into the output signal. When negative feedback is
applied, these distortion components, being part of the output signal, are fed
back to the input. Because it's negative feedback, these distortion
components are inverted in phase and effectively subtracted from the
internally generated distortion, leading to a substantial cancellation.

o Noise: Similarly, noise generated within the amplifier stages (e.g., thermal
noise from resistors, shot noise from transistors) appears at the output. This
internal noise is also fed back to the input, out of phase, and effectively
reduced by the feedback loop.

e Formula for Distortion Reduction:

Df=1+ABFD

Where Df is the distortion with feedback and D is the distortion without feedback.
e Formula for Noise Reduction (Internal Noise):

Nf=1+ABFN

Where Nf is the noise with feedback and N is the noise generated within the

amplifier without feedback.

e Important Limitation: It's crucial to understand that negative feedback cannot
reduce noise that is already present at the amplifier's input. It only acts on noise
and distortion components that originate within the amplifier circuit itself, after the
feedback loop's input summing junction. Therefore, it's always important to minimize
noise at the very first stage of an amplifier.

Numerical Example: Distortion and Noise Reduction An audio amplifier has a total
harmonic distortion (THD) of 2% (D=0.02) without feedback and generates internal noise
equivalent to 0.5 mV RMS (N=0.0005 V). Its open-loop gain is A=10,000. It is used with a
negative feedback factor BF=0.01.

1. Calculate the desensitivity factor (1+ABF): 1+ABF=1+(10,000x0.01)=1+100=101.
2. Calculate the distortion with feedback (Df):
Df=1+ABFD=1010.02=0.000198=0.0198%
The THD has been significantly reduced from 2% to approximately 0.02%, a
dramatic improvement in signal fidelity.
3. Calculate the noise with feedback (Nf):
Nf=1+ABFN=1010.0005 V=0.00000495 V=4.95 pV
The internally generated noise has been reduced from 0.5 mV to about 4.95 uV,
making the output cleaner.

These comprehensive examples clearly demonstrate the multifaceted benefits of negative
feedback in enhancing the performance and stability of electronic amplifiers, making them
more predictable, linear, and robust.

5.4 Calculation with Practical Circuits: Analyzing
Common Feedback Amplifier Configurations



To solidify our understanding, let's analyze the closed-loop gain of two of the most ubiquitous
feedback amplifier configurations built around operational amplifiers (op-amps). Op-amps
are nearly ideal voltage amplifiers characterized by extremely high open-loop gain, high
input impedance, and low output impedance, making them perfect candidates for exploiting
the benefits of negative feedback. Our analysis will rely on the simplifying assumptions of an
ideal op-amp.

Recap of Ideal Op-Amp Assumptions (for Simplified Analysis):

e Infinite Open-Loop Voltage Gain (A—«): This implies that for any finite output
voltage, the differential input voltage (Vdiff=V+-V-) must be zero. This leads to the
"virtual short" concept.

e Infinite Input Impedance (Zin—«): No current flows into the input terminals of the
op-amp.

e Zero Output Impedance (Zout—0): The op-amp can supply any required output
current without its output voltage changing.

Zero Input Offset Voltage: V+=V-.
Zero Input Bias Currents: No current flows into the input terminals.

1. Non-Inverting Amplifier (Voltage Series Feedback)

This configuration is a classic embodiment of Voltage Series Feedback, where the output
voltage is sampled and a proportional voltage is fed back in series with the input.

e Circuit Description:

o The input signal (Vin) is applied directly to the non-inverting (+) input terminal
of the op-amp.

o Aresistive feedback network, typically a voltage divider consisting of two
resistors, Rf (feedback resistor) and Rg (resistor to ground), is connected
from the output (Vout) back to the inverting (-) input terminal.

e Systematic Analysis Steps (using Ideal Op-Amp assumptions):

o Virtual Short Principle (V+=V=): Since the non-inverting input is connected
directly to Vin, we have V+=Vin. Due to the ideal op-amp's infinite open-loop
gain and the presence of negative feedback, a "virtual short" exists between
the input terminals. Therefore, the voltage at the inverting input (V-) is
virtually equal to the voltage at the non-inverting input (V+).

