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Textbook

Analogue Circuits:

1. Sedra and Smith, Microelectronic Circuits, Oxford Press, 2009 (6th ed.)

2. Millman and Grabel, Microelectronics, McGraw-Hill

3. Millman and Halkias, Integrated Electronics, McGraw-Hill

4. Boylestad and Nashelsky, Electronic Devices and Circuit Theory ,
Prentice Hall, 8th ed.

Digital Circuits:

1. DeMassa and Ciccone, Digital Integrated Circuits, John Wiley & Sons.
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Feedback and Feedback Ampli�ers Ampli�er Models

Ampli�er Models

Let us �rst classify the ampli�er models according to their input and output signal types.

1. Voltage-Gain Ampli�er

I voltage input (i.e., voltage source at input)
I voltage output (i.e., voltage-controlled voltage source at output)

2. Transresistance Ampli�er

I current input (i.e., current source at input)
I voltage output (i.e., current-controlled voltage source at output)

3. Transconductance Ampli�er

I voltage input (i.e., voltage source at input)
I current output (i.e., voltage-controlled current source at output)

4. Current-Gain Ampli�er

I current input (i.e., current source at input)
I current output (i.e., current-controlled current source at output)
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Feedback and Feedback Ampli�ers Ampli�er Models

Voltage-Gain Ampli�er

I As, no-load voltage gain, Av is de�ned as Av =
vo

vi

∣∣∣∣
RL=∞

I Voltage gain with load, AV will be given as AV =
vo

vi
= Av

RL

Ro +RL

I No-load overall voltage gain, Avs will be given as Avs =
vo

vs

∣∣∣∣
RL=∞

=
Ri

Rs +Ri
Av

I Overall voltage gain, AVs will be given as AVs =
vo

vs
=

Ri

Rs +Ri
Av

RL

Ro +RL
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Feedback and Feedback Ampli�ers Ampli�er Models

I Ideally we want overall voltage gain AVs should be equal to the no-load voltage gain Av .
Thus, ideal input resistance Ri and ideal output resistance Ro of a voltage-gain ampli�er
should be in�nity and zero, respectively.

AVs → Av ⇒
{

Ri →∞
Ro → 0

I Thus, for a good voltage-gain ampli�er Ri should be large (i.e., Ri � Rs) and Ro should
be small (i.e., Ro � RL).
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Feedback and Feedback Ampli�ers Ampli�er Models

Transresistance Ampli�er

I As, no-load transresistance gain, Rm is de�ned as Rm =
vo

ii

∣∣∣∣
RL=∞

I Transresistance gain with load, RM will be given as RM =
vo

ii
= Rm

RL

Ro +RL

I No-load overall gain, Rms will be given as Rms =
vo

is

∣∣∣∣
RL=∞

=
Rs

Rs +Ri
Rm

I Overall transresistance gain, RMs will be given as RMs =
vo

is
=

Rs

Rs +Ri
Rm

RL

Ro +RL
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Feedback and Feedback Ampli�ers Ampli�er Models

I Ideally we want overall transresistance gain RMs should be equal to the no-load
transresistance gain Rm. Thus, ideal input resistance Ri and ideal output resistance Ro

of a transresistance ampli�er should be both zero.

RMs → Rm ⇒
{

Ri → 0

Ro → 0

I Thus, for a good transresistance ampli�er Ri should be small (i.e., Ri � Rs) and Ro

should be small also (i.e., Ro � RL).
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Feedback and Feedback Ampli�ers Ampli�er Models

Transconductance Ampli�er

I As, no-load transconductance gain, Gm is de�ned as Gm =
io

vi

∣∣∣∣
RL=0

I Transconductance gain with load, GM will be given as GM =
io

vi
= Gm

Ro

Ro + RL

I No-load overall transconductance gain, Gms will be given as Gms =
io

vs

∣∣∣∣
RL=0

=
Ri

Rs + Ri
Gm

I Overall transconductance gain, GMs will be given as GMs =
io

vs
=

Ri

Rs + Ri
Gm

Ro

Ro + RL
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Feedback and Feedback Ampli�ers Ampli�er Models

I Ideally we want overall transconductance gain GMs should be equal to the no-load
transconductance gain Gm. Thus, ideal input resistance Ri and ideal output resistance
Ro of a transconductance ampli�er should be both in�nity.

GMs → Gm ⇒
{

Ri →∞
Ro →∞

I Thus, for a good transconductance ampli�er Ri should be large (i.e., Ri � Rs) and Ro

should be large also (i.e., Ro � RL).
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Feedback and Feedback Ampli�ers Ampli�er Models

Current-Gain Ampli�er

I As, no-load current gain, Ai is de�ned as Ai =
io

ii

∣∣∣∣
RL=0

I Current gain with load, AI will be given as AI =
io

ii
= Ai

Ro

Ro +RL

I No-load overall current gain, Ais will be given as Ais =
io

is

∣∣∣∣
RL=0

=
Rs

Rs +Ri
Ai

I Overall current gain, AIs will be given as AIs =
io

is
=

Rs

Rs +Ri
Ai

Ro

Ro +RL
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Feedback and Feedback Ampli�ers Ampli�er Models

I Ideally we want overall current gain AIs should be equal to the no-load current gain Ai.
Thus, ideal input resistance Ri and ideal output resistance Ro of a current-gain ampli�er
should be zero and in�nity, respectively.

