Learning Objectives

After completing this chapter, you will learn the following:

® large signal amplifiers and their characteristic parameters.

® (Classification of large signal amplifiers: class A, class B, class AB, class C, class D and other
classes.

® Principle of operation of different types of class A amplifiers including class A amplifiers with
direct coupled resistive load, transformer coupled load and class A push—pull amplifiers.

® Principle of operation of different types of class B amplifiers including transformer cou-
pled push—pull class B amplifiers, complementary-symmetry push—pull class B amplifiers
and quasi-complementary push—pull class B amplifiers.

Principle of operation of class AB amplifiers.
Class C amplifiers.
Class D amplifiers.

Thermal management of power transistors.

he amplifier circuits we have studied until now are small signal amplifiers where the signal voltage and
. current levels are small. The focus in this chapter is on large signal or power amplifiers. Large signal or
power amplifiers provide power amplification and are used in applications to provide sufficient power to the
load or the power device. The output power delivered by these amplifiers is of the order of few watts to few
tens of watts. They handle moderate-to-high levels of current and voltage signals as against small levels of
current and voltage signals in the case of small signal amplifiers. As we have studied in earlier chapters, the
main characteristic specifications in case of small signal amplifiers are amplification linearity and gain mag-
nitude. In the case of large signal amplifiers, the main design specifications are power efficiency, maximum
power-handling capability of the amplifier and distortion.

The topics covered in this chapter include classification of large signal amplifiers into different classes,
namely, class A, class B, class AB, class C, class D and other classes and the main characteristic specifications
of power amplifiers. The principle of operation of different types of class A amplifiers including direct
coupled, transformer coupled and push—pull amplifiers is covered next. This is followed up by a discus-
sion on transformer-coupled push—pull, complementary-symmetry push—pull and quasi-complementary
push—pull class B amplifiers. Other classes of large signal amplifiers, which include class AB, class C and
class D amplifiers, are covered next. The chapter ends with a discussion on thermal management of power
transistors. The chapter is amply illustrated with a large number of solved examples.
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10.1 Large Signal Amplifiers

Lzrge signal or power amplifiers provide power amplification and are used in applications to provide suf-
cient power to the load or the power device. The output power delivered by these amplifiers is of the
order of few Watts to few tens of Watts. In this section we will discuss different classes of power amplifiers
and their characteristic specifications.

Classification

On the basis of their circuit configurations and principle of operation, amplifiers are classified into different
classes. Different classes of large signal amplifiers include class A, class B, class AB, class C, class D, class E
and class F amoplifiers. Each of these amplifiers offers different advantages and disadvantages as compared to
each other. In this section, a brief introduction to these classes and general large signal amplifier characteris-
tic specifications is given. Class E and F amoplifiers are very rarely used. Hence, only class A, class B, class AB,
class C and class D amplifiers are described in detail later in the chapter.

Class A Amplifiers

The active device in a class A amplifier operates during the whole of the input cycle and the output signal is
an amplified replica of the input signal with no clipping. In other words, in class A amplifiers, the amplifying
element is so biased that it operates over the linear region of its output characteristics during the full period of
the input cycle and is always conducting to some extent. Class A amplifiers offer very poor efficiency and a
theoretical maximum of 50% efficiency is possible in these amplifiers. They are generally used for implement-
ing small signal amplifiers. Figure 10.1 shows the input and output waveforms of class A amplifiers.

Class B Amplifiers
Class B amplifiers operate only during the half of the input cycle as shown in Figure 10.2. Class B amplifiers
offer much improved efficiency over class A amplifiers with a possible theoretical maximum of 78.5%.

input

N4

Current
in the active
device

360°

1

Figure 10.1 } Waveforms of class A amplifiers.
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Figure 10.2 | Waveforms of class B ampilifiers.

However they also create a large amount of distortion. A single class B amplifier is rarely used in practical
systems. Two class B amplifiers are used either as a complementary pair or in a push—pull arrangement.
These configurations are discussed in detail in Section 10.3.