V-=V+=Vin

o Voltage Divider Action of Feedback Network: The output voltage Vout is
divided by the feedback network (Rf and Rg). The voltage at the inverting
input, V-, is precisely the voltage across Rg. Using the voltage divider rule:
V-=VoutxRg+RfRg

o Equating the Two Expressions for V-: We now have two expressions for
V-. Equating them allows us to establish the relationship between Vout and
Vin:

Vin=VoutxRg+RfRg

o Deriving the Closed-Loop Gain (Af=Vout/Vin): Rearrange the equation to
solve for the ratio of Vout to Vin:
Af=VinVout=RgRg+Rf



This can be further simplified to:
Af=1+RgRf
e Identification of Feedback Factor (BF): In the context of the general feedback
formula Af=A/(1+ABF), for A—«, we get Af=1/BF. Comparing this with our derived
gain formula Af=1+Rf/Rg, we can deduce the feedback factor:
BF=1+RgRf1=Rg+RfRg
This matches the voltage divider ratio, confirming that the fraction of the output
voltage fed back to the input is indeed Rg/(Rg+Rf).
e Key Characteristics:
Gain: Always greater than or equal to 1. Cannot be less than 1.
Input Impedance: Extremely high (approaching infinity, like the ideal op-amp
itself). It is increased by the desensitivity factor.
o Output Impedance: Extremely low (approaching zero, like the ideal op-amp
itself). It is decreased by the desensitivity factor.
o Phase Relationship: Output is in phase with the input.

Numerical Example: Non-Inverting Amplifier Calculation An op-amp is configured as a
non-inverting amplifier with Rf=22 kQ and Rg=2 kQ.

1. Calculate the closed-loop gain (Af):
Af=1+RgRf=1+2 kQ22 kQ=1+11=12
This amplifier will provide a precise voltage gain of 12.
2. IfVin=0.5V peak-to-peak, what is Vout?
Vout=AfxVin=12x0.5 V=6 V peak-to-peak

2. Inverting Amplifier (Voltage Shunt Feedback)

This configuration is a prime example of Voltage Shunt Feedback, where the output voltage
is sampled, and a proportional current is fed back in shunt (parallel) with the input.

e Circuit Description:

o The non-inverting (+) input terminal of the op-amp is connected directly to
ground.

o The input signal (Vin) is applied to the inverting (-) input terminal through an
input resistor (Rin).

o A feedback resistor (Rf) connects the output (Vout) back to the inverting (-)
input terminal.

e Systematic Analysis Steps (using Ideal Op-Amp assumptions):

o Virtual Ground Principle (V-=V+): Since the non-inverting input (V+) is
connected to ground, we have V+=0 V. Due to the ideal op-amp's infinite
open-loop gain and the presence of negative feedback, a "virtual short" exists
between the input terminals. Therefore, the voltage at the inverting input (V-)
is virtually at ground potential.

V-=V+=0V
This point is often referred to as a "virtual ground."

o Input Current (lin): The current flowing from the input source (Vin) through
Rin towards the virtual ground point (V-) can be calculated using Ohm's Law.
Since the op-amp's input impedance is infinite, no current flows into the



inverting input terminal of the op-amp itself.
lin=RinVin—-V-=RinVin—-0=RinVin

o Feedback Current (If): Because no current enters the op-amp's input, all the
input current lin must flow through the feedback resistor Rf towards the
output.

If=lin

o Output Voltage (Vout): The output voltage is the voltage at the virtual ground
(V-) minus the voltage drop across Rf due to the current If flowing through it.
Note the direction of current flow (from virtual ground towards output for
positive output voltage, or from output towards virtual ground for negative
output voltage).

Vout=V--IfRf=0-linRf
Substitute the expression for lin:
Vout=—(RinVin)Rf

o Deriving the Closed-Loop Gain (Af=Vout/Vin): Rearrange the equation to
solve for the ratio of Vout to Vin:
Af=VinVout=-RinRf

e Key Characteristics:

o Gain: Can be set to any desired value (positive or negative magnitude, but
the sign is always negative).

o Inversion: The output signal is always 180 degrees out of phase with the
input signal (indicated by the negative sign in the gain formula).

o Input Impedance: The input impedance is approximately equal to Rin (since
the inverting input is a virtual ground). It is significantly decreased by the
feedback.

o Output Impedance: Extremely low (approaching zero).