AIs → Ai ⇒
{

Ri → 0

Ro →∞

I Thus, for a good current-gain ampli�er Ri should be small (i.e., Ri � Rs) and Ro

should be large (i.e., Ro � RL).
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Feedback and Feedback Ampli�ers Negative Feedback Concepts

Negative Feedback Concepts

The e�ects of the negative feedback on an ampli�er can be summarized as follows.

Disadvantages:

I Lower gain

Advantages:

I More stable gain
I Reduced distortion
I Improved frequency response
I Improved input impedance
I Improved output impedance
I More linear operation
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Feedback and Feedback Ampli�ers Negative Feedback Concepts

Closed-loop Gain, Af

From the �gure above we can calculate the closed-loop gain (i.e., gain with feedback), Af =
Y

X
as

follows

Y = AXi

Xf = βY

Xi = X −Xf

From the three equations above, we can on obtain the gain with feedback Af as follows

Af =
Y

X
=

A

1 + βA

If βA� 1 then, above equation reduces to Af ≈
1

β
. So, for Af > 1, β < 1 is required.
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Feedback and Feedback Ampli�ers Negative Feedback Concepts

Negative Feedback Improvements

We are going to investigate and prove the following three improvements of the negative
feedback

1. Improved Gain Stability

2. Reduced Distortion

3. Increased Bandwidth

Dr. U. Sezen & Dr. D. Gökcen (Hacettepe Uni.) ELE315 Electronics II 14-Oct-2017 16 / 95

Feedback and Feedback Ampli�ers Negative Feedback Concepts

Improved Gain Stability

We need to �nd the closed-loop gain stability (relative change of the gain), i.e., the ratio
∆Af

Af
. In order

to derive this quantity, we need to �rst �nd the derivative
dAf

dA
.

dAf

dA
=
d
(

A
1+βA

)
dA

=
1

(1 + βA)2
. . . using the chain rule of derivatives

=
A

1 + βA

1

A(1 + βA)
. . .multiplying the numerator and denominator by A

=
Af

A

1

1 + βA

From the result above, we can obtain the following expression for the closed-loop gain stability in terms
of the open-loop gain stability

dAf

Af
=

1

1 + βA

dA

A

Thus, the closed-loop gain stability is improved by a factor of (1 + βA) compared to the open-loop gain

stability.
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Feedback and Feedback Ampli�ers Negative Feedback Concepts

Example 1: Assume a system where open-loop gain equals A = 1000 and changes by
20% due to a temperature change. Consider a negative feedback closed-loop system with
β = 0.1 and calculate the change for the closed-loop gain Af for the same conditions.

Solution: We can �nd
∆Af

Af
from the equation derived previously. Thus,

∆Af

Af
=

1

1 + βA

∆A

A

=
1

1 + 0.1× 1000
20%

= 0.2%.

Thus, the closed-loop gain (although smaller) is much more stable than the open-loop
gain.

A ↑ ⇒ Y ↑ ⇒ Xf ↑ ⇒ Xi ↓ ⇒ Y ↓
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Feedback and Feedback Ampli�ers Negative Feedback Concepts

Reduced Distortion

Here we are going to assume that we have some additive distortion D in the open-loop system,

Y = AX +D

We need to investigate the same problem when we employ a negative feedback for this system. Let us
start with writing the closed-loop equations from the �gure above

Y = AXi +D

Xf = βY

Xi = X −Xf

From the three equations above, we can on obtain the output Y as follows

Y =
A

1 + βA
X +

D

1 + βA

Thus, distortion in the closed-loop system is reduced by a factor of (1 + βA).
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Feedback and Feedback Ampli�ers Negative Feedback Concepts

Increased Bandwidth

Bandwidth BW is the di�erence between the higher cut-o� frequency fH and the lower cut-o�
frequency fL of the ampli�er, i.e.,

BW = fH − fL.

So, if fH gets higher and/or fL gets lower, then the bandwidth increases.
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Feedback and Feedback Ampli�ers Negative Feedback Concepts

We can consider both ends of the amplitude response on the previous slide separately (as fH � fL).
The lower end of the amplitude response is a high-pass �lter, and the higher end of the amplitude
response is a low-pass �lter.
Let us �rst consider the lower-end high-pass system like a simple RC-�lter and write down the open-loop
frequency response AH(f) accordingly (f is the frequency of the input signal)

AH(f) =
Am

1− j
fL

f

where Am and fL are the midband gain and lower cut-o� frequency of the open-loop system,
respectively. We know that the closed-loop gain AHf (f) is given by

AHf (f) =
AH(f)

1 + βAH(f)
.

By inserting AH(f) into the equation and rearranging it, we arrive at

AHf (f) =
Amf

1− j
fLf

f

where Amf and fLf are the midband gain and lower cut-o� frequency of the closed-loop system, and

given by Amf =
Am

1 + βAm
and fLf =

fL

1 + βAm
,

respectively. Thus, low-frequency fLf of the closed-loop system is reduced by a factor of (1 + βAm).
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Feedback and Feedback Ampli�ers Negative Feedback Concepts

Let us now consider the upper-end low-pass system like a simple RC-�lter and write down the open-loop
frequency response AL(f) accordingly (f is the frequency of the input signal)

AL(f) =
Am

1 + j
f

fH

where Am and fH are the midband gain and higher cut-o� frequency of the open-loop system,
respectively. We know that the closed-loop gain ALf (f) is given by

ALf (f) =
AL(f)

1 + βAL(f)
.

Similarly, by inserting AL(f) into the equation and rearranging it, we arrive at

ALf (f) =
Amf

1 + j
f

fHf

where Amf and fHf are the midband gain and higher cut-o� frequency of the closed-loop system, and

given by Amf =
Am

1 + βAm
and fHf = (1 + βAm) fH ,

respectively. Thus, high-frequency fHf of the closed-loop system is increased by a factor of (1 + βAm).