Class AB Amplifiers

In a class AB amplifier, the amplifying device conducts for a little more than half of the input waveform.
They sacrifice some efficiency over class B amplifiers but they offer better linearity than class B amplifiers.
However, they offer much more efficiency than class A amplifiers. Figure 10.3 shows the waveforms of class
AB amoplifiers. Operation of class AB amplifiers is explained in Section 10.4.

Class C Amplifiers

Class C amplifiers conduct for less than half cycle of the input signal (Figure 10.4) resulting in a very high
efficiencies upto 90%. However, they are associated with a very high level of distortion at the output. Class
C amplifiers operate in two modes, namely, the tuned mode and the untuned mode. Class C amplifiers are
discussed in detail in Section 10.5.
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Figure 10.3 | Input and output waveforms of class AB ampilifiers.
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Figure 10.4 ‘ Input and output waveforms of class C amplifiers.

Class D Amplifiers

Class D amplifiers use the active device in switching mode to regulate the output power. Hence, these
amplifiers offer high efficiencies and do not require heat sinks and transformers. These amplifiers use pulse
width modulation (PWM), pulse density modulation or sigma delta modulation to convert the input signal
into a string of pulses. Figure 10.5 shows how a sinusoidal input waveform is converted into a string of
digital pulses using PWM technique. As we can see from the figure, the pulse width of the PWM output
waveform at any time instant is directly proportional to the amplitude of the input signal.

Other Classes

Class E and class F amplifiers are switching power amplifiers offering very high efficiency levels. They are
used at very high frequencies where the switching time is comparable to the duty time. Class G amplifiers
are efficient versions of class AB amplifiers. They employ rail switching to decrease power consumption and
increase efficiency. The amplifier has several power rails at different voltages and it switches between the rails
as the output signal approaches each rail value. Class H amplifiers create infinite number of supply rails by
modulating the supply rails. Detailed description of these classes is beyond the scope of the book.

Input
signal

PWM
waveform

Figure 10.5 | Class D amplifier waveforms.
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Large Signal Amplifier Characteristics
The main characteristics that define the performance of a power amplifier are efficiency, distortion level and
output power. These characteristics are discussed in detail in this section.

Efficiency
Efficiency of an amplifier is defined as the ability of the amplifier to convert the DC input power of the
supply into an AC output power that can be delivered to the load. The expression for efficiency is given by

P
—2 X 100% (10.1)

1

n =
where P, is the AC output power delivered to the load and P, the DC input power.

Harmonic Distortion

Distortion in large signal amplifiers is mainly caused due to harmonic distortion. Harmonic distortion refers
to the distortion in the amplitude of the output signal of an amplifier caused due to the non-linearity in the
characteristics of the active device used for amplification. In other words, the active device does not equally
amplify all portions of the input signal over its positive and negative excursions. The distortion is more in
the case of a large input signal level. Figure 10.6 shows how the non-linear dynamic transfer curve of the
active device results in harmonic distortion.

The dynamic transfer curve of an active device can be generalized using the following equation

I, =kl + kI +kI7+... (10.2)
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Figure 10.6 | Harmonic distortion due to the non-linearity in the transfer characteristics of the
active device.
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where [_ is the alternating portion of the output current; /, the input current; £, k,, k; are constants.

In case the input signal is not sufficiently large to drive the amplifier to the extremes of its dynamic
transfer curve, then the slight curvature of the dynamic curve over the region of operation may be described

by the following parabolic relation:

I, =kl +kl}? (10.3)
Let us assume that the input signal is a sinusoidal signal and is expressed as
I, = I ,cost (10.4)

Substituting Eq. (10.4) in Eq. (10.3) we get

_ 2 2
I, = k1 0050t + ky1,* cos“wt

As
2 1 = cos2wz
cos“t=—+
2 2
we get
1 1
I, =k, coswt + —Z—IeZIMZ +3 k1" cos20t (10.5)