Numerical Example: Inverting Amplifier Calculation An op-amp is configured as an
inverting amplifier with Rin=10 kQ and Rf=100 kQ.

1. Calculate the closed-loop gain (Af):

Af=—RinRf=-10 kQ100 kQ=-10

This amplifier will provide an inverting voltage gain of -10.
2. IfVin=0.2 V (DC), what is Vout?

Vout=AfxVin=-10x0.2 V=-2 V

3. Voltage Follower (Unity Gain Buffer)

A specialized but extremely important case of the non-inverting amplifier is the Voltage
Follower, also known as a unity-gain buffer. It exemplifies Voltage Series Feedback in its
simplest form.

e Circuit Description:
o The input signal (Vin) is applied directly to the non-inverting (+) input terminal.
o The output (Vout) is connected directly back to the inverting (-) input terminal.
(This corresponds to setting Rf=0 and Rg=« in the non-inverting amplifier
formula, or effectively shorting the output to the inverting input).
e Systematic Analysis Steps (using Ideal Op-Amp assumptions):



Virtual Short Principle (V+=V-): Since V+=Vin, then V-=Vin.

Direct Feedback Connection: The output Vout is directly connected to the
inverting input V-.

Vout=V-

o Deriving the Closed-Loop Gain (Af=Vout/Vin): Substituting V-=Vin into the
previous equation:
Vout=Vin
Therefore:
Af=VinVout=1

e Key Characteristics:

o Unity Gain: The output voltage precisely follows the input voltage, hence
"voltage follower."

o Extremely High Input Impedance: Makes it ideal for connecting to
high-impedance sources (e.g., sensor outputs) without loading them.

o Extremely Low Output Impedance: Makes it ideal for driving
low-impedance loads (e.g., long cables, small speakers) without significant
voltage drop or distortion.

e Primary Application: Its main purpose is impedance buffering or isolation. It
provides no voltage gain but offers substantial current gain and power gain by
transforming impedances. This prevents a high-impedance source from being loaded
down by a low-impedance load, ensuring the signal integrity from the source.

Numerical Example: Voltage Follower If a signal from a microphone with an output
impedance of 1 MQ is connected to a power amplifier with an input impedance of 10 kQ
directly, the microphone's output voltage would be severely loaded and attenuated. However,
if a voltage follower is placed between the microphone and the power ampilifier:

e The voltage follower's extremely high input impedance (e.g., 1012 Q for an op-amp)
effectively "sees" the microphone as an ideal source, drawing negligible current.

e The voltage follower's extremely low output impedance (e.g., 1 Q or less) can then
efficiently drive the 10 kQ input of the power amplifier without significant voltage drop.
The output voltage of the voltage follower will be virtually identical to the
microphone's input voltage, but with the ability to supply much more current.

By systematically applying the ideal op-amp rules and understanding the feedback
topologies, we can readily analyze and predict the behavior of these fundamental and widely
used amplifier configurations.

5.5 Concept of Stability in Feedback Amplifiers:
Oscillations, Conditional Stability

While negative feedback is invaluable for its performance-enhancing qualities, it introduces a
critical design challenge: the potential for instability. An otherwise functional amplifier can
break into unwanted, self-sustaining oscillations if the feedback loop is not properly designed
and controlled. Ensuring stability is paramount for any feedback amplifier.



What is Stability?

An amplifier is considered stable if, following any transient disturbance (e.g., power-up, input
signal change, a sudden load change), its output eventually settles to a predictable,
steady-state value. This steady state could be zero volts (in the absence of an input) or a
faithful, amplified replica of the input signal.

Conversely, an amplifier is unstable if, under certain conditions, its output spontaneously
generates an uncontrolled, continuous alternating current (AC) signal without any external
input, or if its output saturates and "latches up" against the power supply rails. This
uncontrolled behavior is known as oscillation.