Consequently, we have showed that negative feedback increases the bandwidth.
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Feedback and Feedback Ampli�ers Negative Feedback Concepts

NOTE: The gain-bandwidth product stays (nearly) constant

Af ×BWf
∼= A×BW = constant

as BWf ≈ fHf and BW ≈ fH .
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Feedback and Feedback Ampli�ers Negative Feedback Concepts

Sampling and Mixing

The output signal is sampled and fed back to the system and mixed with the input

signal. Here, we are going to analyze the possible sampling and mixing types.
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Feedback and Feedback Ampli�ers Negative Feedback Concepts

Sampling Types

As there two types of electrical signals, i.e., voltage and current, there are two types of
sampling. In order to sample output voltage we need to connect the feedback network
in parallel (i.e., shunt connection) with the output (like a voltmeter). Similarly, in order
to sample output current we need to connect the feedback network in series with the
output (like an ammeter).

1. Voltage-sampling (Shunt-sampling or parallel-sampling)

2. Current-sampling (Series-sampling)
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Feedback and Feedback Ampli�ers Negative Feedback Concepts

Voltage-Sampling Example

Current-Sampling Example
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Feedback and Feedback Ampli�ers Negative Feedback Concepts

Mixing Types

We can mix (i.e., connect) the feedback network output to the input in parallel or in
series. In order to mix voltage feedback signal we need to connect the feedback network
in series to the input (remember KVL). Similarly, in order to mix current feedback signal
we need to connect the feedback network in parallel (i.e., shunt connection) to the input
(remember KCL).

1. Series-mixing (voltage-mixing)

2. Shunt-mixing (parallel-mixing or current-mixing)
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Feedback and Feedback Ampli�ers Negative Feedback Concepts

Series-Mixing Example

Shunt-Mixing Example
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Feedback and Feedback Ampli�ers Negative Feedback Concepts

Negative Feedback Types

Negative feedback types are classi�ed according to the Sampling-Mixing type pairs. As
there are two types of sampling and two types mixing, there four types feedback types.

1. Voltage-Series Feedback

2. Voltage-Shunt Feedback (voltage-parallel feedback)

3. Current-Series Feedback

4. Current-Shunt Feedback (current-parallel feedback)
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Feedback and Feedback Ampli�ers Voltage-Series Feedback

Voltage-Series Feedback

Voltage-series feedback ampli�er is actually a closed-loop voltage-gain ampli�er as shown below.
We are going to �nd the derive the no-load gain Avf , input resistance Rif and output resistance
Rof of this closed-loop system.

Dr. U. Sezen & Dr. D. Gökcen (Hacettepe Uni.) ELE315 Electronics II 14-Oct-2017 30 / 95



Feedback and Feedback Ampli�ers Voltage-Series Feedback

Let us derive no-load gain Avf , input resistance Rif and output resistance Rof of the
voltage-series feedback system in terms of the open-loop ampli�er parameters Av , Ri and Ro.

Avf =? Rif =? Rof =?
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Feedback and Feedback Ampli�ers Voltage-Series Feedback

Voltage-Series: No-load Gain

From the above �gure, we can quickly derive the closed-loop no-load gain Avf where

Avf =
vo

vif

∣∣∣∣
RL=∞

=
vo

vi + vf
=

Avvi

(1 + βAv)vi

as

Avf =
Av

1 + βAv
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Feedback and Feedback Ampli�ers Voltage-Series Feedback

Voltage-Series: Input Resistance

From the above �gure, we can quickly derive the closed-loop input resistance Rif

Rif =
vif

ii

∣∣∣∣
RL=∞

=
vi + vf

ii
=

(1 + βAv)vi

ii
= (1 + βAv)

vi

ii

as

Rif = (1 + βAv)Ri
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Feedback and Feedback Ampli�ers Voltage-Series Feedback

Loading E�ect of Negative Feedback

I If a load RL is connected, then the gain will drop due to the voltage divider con�guration between
Ro and RL. Hence, closed-loop input resistance will be a�ected due to the feedback.

Consequently, closed-loop input resistance Rif will be given by

Rif = (1 + βAV )Ri

where

AV = Av
RL

RL + Ro
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Feedback and Feedback Ampli�ers Voltage-Series Feedback

Voltage-Series: Output Resistance

We can calculate the closed-loop output resistance (i.e., as a Thévenin equivalent resistance) by using the
test voltage method as shown in the �gure above. Note that as the feedback network is ideal, internal
resistance of the feedback network is in�nity. So, ix = 0 and io = i1 + ix = i1. Also as vif = 0,
vi = −vf = −βvo. Hence, output resistance Rof

Rof =
vo

io

∣∣∣∣
RL=vo,vif=0

=
vo

i1
=

vo
vo − Avvi

Ro

=
Rovo

vo − Av(−βvo)
=

Rovo

(1 + βAv)vo

is derived as

Rof =
Ro

1 + βAv
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Feedback and Feedback Ampli�ers Voltage-Series Feedback

E�ect of Source Resistance under Negative

Feedback

I If a voltage source vs with an internal resistance Rs is connected at the input, then the gain will
drop due to the voltage divider con�guration between Ri and Rs. Hence, closed-loop output
resistance will be a�ected due to the feedback.