Substituting (1/2)k, 1, > = A, k,I,; = A, and (1/2)k,1,;* = A, in Eq. (10.5) we get

0> ™1

I, = A, + Acoswr + A,cos20r

Total current, I, =1, + Iq, where I, is the output DC current under quiescent conditions. Therefore,
I, = IQ +A0+A1cosa)t+A2c0520)t (10.6)

where A is the extra DC component due to rectification of the signal; A, is the amplitude of the desired
signal at the fundamental input signal frequency @; A4, is the amplitude of the second harmonic frequency
component at 2@.

From Eq. (10.6) it is clear that there is a slight shift in the operating point when the input signal is applied.
This is indicated by the extra DC component (4,) which suggests that the average DC current flowing through
the active device has changed. The shift in the operating point is also highlighted in Figure 10.6.

A, represents the second harmonic term which is the output component at twice the frequency of the
applied input signal. Second harmonic distortion is a measure of the relative amount of second harmonic
component to the fundamental frequency component and is expressed as

D, =

A1 100% (10.7)
A

The values of A, 4, and A, can be determined in terms of the values of the output signal from the Figure
10.6.
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1. When wr=0,1 =1,
2. When wr=m7/2, I .= [Q‘
3. Whenwt=m,1 =1,

Substituting these values in Eq. (10.6) and solving we get

Iyax + Ivin =21 _ Uuax +lu) _1q
4 4 2

Ay=4, = (10.8)

I -1
A =__1\LA_X..2_.ME- (10.9)

When the magnitude of the input signal is large enough to drive the amplifier to the extremes of its dynamic
transfer curve, which is mostly true for power amplifiers, the higher harmonic terms cannot be neglected.
As given in Eq. (10.2), the output current /_ is expressed in terms of the input signal as

I=hkl+kI}+kI>+...
Let us assume that the input signal is a sinusoidal signal and is expressed as
I, = I, cosez
The output signal is then expressed as
I = k1, 0050t + ky1,; cos’wr + k, 1, Pcos’we + ... (10.10)

Solving Eq. (10.10) in terms of multiples of the signal frequency @ and expressing the constant terms as A,
A, and A, for the DC component, input signal frequency component and the second harmonic component,
respectively, we get

I = A, + Aocoswt + A cos20t + Ajcos30t +.. (10.11)
The total current 7 is then given by
I, = IQ + 4, + Acosot + A,cos2wt + Aycos3wr +... (10.12)

'The values of the harmonic components can be determined in a manner similar to that described earlier in
previous paragraphs. In order to obtain the expression for upto fourth harmonic, five values of output cur-
rent are necessary to solve the equations. The output current values are chosen for maximum value of the
input signal, minimum value of the input signal, zero value of the input signal, one-half the maximum
positive value of input signal and one-half the maximum negative value of input signal. Let /s, Jys 1o
I,.,,and I, be the corresponding output currents for the above-mentioned values of the input signals,

+112 -172
respectively. Solving in a manner similar as explained before, we get

Ay == X yax + 20, + 21, + Iyn) — g (10.13)

|

I .
4 =3 X (Ivax + L2 = yp2 = Dvv) (10.14)
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1

Ay =7 X Uy =2Ug + Iy) (10.15)
1

A = e Umax =20L4y2 +21 45 = Iyi) (10.16)
1 :

The second harmonic distortion component (D,) is given by

D, =22 x 100% (10.18)
A

The third harmonic distortion component (D,) is given by

D, =25 x 100% (10.19)
A4

The fourth harmonic distortion component (D) is given by

D, =%

) X 100% (10.20)

‘The total harmonic distortion (D) is given by the square root of the mean square values of the individual
harmonic components:

D=\D2+D}+Dj+... (10.21)

The power delivered at the fundamental frequency is

2
R
p=AA (10.22)
2
The total power output is given by
: R
1>=(A,2+A22+A32+...)x-2L (10.23)
Therefore, |
P=(1+D}?+D}+..)x B=(1+D*)x P, (10.24)

EXAMPLE 10.1 | Calculate the values of harmonic distortion components for an output signal having
amplitude of 5V at the fundamental frequency, second harmonic component of 0.5 V,
third harmonic component of 0.2 V and fourth harmonic component of 0.05 V. Also
calculate the total harmonic distortion.
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Solution | 1. The second harmonic distortion component is given by

D2=—A—2 x 100%
0.