Oscillations: The Barkhausen Criterion

Oscillations occur when the feedback intended to be negative effectively becomes positive
feedback at a specific frequency, and the circuit provides enough gain at that frequency to
sustain the oscillation. The conditions for sustained oscillations are formally described by the
Barkhausen Criterion:

For a feedback system to oscillate, two conditions must be met simultaneously at the
frequency of oscillation (fo):

1. Loop Gain Magnitude Condition: The magnitude of the loop gain, |ABF |, must be

equal to or greater than unity (1).

| ABF |21

This condition implies that the signal going around the loop is not attenuated; it is
either maintained or amplified.

2. Phase Shift Condition (Phase Angle Condition): The total phase shift around the
feedback loop must be zero degrees (0°) or an integer multiple of 360 degrees
(nx360°).

Z (ABF)=0°0rnx360°

In the context of negative feedback, this means that the signal, after traversing the
amplifier and the feedback network, arrives back at the summing junction in phase
with the initial input, effectively turning negative feedback into positive feedback at
that specific frequency. Since negative feedback typically introduces an inherent
180-degree phase shift (for an inverting configuration) or assumes a 0-degree shift
(for non-inverting), the additional phase shifts accumulating from reactive
components (capacitors and inductors, both parasitic and intentional) must combine
to cancel out this initial relationship, resulting in a net 0 or 360-degree loop phase
shift.

e How Negative Feedback Can Turn Positive: Real-world amplifiers and their
associated feedback networks are not ideal and introduce phase shifts that are
dependent on frequency.

o At low frequencies, a well-designed negative feedback amplifier maintains the
desired phase relationship (e.g., a 180-degree phase shift for an inverting
configuration, or an effective cancellation for a non-inverting one, resulting in
negative feedback).



o As the operating frequency increases, parasitic capacitances (junction
capacitances in transistors, stray capacitances between wires, internal
op-amp compensation capacitors) and sometimes inductive effects begin to
play a significant role. These reactive elements introduce additional phase
shifts. Each RC low-pass filter stage, for instance, can contribute up to 90
degrees of phase lag at high frequencies.

o If an amplifier has multiple poles (frequency points where the gain starts to
roll off at -20 dB/decade), these poles contribute cumulative phase lag. For
example, a three-pole amplifier can provide up to 270 degrees of phase lag.
If, at a certain frequency, this accumulated phase lag (say, 270 degrees)
combined with the inherent 180-degree phase shift of the inverting amplifier
(total 450 degrees, which is 90 degrees past 360 degrees, or 90 degrees
relative to input in a non-inverting context) or whatever path the signal takes
to eventually arrive 0 or 360 degree, and if at this exact frequency the loop
gain |ABF| is still 1 or greater, then the Barkhausen criterion is met, and the
amplifier will oscillate. The circuit begins to generate its own signal because
any minute noise signal at that frequency gets amplified, fed back in phase,
and re-amplified, building up exponentially until limited by power supply rails.

Conditional Stability

An amplifier is said to be conditionally stable if it remains stable only as long as its
open-loop gain (A) stays within a specific range. If the open-loop gain drops below a certain
minimum value (e.g., due to temperature increase or component aging), the amplifier might
suddenly become unstable and oscillate.

Graphical Interpretation (from Bode Plot Perspective): A conditionally stable
amplifier's loop gain phase plot might cross -180 degrees at a frequency where the
gain is greater than 0 dB (indicating instability), but then the phase plot might cross
-180 degrees again at an even higher frequency where the gain is less than 0 dB
(indicating stability at very high frequencies). This "crossing back" into stability at
higher frequencies, only after an unstable region, defines conditional stability.
Practical Implications: Conditionally stable designs are generally avoided in
professional engineering. They are risky because a seemingly minor change in
operating conditions or component characteristics (which inevitably occurs over time
and temperature) could push the amplifier into an unstable state. Robust designs aim
for unconditional stability, meaning the amplifier remains stable regardless of
decreases in its open-loop gain.

Factors Contributing to Instability

Understanding the sources of phase shift is crucial for preventing instability:

1.

Internal Parasitic Capacitances: Every active device (transistor, diode) has
inherent parasitic capacitances (e.g., collector-base capacitance, junction
capacitance, diffusion capacitance). Similarly, all wiring and interconnections within a
circuit exhibit stray capacitance. These capacitances form unintentional low-pass



filters with resistances, introducing poles into the transfer function, which cause
phase lag at higher frequencies.