Consequently, closed-loop output resistance Rof will be given by

Rof =
Ro

1 + βAvs

where

Avs =
Ri

Rs + Ri
Av
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Feedback and Feedback Ampli�ers Voltage-Shunt Feedback

Voltage-Shunt Feedback

Voltage-shunt feedback ampli�er is actually a closed-loop transresistance ampli�er as shown
below. We are going to �nd the derive the no-load gain Rmf , input resistance Rif and output
resistance Rof of this closed-loop system.

Dr. U. Sezen & Dr. D. Gökcen (Hacettepe Uni.) ELE315 Electronics II 14-Oct-2017 37 / 95

Feedback and Feedback Ampli�ers Voltage-Shunt Feedback

Let us derive no-load gain Rmf , input resistance Rif and output resistance Rof of the
voltage-shunt feedback system in terms of the open-loop ampli�er parameters Rm, Ri and Ro.

Rmf =? Rif =? Rof =?
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Feedback and Feedback Ampli�ers Voltage-Shunt Feedback

Voltage-Shunt: No-load Gain

From the above �gure, we can quickly derive the closed-loop no-load gain Rmf where

Rmf =
vo

iif

∣∣∣∣
RL=∞

=
vo

ii + if
=

Rmii

(1 + βRm)ii

as

Rmf =
Rm

1 + βRm
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Feedback and Feedback Ampli�ers Voltage-Shunt Feedback

Voltage-Shunt: Input Resistance

From the above �gure, we can quickly derive the closed-loop input resistance Rif

Rif =
vi

iif

∣∣∣∣
RL=∞

=
vi

ii + if
=

vi

(1 + βRm)ii

as

Rif =
Ri

1 + βRm
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Feedback and Feedback Ampli�ers Voltage-Shunt Feedback

Loading E�ect of Negative Feedback

I If a load RL is connected, then the gain will drop due to the voltage divider con�guration between
Ro and RL. Hence, closed-loop input resistance will be a�ected due to the feedback.

Consequently, closed-loop input resistance Rif will be given by

Rif =
Ri

1 + βRM

where

RM = Rm
RL

RL + Ro
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Feedback and Feedback Ampli�ers Voltage-Shunt Feedback

Voltage-Shunt: Output Resistance

We can calculate the closed-loop output resistance (i.e., as a Thévenin equivalent resistance) by using the
test voltage method as shown in the �gure above. Note that as the feedback network is ideal, internal
resistance of the feedback network is in�nity. So, ix = 0 and io = i1 + ix = i1. Also as iif = 0,
ii = −if = −βvo. Hence, output resistance Rof

Rof =
vo

io

∣∣∣∣
RL=vo,iif=0

=
vo

i1
=

vo
vo − Rmii

Ro

=
Rovo

vo − Rm(−βvo)
=

Rovo

(1 + βRm)vo

is derived as

Rof =
Ro

1 + βRm
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Feedback and Feedback Ampli�ers Voltage-Shunt Feedback

E�ect of Source Resistance under Negative

Feedback

I If a current source is with an internal resistance Rs is connected at the input, then the gain will
drop due to the current divider con�guration between Ri and Rs. Hence, closed-loop output
resistance will be a�ected due to the feedback.

Consequently, closed-loop output resistance Rof will be given by

Rof =
Ro

1 + βRms

where

Rms =
Rs

Rs + Ri
Rm
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Feedback and Feedback Ampli�ers Current-Series Feedback

Current-Series Feedback

Current-series feedback ampli�er is actually a closed-loop transconductance ampli�er as shown
below. We are going to �nd the derive the no-load gain Gmf , input resistance Rif and output
resistance Rof of this closed-loop system.
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Feedback and Feedback Ampli�ers Current-Series Feedback

Let us derive no-load gain Gmf , input resistance Rif and output resistance Rof of the
current-series feedback system in terms of the open-loop ampli�er parameters Gm, Ri and Ro.

Gmf =? Rif =? Rof =?
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Feedback and Feedback Ampli�ers Current-Series Feedback

Current-Series: No-load Gain

From the above �gure, we can quickly derive the closed-loop no-load gain Gmf where

Gmf =
io

vif

∣∣∣∣
RL=0

=
io

vi + vf
=

Gmvi

(1 + βGm)vi

as

Gmf =
Gm

1 + βGm
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Feedback and Feedback Ampli�ers Current-Series Feedback

Current-Series: Input Resistance

From the above �gure, we can quickly derive the closed-loop input resistance Rif

Rif =
vif

ii

∣∣∣∣
RL=0

=
vi + vf

ii
=

(1 + βGm)vi

ii
= (1 + βGm)

vi

ii

as

Rif = (1 + βGm)Ri

Dr. U. Sezen & Dr. D. Gökcen (Hacettepe Uni.) ELE315 Electronics II 14-Oct-2017 47 / 95

Feedback and Feedback Ampli�ers Current-Series Feedback

Loading E�ect of Negative Feedback

I If a load RL is connected, then the gain will drop due to the current divider con�guration between
Ro and RL. Hence, closed-loop input resistance will be a�ected due to the feedback.