D, =22V 5 100%=10%
5V

2. 'The third harmonic distortion component is given by

D3=£3— x 100%
D3=0'2V X 100% = 4%
5V

3. The fourth harmonic distortion component is given by

A
D, =|=%| x 100%
D, = 00V o 1009 =1%
5V

4. The total harmonic distortion (D) is equal to

D=D}?+D} + D/

D =100 + (4 + (1 = 117 =10.8%

5. Total harmonic distortion in percentage = 10.8%.

10.2 Class A Amplifiers

s mentioned before, the active device in a class A amplifier operates during the whole of the input cycle.

Class A amplifiers can have direct-coupled resistive load or a transformer-coupled resistive load. Class A
amplifiers are also configured using push—pull arrangement. In this section, all three types of class A ampli-
fiers are discussed in detail with emphasis on their design procedure.

Class A Amplifier with Direct-Coupled Resistive Load

A simple transistor amplifier shown in Figure 10.7 is a class A amplifier with direct-coupled resistive load or

a series-fed class A amplifier. The resistor R.. is the load resistor. The difference between this circuit and the

.- amplifier circuits studied earlier in Chapter 4 is that the signal levels in this case are of the order of few tens

" of Volts and the transistor used here is a power transistor which is capable of operating in the range of several
watts to few tens of Watts.
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Figure 10.7 | Class A amplifier with direct-coupled resistive load.

The value of the quiescent base current is given by

Vi =V
Iy = —TH__BE (10.25)
Ry +(B+DR,
where R R
Rpy = Ry | Ry, = 222
: 2 RB] + RBZ
_ Ry, Ve
TH- % . p
RBI + RBZ

The value of collector current (1) is equal to Bl and the collector—emitter voltage (V) is given by
Veg =Vee — IR+ R)

The DC bias determines the quiescent point, which in turn determines the maximum possible collector cur-
rent swing and the collector-emitter voltage swing when the AC signal is applied at the input. Figure 10.8
shows the output characteristics and the current and voltage waveforms for the amplifier. Figure 10.8(a) shows
the waveforms for a small inpur signal and Figure 10.8(b) shows the waveforms for a large input signal. The
input signal applied to the base is a sinusoidal waveform and assuming the output characteristics to be equidis-
tant, the output current and voltage waveforms are also sinusoidal. When an AC signal is applied to the base of
the amplifier, the base current will vary above and below the DC bias point, which in turn will cause the col-
lector current and the collector—emitter voltage to vary around its DC bias point. The output current and
voltage varying around the bias point provide AC power to the load.

Output Power
The AC output power delivered to the load (resistor R in this case) is given by

P =V I

2
o = ¥ ce(RMS) L c(RMS) ~ 1 c(RMS)RC (10.26)
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Figure 10.8 | (a) input and output waveforms for the series-fed class A amplifier — small input signal;
(b) input and output waveforms for the series-fed class A amplifier - large input signal.
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where VCC(RMS) is the RMS value of the collector—emitter voltage; L irms) the RMS value ot the coilector
current; R. the load resistance.
The RMS value of a sine wave (Vams) can be expressed in terms of its maximum value (V_,) and mini-
mum value (V__ ) as given in the following equation:
V. — Vmax - Vmin

RMS 2\/5

Therefore, the RMS value of collector—emitter voltage (VCC(PMS)) is expressed in terms of the maximum col-
lector voltage (VCE(max)) and minimum collector voltage (VCE(min)) as

(10.27)

VCE(max) B

22

V.