2. Multiple Amplifier Stages: In multistage amplifiers, each stage contributes its own
phase shift. If these phase shifts accumulate, particularly at frequencies where the
overall loop gain is still significant, the total phase shift can easily reach 180 degrees
(or 360 degrees relative to total loop), leading to instability. For instance, a common
op-amp structure might have three or more gain stages, each contributing a
dominant pole.

3. Feedback Network Reactive Components: While usually designed with resistors
for fixed BF, if capacitors or inductors are inadvertently (parasitics) or intentionally
included in the feedback network, they will introduce additional frequency-dependent
phase shifts, directly impacting stability.

4. Load Characteristics: The characteristics of the load connected to the amplifier's
output can significantly affect its stability. A capacitive load, for example, forms a pole
with the amplifier's output resistance, adding further phase lag and reducing the
phase margin, potentially causing oscillations.

5. Power Supply Decoupling: Inadequate or improperly placed power supply
decoupling capacitors can lead to power supply impedance rising at certain
frequencies. This can create unintended feedback paths or cause internal amplifier
nodes to interact in ways that lead to oscillations.

6. Input Filtering: While often beneficial for noise reduction, input filters can also
introduce additional poles and phase shifts that must be accounted for in the overall
loop stability analysis.

To combat instability and ensure reliable operation, circuit designers employ frequency
compensation techniques. These methods strategically add capacitors (or sometimes
resistor-capacitor networks) to the amplifier's internal stages or external feedback path. The
primary goal of compensation is to deliberately shape the loop gain's frequency response,
typically by introducing a dominant pole at a low frequency, ensuring that the loop gain drops
below unity (0 dB) before the total phase shift around the loop reaches the critical 180
degrees (or 360 degrees for a conceptual positive feedback loop). This ensures sufficient
gain and phase margins, which we will discuss next.

5.6 Nyquist Stability Criterion (Qualitative):
Understanding the Basics

The Nyquist Stability Criterion is a powerful and general graphical method for analyzing
the stability of linear feedback control systems, including feedback amplifiers. It provides a
definitive answer to whether a system is stable, unstable, or conditionally stable by
examining the frequency response of the open-loop transfer function (the loop gain, ABRF).
While a rigorous mathematical treatment involves complex contour mapping in the s-plane,
we will focus on a qualitative understanding using the common Nyquist plot.

The Loop Gain: The Core of Stability Analysis



The critical parameter for stability analysis is the loop gain, which is the product of the
open-loop amplifier gain A(s) and the feedback factor BF(s). Since both A and 3F are
frequency-dependent (and thus complex numbers), the loop gain T(s) is also a complex
function of frequency (or the complex variable 's' in general): $$T(s) = A(s) \beta_F(s)$$For
sinusoidal steady-state analysis, we replace 's' with jw:

T(w)=A(w)BF(jw)

This function encapsulates both the magnitude and phase shift encountered by a signal as it
travels once around the feedback loop.

The Nyquist Plot (Qualitative Concept)

A Nyquist plot is a graphical representation of the complex loop gain T(jw) in the complex
plane as the angular frequency w varies from 0 to positive infinity (). Each point on the plot
corresponds to a specific frequency, where the distance from the origin represents the
magnitude | T(jw)| and the angle with the positive real axis represents the phase angle
ZLT(jw).

e The Critical Point (-1, 0): The Nyquist Stability Criterion revolves around a
specific point in the complex plane: the point with coordinates (-1,0), which
corresponds to a magnitude of 1 and a phase angle of -180 degrees (or 180
degrees). This point is often called the critical point or Nyquist point.

o Recall the Barkhausen criterion for oscillation: | ABF |21 and £ (ABF)=0° or
360-. For negative feedback, if the inherent 180-degree phase shift is turned
into 0 or 360 degrees by additional phase shifts, this corresponds to the loop
gain ABF having a phase of £180¢- relative to the output being fed back. So, a
loop gain of ABF=-1 (magnitude 1, phase -180 degrees) precisely meets the
oscillation condition.