Consequently, closed-loop input resistance Rif will be given by

Rif = (1 + βGM )Ri

where

GM = Gm
Ro

RL + Ro
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Feedback and Feedback Ampli�ers Current-Series Feedback

Current-Series: Output Resistance

We can calculate the closed-loop output resistance (i.e., as a Thévenin equivalent resistance) by using the
test voltage method as shown in the �gure above. Note that as the feedback network is ideal, internal
resistance of the feedback network is zero. So, vx = 0 and vo = i1Ro + vx = i1Ro. Also as vif = 0,
vi = −vf = βio. Hence, output resistance Rof

Rof =
vo

io

∣∣∣∣
RL=vo,vif=0

=
i1Ro

io
=

(io +Gmvi)Ro

io
=

(io +Gmβio)Ro

io

is derived as

Rof = (1 + βGm)Ro
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Feedback and Feedback Ampli�ers Current-Series Feedback

E�ect of Source Resistance under Negative

Feedback

I If a voltage source vs with an internal resistance Rs is connected at the input, then the gain will
drop due to the voltage divider con�guration between Ri and Rs. Hence, closed-loop output
resistance will be a�ected due to the feedback.

Consequently, closed-loop output resistance Rof will be given by

Rof = (1 + βGms)Ro

where

Gms =
Ri

Rs + Ri
Gm
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Feedback and Feedback Ampli�ers Current-Shunt Feedback

Current-Shunt Feedback

Current-shunt feedback ampli�er is actually a closed-loop current-gain ampli�er as shown below.
We are going to �nd the derive the no-load gain Aif , input resistance Rif and output resistance
Rof of this closed-loop system.
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Feedback and Feedback Ampli�ers Current-Shunt Feedback

Let us derive no-load gain Aif , input resistance Rif and output resistance Rof of the
current-shunt feedback system in terms of the open-loop ampli�er parameters Ai, Ri and Ro.

Aif =? Rif =? Rof =?

Dr. U. Sezen & Dr. D. Gökcen (Hacettepe Uni.) ELE315 Electronics II 14-Oct-2017 52 / 95

Feedback and Feedback Ampli�ers Current-Shunt Feedback

Current-Shunt: No-load Gain

From the above �gure, we can quickly derive the closed-loop no-load gain Aif where

Aif =
io

iif

∣∣∣∣
RL=0

=
io

ii + if
=

Aiii

(1 + βAi)ii

as

Aif =
Ai

1 + βAi
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Feedback and Feedback Ampli�ers Current-Shunt Feedback

Current-Shunt: Input Resistance

From the above �gure, we can quickly derive the closed-loop input resistance Rif

Rif =
vi

iif

∣∣∣∣
RL=0

=
vi

ii + if
=

vi

(1 + βAi)ii

as

Rif =
Ri

1 + βAi
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Feedback and Feedback Ampli�ers Current-Shunt Feedback

Loading E�ect of Negative Feedback

I If a load RL is connected, then the gain will drop due to the current divider con�guration between
Ro and RL. Hence, closed-loop input resistance will be a�ected due to the feedback.

Consequently, closed-loop input resistance Rif will be given by

Rif =
Ri

1 + βAI

where

AI = Ai
Ro

RL + Ro
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Feedback and Feedback Ampli�ers Current-Shunt Feedback

Current-Shunt: Output Resistance

We can calculate the closed-loop output resistance (i.e., as a Thévenin equivalent resistance) by using the
test voltage method as shown in the �gure above. Note that as the feedback network is ideal, internal
resistance of the feedback network is zero. So, vx = 0 and vo = i1Ro + vx = i1Ro. Also as iif = 0,
ii = −if = βio. Hence, output resistance Rof

Rof =
vo

io

∣∣∣∣
RL=vo,iif=0

=
i1Ro

io
=

(io + Aiii)Ro

io
=

(io + Aiβio)Ro

io

is derived as

Rof = (1 + βAi)Ro
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Feedback and Feedback Ampli�ers Current-Shunt Feedback

E�ect of Source Resistance under Negative

Feedback

I If a current source is with an internal resistance Rs is connected at the input, then the gain will
drop due to the current divider con�guration between Ri and Rs. Hence, closed-loop output
resistance will be a�ected due to the feedback.

Consequently, closed-loop output resistance Rof will be given by

Rof = (1 + βAis)Ro

where

Ais =
Rs

Rs + Ri
Ai
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Feedback and Feedback Ampli�ers Summary of Closed-loop Input and Output Resistances

Summary of Closed-loop Input and Output

Resistances

Table below summarizes the closed-loop input and output resistances for each type of feedback.
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Feedback and Feedback Ampli�ers Analysis of Negative Feedback

Analysis of Negative Feedback

The following steps needs to be taken during the analysis of negative feedback.

1. Recognize the type of feedback

2. Derive open-loop circuit (i.e., circuit without feedback)

3. Ensure suitability of the input signal source

4. Obtain open-loop small-signal equivalent circuit

5. Find feedback gain β = Xf/Y

6. Calculate open-loop parameters A, Ri and Ro

7. Calculate closed-loop parameters Af , Rif and Rof
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Feedback and Feedback Ampli�ers Analysis of Negative Feedback

Recognize the type of feedback

a) Identify the common circuit elements (i.e., feedback network) in between the input
and output loops.

b) Determine input-mixing type (i.e., type of feedback signal Xf )

Series-mixing (feedback signal is voltage, vf )

� If the input voltage source vs is connected to the output with an
element in series

- e.g., when a circuit element, like RE or RS , present in the
emitter/source terminal of the �rst transistor when the input is
from the base/gate terminal.

Shunt-mixing (feedback signal is current, if )

� If the output-circuit is wired to the input circuit allowing the feedback
current if to �ow

- e.g., collector-feedback con�guration or drain-feedback
con�guration
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Feedback and Feedback Ampli�ers Analysis of Negative Feedback

c) Determine output-sampling type

Voltage-sampling (shunt-connection)

� If Xf = 0 when vo = 0V (i.e., RL = 0 Ω)

Current-sampling (series-connection)

� If Xf = 0 when io = 0A (i.e., RL = ∞Ω)

NOTE 1: If both tests hold, then select the one where feedback gain β does
not contain the load (or e�ective load) in its expression.