1% CE(min) (10.28)

e(RMS) —

The RMS value of collector voltage (IC(RMSQ is expressed in terms of the maximum collector current
((maxy and minimum collector current (/..) as given by the following equation:

I 1

_ 1Cmax) ~ * Clmin)
sy = = (10.29)
Therefore, output AC power (P) can be rewritten as given by
(Ve max) Ve min)) X (4, max) I min )
P = CE(max) CE( )) C(max) C(min) (10.30)

¢ 8

Maximum Efficiency
The maximum value of efficiency can be calculated by making ideal assumptions like the characteristics
curves of the active device are equally spaced in the region of operation, the input signal has zero minimum
value, maximum value of collector—emitter voltage (VeE(max) 1S €qual to V. and the maximum value of
collector current (Ic(max)) is equal to V/R...

The maximum value of power output (P, max)) is given by

P = Vee) XV /! Re) _ VLZC

= 10.31
o(max) 8 SRC (10.31)

The value of the input power (P) is equal to the product of the supply voltage (Vo) and the quiescent value
of the collector current (Ioq)- Assuming that the operating point is in the center of the output characteris-
tics, the value of quiescent collector current (ICQ) is equal to Vec/2R. The value of input power (P) is
therefore given by ‘

Ve _ Ve

P=V..xI, =V, x-C=c (10.32)
i~ Yec * e cc
Q 2R. 2R,
The maximum efficiency is given by the ratio of the maximum AC output power given in Eq. (10.31) to the
input power given in Eq. (10.32). The maximum value of efficiency is equal to 25%. In other words, the
upper limit of the conversion efficiency in case of a series-fed class A amplifier is 25%. It may be mentioned
here that in most of the practical series-fed class A amplifiers, the efficiency is much less than 25%.
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EXAMPLE 10.2

Solution

Calculate the efficiency of the amplifier circuit shown in Figure 10.9. The input voltage
applied is such that it produces a base current of 10 mA peak. The emitter—base voltage
of the transistor is equal t0 0.7 V.

25Q c
AC output
CG—O signal
AC input °
signal =40

Figure 10.9 I Example 10.2.

1. The value of the base current at the Q-point is given by IBQ =V~ 0.7)/
[RB + B+ I)RE] =(25-0.7)/(2 x 10> + 41 x 10) = 24.3/2410 = 10.08 x
1073A =10.08 mA.

2. The value of the collector current Icq is given by Bx Iy =40 % 10.08 x 107
=403.3x 1073 A =403.3 mA.

The input power P =V X ICQ =25%403.3x 103 =10.08 W.
o X R2.

I = Bx I,y =40 X 10 X 107 = 400 X 1073 = 400 mA.
P,=[(400 X 10)? x 25]/2 =2 W

Eﬁiciency n= (Po/Pi) X 100% = (2/10.08) x 100% = 19.84%.

The output power P =1

NS kW

Transformer-Coupled Class A Amplifiers

Class A amplifier with transformer-coupled load employs a transformer-coupled output stage as shown in
Figure 10.10. This configuration offers better efficiency as compared to a class A amplifier with a resistive
load. This is so because in the case of direct coupling, the transistor quiescent current passes through the
load resistance which results in wastage of power as it does not contribute to the AC component of the
output power. In the case of a transformer-coupled load, the primary of the transformer has negligible DC
resistance; therefore there is negligible power loss. In fact, the efficiency can be increased by a factor of two
by using transformer coupling. However, in this case it is important to use an output-matching transformer
in order to transfer a significant power to the load.
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Figure 10.10 | Transformer-coupled class A amplifier.

The relationship between the transformer’s primary and secondary voltages and currents and its turn
ratio are given by Egs. (10.33) and (10.34), respectively:

W_n (10.33)

vV, N

2 2

where V, is the primary voltage; V, the secondary voltage; V; the number of primary turns; NV, the number
of secondary turns:

2

A (10.34)
Nl

S~

where 7, is the primary current; I, the secondary curreng; N, the number of primary turns; N, the number
of secondary turns.