The Criterion Explained Qualitatively:
The Nyquist Stability Criterion states that:

e For a feedback system to be stable, the Nyquist plot of the loop gain ABF must NOT
encircle the critical point (-1, 0) in the complex plane.

e |If the plot encircles the critical point (-1, 0), the system is unstable, indicating that
it will oscillate.

Visualization:

Imagine a path tracing the Nyquist plot as frequency increases.
If this path passes through the point (-1, 0), the system is on the verge of oscillation.
If the path encloses (-1, 0) (meaning you are on one side of it as frequency
approaches 0, and on the other side as frequency goes to infinity, indicating a "loop"
around it), the system is unstable.

e |f the path stays entirely on one side of (-1, 0), the system is stable.

Relationship to Bode Plots (More Practical Approach)



While the Nyquist plot offers a complete picture, generating and interpreting it precisely can
be involved. For practical feedback amplifier design, Bode plots are far more commonly
used because they provide a simpler, more intuitive way to assess stability by separating the
magnitude and phase information.

A Bode plot consists of two graphs:

1. Magnitude Plot: |ABF| in decibels (dB) versus log frequency.
2. Phase Plot: Z(ABF) in degrees versus log frequency.

The Nyquist criterion has direct implications for the Bode plots:

e Stability Condition from Bode Plots: A feedback amplifier operating with negative
feedback is generally considered stable if:

o When the magnitude of the loop gain |ABF | crosses 0 dB (the point where
| ABF [=1), the corresponding phase shift Z(ABF) is less than 180 degrees
in magnitude (or equivalently, less negative than -180 degrees, e.g., -150
degrees). This ensures that there is still a significant "margin" before the
phase shifts enough to cause positive feedback.

o Alternatively, when the phase shift Z(ABF) reaches exactly -180 degrees, the
magnitude of the loop gain |ABF| must be less than 0 dB (i.e., | ABF|<1).
This ensures that even if the phase condition for oscillation is met, the gain is
insufficient to sustain it.

These conditions on Bode plots are essentially simplified checks based on the
comprehensive Nyquist criterion. They provide easily identifiable visual cues for stability. The
concept of Gain Margin and Phase Margin, derived directly from Bode plots, quantitatively
expresses how far a system is from satisfying the Barkhausen criterion, thus quantifying its
stability.

5.7 Gain Margin and Phase Margin: Quantifying
Stability, Importance in Design

Gain Margin (GM) and Phase Margin (PM) are quantitative metrics derived from the Bode
plot of the loop gain (ABF) that precisely indicate how far a feedback amplifier is from the
unstable operating point. They are indispensable tools for feedback amplifier design,
allowing engineers to not only confirm stability but also to gauge its robustness and predict
the system's transient response.

Both margins measure the "safety distance" from the Barkhausen oscillation criteria
(|ABF |21 and £ (ABF)=0° or 360°).

1. Gain Margin (GM)

e Definition: Gain Margin is the amount (in decibels, dB) by which the loop gain | ABF|
can be increased at the frequency where the phase shift is exactly 180 degrees (or



-180 degrees) before the system becomes unstable. It tells us how much "extra" gain
we have before oscillation.
e How to Find GM on a Bode Plot:

1. Identify the Phase Crossover Frequency (wpc): Locate the frequency on
the phase plot where the phase angle of the loop gain Z(ABF) crosses the
-180-degree line. This is the frequency where the feedback becomes positive
feedback.

2. Read the Gain at wpc: At this wpc, find the corresponding magnitude of the
loop gain |ABF | (in dB) from the magnitude plot. Let this be | ABF | dB,wpc.

3. Calculate Gain Margin:

GM=0 dB-| ABF | dB,wpc

m If the magnitude at wpc is negative dB (i.e., |ABF|<1), then GM will
be positive, indicating a stable system.

m If the magnitude at wpc is positive dB (i.e., |ABF|>1), then GM will be
negative, indicating an unstable system (oscillating at wpc).

m If the magnitude at wpc is exactly 0 dB (i.e., |ABF|=1), then GM =0
dB, meaning the system is marginally stable and on the verge of
oscillation.

e Desired Value: A generally accepted minimum Gain Margin for good stability is
around 10 to 15 dB. This provides a safety factor against component variations and
environmental changes.