NOTE 2: If the feedback network is connected in parallel to the output, then
it is voltage-sampling. Similarly, if the feedback network is connected in
series to the output, then it is current-sampling

Dr. U. Sezen & Dr. D. Gökcen (Hacettepe Uni.) ELE315 Electronics II 14-Oct-2017 61 / 95

Feedback and Feedback Ampli�ers Analysis of Negative Feedback

Derive open-loop circuit

a) Obtain the open-loop input circuitry

Voltage-sampling

� Make Xf = 0 by making vo = 0, i.e., short-circuit the output connection.

Dr. U. Sezen & Dr. D. Gökcen (Hacettepe Uni.) ELE315 Electronics II 14-Oct-2017 62 / 95

Feedback and Feedback Ampli�ers Analysis of Negative Feedback

Current-sampling

� Make Xf = 0 by making io = 0, i.e., open-circuit the output connection.
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Feedback and Feedback Ampli�ers Analysis of Negative Feedback

b) Obtain the open-loop output circuitry

Series-mixing

� Make the reverse feedback signal Yf = 0 by making ii = 0 where
Yf = βrii and βr is the reverse feedback gain, i.e., open-circuit the input
connection.
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Feedback and Feedback Ampli�ers Analysis of Negative Feedback

Shunt-mixing

� Make the reverse feedback signal Yf = 0 by making vi = 0 where
Yf = βrvi and βr is the reverse feedback gain, i.e., short-circuit the input
connection.
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Feedback and Feedback Ampli�ers Analysis of Negative Feedback

NOTE: According to the connection type, always short-circuit a shunt-connection
(or parallel-connection) and always open-circuit a series-connection in order to
eliminate the e�ect of the observable. This is true for both output and input
connections of the feedback network.
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Feedback and Feedback Ampli�ers Analysis of Negative Feedback

c) Then draw the open-loop circuit by putting the input circuitry and output circuitry
together

i. Open-loop circuit diagram for voltage-series feedback

ii. Open-loop circuit diagram for voltage-shunt feedback
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Feedback and Feedback Ampli�ers Analysis of Negative Feedback

iii. Open-loop circuit diagram for current-series feedback

iv. Open-loop circuit diagram for current-shunt feedback
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Feedback and Feedback Ampli�ers Analysis of Negative Feedback

Ensure suitability of the input signal source

If feedback signal Xf is a

Voltage signal (in the case of series-mixing)

� Use a Thévenin voltage source,

Current signal (in the case of shunt-mixing)

� Use a Norton current source.

NOTE: If necessary, perform source transformation (voltage source ↔ current
source).
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Feedback and Feedback Ampli�ers Analysis of Negative Feedback

Obtain open-loop small-signal equivalent circuit

Replace each active device (e.g. BJT, JFET, MOSFET etc.) in the open-loop
circuit by their appropriate small-signal model and draw the open-loop small signal
equivalent circuit.
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Feedback and Feedback Ampli�ers Analysis of Negative Feedback

Find feedback gain β

I Obtain feedback gain β =
Xf

Y
Feedback circuit cannot include either the source resistance Rs or the load
resistance RL.

� i.e., β 6= β(Rs, RL), in other words, β cannot be a function of Rs or
RL.

NOTE: Any external circuit element (or equivalent element) via which we obtain
the output voltage vo and output current io will be the e�ective load in the
circuit, even though it was not labelled explicitly as RL.
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Feedback and Feedback Ampli�ers Analysis of Negative Feedback

Summary of feedback analysis

The table below shows the summary of the feedback ampli�er analysis
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Feedback and Feedback Ampli�ers Examples

Voltage-series feedback example 1

Example 2: Determine the feedback type and derive the open-loop and closed-loop
ampli�er parameters (i.e., input resistance, output resistance and gain) for the source
follower circuit below.
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Feedback and Feedback Ampli�ers Examples

Solution: Output and input networks have one common element R which provides feedback in this
circuit. It is connected in series to the input circuitry. The feedback signal vf is the voltage across
resistor R. Output signal sampled is output voltage vo (because if output current was sampled,
then the feedback gain β will be equal to the value of resistor R, but R is the e�ective load in this
circuit and feedback network cannot include the load). So, this circuit has voltage-series feedback.

Feedback network's input connection is between the JFET source terminal and the ground.
Similarly, feedback network's output connection is also between the JFET source terminal and the
ground terminal. In order to obtain the open-loop input circuitry we short circuit the output
connection terminals of the feedback network. Then, to obtain the open-loop output circuitry we
disconnect the input connection terminals of the feedback network (so, resistor R becomes part of
the open-loop output circuitry). Then, we put the open-loop input and output circuitries together
and we obtain the initial open-loop circuit (i.e., circuit without feedback) below. Note that, we
have to indicate the feedback signal vf at the output circuitry of the open-loop circuit with the
correct polarity.
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Feedback and Feedback Ampli�ers Examples

Now, let us replace the JFET transistor with its small-signal equivalent model and obtain the
open-loop small-signal equivalent circuit below

Now, the feedback gain β is given by β =
vf

vo
= 1 .

Note that, as output current �ows through and output voltage is across R, R is the e�ective load,

i.e., RL ≡ R .

From the �gure above let us calculate the open-loop ampli�er parameters Ri, Ro and Av .