From Egs. (10.33) and (10.34) we get

Vi n* X Y (10.35)
1] ]2

where V,/1, represents reflected load resistance R, V,/1, is equal to the output resistance load resistance R,
n is equal to the ratio of the primary turns to the secondary turns (V,/N,).

Equation (10.35) can be rewritten as

RL, = x R (10.36)
Figure 10.11 shows the transistor collector characteristics along with the DC and the AC load lines for the
transformer-coupled class A amplifier. The outpur current and voltage waveforms are also shown.

For transformer-coupled amplifiers, the DC load line is drawn vertically from Vo = V(.. This is so as

the resistance of the transformer’s primary is negligible. The AC load line is drawn with a slope proportional
to —1/R/.
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Transistor collector characteristics along with the DC and the AC load lines
for the transformer-coupled class A ampilifier.

Figure 10.11

The main design objective is to design a circuit that will deliver maximum output power to the load for
a small allowable distortion. To deliver maximum output power, the AC load line is drawn tangent to the
hyperbola curve of maximum power dissipation. The point of tangency is where the DC load line intersects
the hyperbola. As already discussed in Chapter 4, the load line must be drawn so as not to violate the maxi-

mum collector—emitter voltage rating of transistor. This is usually done by making V.. <V /2.

In the case of transformer-coupled class A amplifier, the maximum power dissipated (P, ) is twice the AC
output power (P.). Here P/ is the power developed across the transformer's primary. The Q-point is located at

’

2P

Iq = —‘;L Veeq =Vee (10.37)
cc
If the Q-point is located at the mid-point of the load line then
, Vo
R =< (10.38)
22,

R/ is the reflected load resistance seen by the transformer’s primary. The transformer chosen should be such
that the actual load R, on the secondary looks like R in the primary.

Output Power
The output AC power delivered to the load can be determined using
Vo2
p=-220 (10.39)

(o] RL
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where V,

2Rwmg) i the RMS value of the voltage across the transformer’s secondary. If the maximum and the

minimum collector—emitter voltages are VeE(ma 304 Veg i) Tespectively, and the maximum and mini-

mum collector current values are I (max) 30 i) Tespectively, then the AC power developed across the
transformer’s primary is given by

V ek min) X @, L niy)

CE(min) C(max) C(min) (10 40)

P ’ (VCE(max) -
° 8

The power delivered to the load (P,) is then given by the product of the transformer’s efficiency and the
power developed across the transformer’s primary given in Eq. (10.40). As the efficiency of efficient trans-
formers is well above 90%, the power delivered to the load (P,) can also be approximated by Eq. (10.40).

Efficiency
The DC input power obtained from the supply is calculated by the product of the DC supply voltage (V)
and the quiescent collector current flowing through the circuit (ICQ).

P=Ve x g (10.41)
The efficiency of the amplifier is given by
P
n=-2x100% (10.42)

The main source of power loss is that dissipated by the transistor in the form of heat and is approxi-
mately equal to the difference between the power that is drawn from the DC supply and the AC power
delivered to the load. When the input signal is small, little AC power is delivered to the load and maximum
power is dissipated by the transistor. When the input signal is large, large amount of power is delivered to
the load and less power is dissipated by the transistor. In other words, in a transformer-coupled class A
amoplifier the power loss is minimum when the load is drawing maximum power from the amplifier and is
maximum when the load is disconnected from the amplifier.

The maximum value of efficiency can be calculated by making certain assumptions like the characteristic
curves of the active device are equally spaced in the region of operation, the input signal has zero minimum
value and the operating point is in the center of the output characteristics.