Numerical Example: Gain Margin From a Bode plot, you identify that the loop gain phase
crosses -180 degrees at a frequency of 5 MHz. At this frequency, the magnitude of the loop
gain is found to be -8 dB.

Calculate the Gain Margin: GM=0 dB—(-8 dB)=8 dB

This amplifier has a positive Gain Margin of 8 dB, indicating it is stable, but relatively close to
the edge of instability. For many applications, a higher margin would be preferred.

2. Phase Margin (PM)

e Definition: Phase Margin is the additional phase lag (in degrees) that can be
introduced at the frequency where the loop gain magnitude is exactly 0 dB (unity
gain) before the system becomes unstable. It tells us how much "extra" phase shift
we can tolerate before oscillation.

e How to Find PM on a Bode Plot:

1. ldentify the Gain Crossover Frequency (wgc): Locate the frequency on the
magnitude plot where the loop gain |ABF | crosses the 0 dB line (meaning
| ABF [=1). This is the frequency at which the gain condition for oscillation is
met.

2. Read the Phase at wgc: At this wgc, find the corresponding phase angle of
the loop gain Z(ABF) (in degrees) from the phase plot. Let this be
Z (ABF)wgc.

3. Calculate Phase Margin:
PM=180-+Z (ABF)wgc



(Note: Z(ABF)wgc will typically be a negative angle for phase lag. For
example, if it's -120 degrees, then PM=180°+(—-120°)=60-.)
m [f PMis positive, the system is stable.
m If PMis negative, the system is unstable (oscillating at wgc).
m [f PMis exactly O degrees, the system is marginally stable.
e Desired Value: A generally accepted minimum Phase Margin for good stability and
desirable transient response is around 45 to 60 degrees. A PM below 45 degrees
can lead to undesirable overshoot and ringing in the amplifier's step response.

Numerical Example: Phase Margin From the same Bode plot, you identify that the loop
gain magnitude crosses 0 dB at a frequency of 2 MHz. At this frequency, the phase angle of
the loop gain is found to be -130 degrees.

Calculate the Phase Margin: PM=180°+(—-130°)=50°

This amplifier has a positive Phase Margin of 50 degrees, which is generally considered
good, indicating a stable system with a reasonably damped transient response.

Importance of Gain Margin and Phase Margin in Design

GM and PM are indispensable for robust feedback amplifier design for several crucial
reasons:

1. Quantitative Stability Assessment: They move beyond qualitative statements
(stable/unstable) to provide concrete numerical values for stability. This allows
engineers to compare different designs and quantify their resilience.

2. Predicting Robustness: Larger positive GM and PM values indicate a more robust
and forgiving design. Such an amplifier can tolerate greater variations in component
values (due to manufacturing tolerances, aging, or temperature changes) or changes
in load characteristics without breaking into oscillation. A design with small margins is
inherently fragile.

3. Predicting Transient Response and Ringing: Phase Margin is particularly critical
for predicting the amplifier's transient response (how it reacts to sudden changes in
input, like a step voltage).

o Alow PM (e.g., 0-30 degrees) indicates a highly underdamped system,
which will likely exhibit significant overshoot and ringing (oscillations that
decay slowly) in response to a step input. If PM is O or negative, it oscillates
indefinitely.

o A moderate PM (e.g., 45-60 degrees) typically represents a good
compromise between fast response and minimal overshoot/ringing. This
range is often targeted for general-purpose amplifiers.

o A high PM (e.g., > 75 degrees) indicates a heavily damped or "sluggish"
response. While very stable, the amplifier might be too slow for high-speed
applications.

4. Guiding Frequency Compensation: If initial analysis (or prototyping) reveals
insufficient GM or PM, these margins directly inform the necessary frequency
compensation techniques. Compensation involves strategically adding components



(usually small capacitors) to modify the amplifier's frequency response
characteristics.

o

The goal of compensation is to deliberately introduce a dominant pole or
strategically place zeros to ensure that the loop gain drops below 0 dB before
the phase reaches -180 degrees. This increases both PM and GM, pushing
the system away from the instability boundary.

For example, if PM is too low, a compensation capacitor might be added to
roll off the gain earlier, moving the gain crossover frequency to a point where
the phase lag is less.
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