Ri =
vi

ii

∣∣∣∣
RL=∞

=∞ Ro =
vo

io

∣∣∣∣
RL=vo,vs=0

= rds Av =
vo

vi

∣∣∣∣
RL=∞

= gmrds
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Feedback and Feedback Ampli�ers Examples

Now, let us calculate the closed-loop ampli�er parameters Rif , Rof and Avf using the
voltage-series feedback formulas derived before.

Rif = (1 + βAV )Ri = [1 + gm (rds||R)] · ∞ =∞

Rof =
Ro

1 + βAvs
=

rds

1 + gmrds
≈

1

gm

Avf =
Av

1 + βAv
=

gmrds

1 + gmrds
≈ 1
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Feedback and Feedback Ampli�ers Examples

From the closed-loop ampli�er diagram above, we can also �nd the overall closed-loop voltage gain
AVsf , as

AVsf =
Rif

Rs + Rif
Avf

RL

Rof + RL

= Avf
R

Rof + R
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Feedback and Feedback Ampli�ers Examples

Voltage-series feedback example 2

Example 3: Determine the feedback type, derive the open-loop circuit and �nd feedback
gain β for the feedback ampli�er shown below.
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Feedback and Feedback Ampli�ers Examples

Solution: Feedback type is voltage-series feedback and feedback network, consisting of
resistors R1 and R2, connects the output and input networks to each other.
Consequently, open-loop circuit is derived as shown below

Thus, feedback gain β is found as β =
vf

vo
=

R1

R1 +R2
.
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Feedback and Feedback Ampli�ers Examples

Voltage-shunt feedback example

Example 4: Determine the feedback type and derive the open-loop and closed-loop
ampli�er parameters (i.e., input resistance, output resistance and gain) for the collector
feedback circuit below.
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Feedback and Feedback Ampli�ers Examples

Solution: Output and input network have one common element R′ which provides feedback in this
circuit. It is connected in parallel (i.e., shunt connection) to the input circuitry. The feedback
signal if is the current through resistor R′. Output signal sampled is output voltage vo. So, this
circuit has voltage-shunt feedback.

Feedback network's input connection is between the BJT base terminal and the ground.
Similarly, feedback network's output connection is between the BJT collector terminal and the
ground. In order to obtain the open-loop input circuitry, we short circuit the output connection
terminals of the feedback network. Then, to obtain the open-loop output circuitry we short circuit
the input connection terminals of the feedback network. Then, we put the open-loop input and
output circuitries together and we obtain the initial open-loop circuit (i.e., circuit without
feedback) below. Note that, we have transformed the input voltage source to a current source as
feedback signal is a current signal and also indicated the feedback signal if at the output circuitry
of the open-loop circuit with the correct direction.
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Feedback and Feedback Ampli�ers Examples

Now, the feedback gain β is given by β =
if

vo
=

if

−ifR′ = −
1

R′ .

Note that, as output current �ows through and output voltage is across RC , RC is the e�ective

load, i.e., RL ≡ RC .

From the �gure above let us calculate the open-loop ampli�er parameters Ri, Ro and Rm.

Ri =
vi

ii

∣∣∣∣
RL=∞

= R
′||hie Ro =

vo

io

∣∣∣∣
RL=vo,is=0

= R
′||

1

hoe

Rm =
vo

ii

∣∣∣∣
RL=∞

= −hfe
(
R

′||
1

hoe

)
R′

R′ + hie
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Now, let us calculate the closed-loop ampli�er parameters Rif , Rof and Rmf using the
voltage-shunt feedback formulas derived before.

Rif =
Ri

1 + βRM
=

R′||hie

1 + (R′||1/hoe)
hfe

R′ + hie

RC

(R′||1/hoe) + RC

≈
hie

1 + hfe
RC

R′

Rof =
Ro

1 + βRms
=

R′||1/hoe

1 +
Rs

Rs + Ri
(R′||1/hoe)

hfe

R′ + hie

≈
(

1 +
Ri

Rs

)
R′

hfe

Rmf =
Rm

1 + βRm
=

−
(
R′||1/hoe

) hfeR
′

R′ + hie

1 + (R′||1/hoe)
hfe

R′ + hie

≈ −R′
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Feedback and Feedback Ampli�ers Examples

From the closed-loop ampli�er diagram above, we can also �nd the overall closed-loop
transresistance gain RMsf , as

RMsf =
vo

is
=

Rs

Rs + Rif
Rmf

RC

Rof + RC

where is =
vs

Rs

Thus, overall closed-loop voltage gain AVsf will be given by

AVsf =
vo

vs
=

vo

isRs
=

1

Rs
RMsf
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Feedback and Feedback Ampli�ers Examples

Current-series feedback example

Example 5: Determine the feedback type and derive the open-loop and closed-loop
ampli�er parameters (i.e., input resistance, output resistance and gain) for the common
emitter circuit below.
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Solution: Output and input networks have one common element RE which provides feedback in
this circuit. It is connected in series to the input circuitry. The feedback signal vf is the voltage
across resistor RE . Output signal sampled is output current io. So, this circuit has current-series
feedback.

Feedback network's input connection is between the BJT emitter terminal and the ground.
Similarly, feedback network's output connection is also between the BJT emitter terminal and the
ground. In order to obtain the open-loop input circuitry, we disconnect the output connection
terminals of the feedback network. Then, to obtain the open-loop output circuitry we also
disconnect the input connection terminals of the feedback network. Then, we put the open-loop
input and output circuitries together and we obtain the initial open-loop circuit (i.e., circuit
without feedback) below. Note that, have to indicate the feedback signal vf at the output
circuitry of the open-loop circuit with the correct polarity.
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Feedback and Feedback Ampli�ers Examples

Now, let us replace the BJT transistor with its small-signal equivalent model and obtain the
open-loop small-signal equivalent circuit below

Now, the feedback gain β is given by β =
vf

io
=
−REio
io

= −RE .

Note that, as output current �ows through and output voltage is across RL, RL is the e�ective
load.

From the �gure above let us calculate the open-loop ampli�er parameters Ri, Ro and Gm.

Ri =
vi

ii

∣∣∣∣
RL=0

= RE + hie Ro =
vo

io

∣∣∣∣
RL=vo,vs=0

= 1/hoe + RE

Gm =
io

vi

∣∣∣∣
RL=0

= −
1/hoe

1/hoe + RE

hfe

RE + hie

≈
−hfe

RE + hie
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Now, let us calculate the closed-loop ampli�er parameters Rif , Rof and Gmf using the
current-series feedback formulas derived before.

Rif = (1 + βGM )Ri =

(
1 +

hfeRE

RE + hie

1/hoe + RE

1/hoe + RE + RL

)
(RE + hie)

≈ (hfe + 1)RE + hie

Rof = (1 + βGms)Ro =

(
1 +

RE + hie

Rs + RE + hie

hfeRE

RE + hie

)
(1/hoe + RE) ≈ ∞

Gmf =
Gm

1 + βGm
=

−hfe
RE + hie

1 +
hfeRE

RE + hie

≈ −
1

RE
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From the closed-loop ampli�er diagram above, we can also �nd the overall closed-loop
transconductance gain GMsf , as

GMsf =
io

vs
=

Rif

Rs + Rif
Gmf

Rof

Rof + RL

Thus, overall closed-loop voltage gain AVsf will be given by

AVsf =
vo

vs
=
ioRL

vs
= GMsfRL
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Feedback and Feedback Ampli�ers Examples

Current-shunt feedback example

Example 6: Determine the feedback type and derive the open-loop and closed-loop
ampli�er parameters (i.e., input resistance, output resistance and gain) for the multistage
BJT circuit below.
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Solution: Output and input networks have two common elements R′ and RE which provide
feedback in this circuit. It is connected in parallel (i.e., shunt connection) to the input circuitry.
The feedback signal if is the voltage through resistor R′. Output signal sampled is output current
io. So, this circuit has current-shunt feedback.

Feedback network's input connection is between the base terminal of Q1 and the ground.
Similarly, feedback network's output connection is between the emitter terminal of Q2 and the
ground. In order to obtain the open-loop input circuitry, we disconnect the output connection
terminals of the feedback network. Then, to obtain the open-loop output circuitry we short circuit
the input connection terminals of the feedback network. Then, we put the open-loop input and
output circuitries together and we obtain the initial open-loop circuit (i.e., circuit without
feedback) below. Note that, have to indicate the feedback signal if at the output circuitry of the
open-loop circuit with the correct direction.
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Feedback and Feedback Ampli�ers Examples

Now, the feedback gain β is given by β =
if

io
=

RE

R′ + RE
.

Note that, as output current �ows through and output voltage is across RC2, RC2 is the e�ective

load, i.e., RL ≡ RC2 .

From the �gure above let us calculate the open-loop ampli�er parameters Ri, Ro and Ai. Note
that, for simplicity we take hoe1 = hoe2 = 0.

Ri =
vi

ii

∣∣∣∣
RL=0

= (R
′
+ RE)||hie1 Ro =

vo

io

∣∣∣∣
RL=vo,is=0

=∞
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Before calculating the total gain Ai, let us �rst calculate no-load gain of the second stage Ai2 and
loaded gain of the �rst stage AI1 as follows

Ai2 =
io

ii2

∣∣∣∣∣
RL=0

=
io

ib2
= −hfe2

Note that io1 = ii2 = ib2 .

AI1 =
io1
ii

=
ib2
ii

= −
RE + R′

RE + R′ + hie1
hfe1

RC1

RC1 + Ri2

where Ri2 is the input resistance of the second stage and given by

Ri2 = hie2 +
(
hfe2+1

) (
R

′||RE
)

Thus, open-loop no-load current gain Ai is given by

Ai =
io

ii

∣∣∣∣
RL=0

= AI1 · Ai2 =
RE + R′

RE + R′ + hie1

hfe1hfe2RC1

RC1 + Ri2
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Now, let us calculate the closed-loop ampli�er parameters Rif , Rof and Aif using the
current-series feedback formulas derived before.

Rif =
Ri

1 + βAI
=

(R′ + RE)||hie1

1 +
RE

RE + R′ + hie1

hfe1hfe2RC1

RC1 + Ri2

Rof = (1 + βAis)Ro =

(
1 +

Rs

Rs + Ri

RE

R′ + RE
Ai

)
∞ =∞

Aif =
Ai

1 + βAi
=

RE + R′

RE + R′ + hie1

hfe1hfe2RC1

RC1 + Ri2

1 +
RE

RE + R′ + hie1

hfe1hfe2RC1

RC1 + Ri2

≈ 1 +
R′

RE
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From the closed-loop ampli�er diagram above, we can also �nd the overall closed-loop current gain
AIsf , as

AIsf =
io

is
=

Rs

Rs + Rif
Aif

Rof

Rof + RC2

where is =
vs

Rs

Thus, overall closed-loop voltage gain AVsf will be given by

AVsf =
vo

vs
=
ioRC2

isRs
=
RC2

Rs
AIsf
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