Under the already mentioned ideal conditions,

I = IC(max) —IC(min) dv. = VCE(max)+

Q= 2 and Ve = 2

VCE(min)

Therefore,

% Vebmin) | o ~ Iomin)
P= CE(max)2 CE(min)” ., 1 C(max) > C(min) (10.43)

Substituting the values of P, and P, in Eq. (10.42) we get

Vv +V

V -V, .
n= 50[MJ% (10.44)
CE(max) CE(min)

Therefore, the upper limit for theoreticl efficiency of a transformer-coupled class A amplifier is 50%, which
is twice that of a series-fed class A amplifier.
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Figure 10.12 ‘ Variation of output power and total distortion with load resistance.

Variation of Output Power with Load

Figure 10.12 shows the variation of output power and total distortion with the load resistance. As we can see
from the curve, the load that provides minimum value of total distortion is different from the load that
yields maximum value of output power. However, the output power curve is largely flat in the region of
maximum power, so a well-designed amplifier would work properly for a load that gives slightly less than
maximum output power as it will give significantly lower value of total distortion.

Disadvantages of Transformer-Coupled Class A Amplifier

The value of total distortion is quite large in the case of these amplifiers. Moreover, the maximum output
power is generated at a load resistance value that is different from the value that offers minimum harmonic
distortion. Also, the output transformer is subject to saturation problems as a relatively large DC collector
current flows under zero signal conditions.

EXAMPLE 10.3 | Determine the AC power delivered to the speaker in the circuit shown in Figure 10.13(a).
The value of the quiescent base current is 8 mA and the input signal results in a peak-
to-peak base current swing of 8 mA. The output characteristics of the transistor are
shown in Figure 10.13(b).

Solution | 1. The DC load line is obtained by drawing a vertical line from the point (0, Voo
that is, from (0, 12 V).

2. The intersection of this DC load line with the curve corresponding to quiescent
base current of 8 mA gives the operating point. From Figure 10.14, we can
determine that the operating point is Ioq =160 mA and Vi =12V,

3. The effective AC resistance seen by the transformer’s primary R’ = (V,/N,)? x
R =(0/102 xR =9x8Q=72Q.
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Figure 10.13 | Example 10.3.
4. The AC load line is drawn with a slope of (—1/72) going through the operating
point.
5. The intercept of the load line on the Y-axis = [CQ + V/R/ = [160 + (12 x
10%)/72] mA = 160 mA + 166.67 mA = 326.67 mA.
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Figure 10.14 ] Solution to Example 10.3.

6. The AC load line is drawn by joining the operating point (I, = 160 mA,
VCEQ =12 V) and the point (/. = 326.67 mA, V= 0). The AC load line is
shown in Figure 10.14.

7. The peak-to-peak base current swing is 8 mA. Therefore, the peak base current
swing is 4 mA.

8. The maximum and minimum values of the collector current and collector—
emitter voltage can be obtained from Figure 10.14:

Vg = 4.5V, Vegnay =20V, I =60 mA and

CE(min) E(max) C(min) Clmax) — 260 mA

9. 'The AC power delivered to the load is equal to

(Vex Vg min)) X U cimay ™ Ioiminy)
8

5
P, =[(20-4.5)x (260 —60)}/8 mW
=(15.5 % 200)/8 mW = 387.5 mW = 0.3875 W

(max) —

Class A Push—-Pull Amplifiers

Push—pull amplifiers employ two active devices which are fed with input signals that are 180° out-of-phase
with each other. These amplifiers usually have a center-tapped output transformer. Push—pull configuration
offers advantages such as cancellation of second harmonic distortion term and reduction in the power supply
ripple voltage.
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Figure 10.15 | Class A push-pull amplifier.

Figure 10.15 shows the circuit configuration of a class A push~pull amplifier. The transformer at the
input end (7)) provides phase-splitting and the two voltages to the base of the transistors Q, and Q, are
180° out-of-phase w.r.t. each other. Resistors R, and R, are so chosen that both the transistors conduct for
the whole input signal cycle. The collector currents of both the transistors pass through the windings of the
output transformer (7)) in opposite directions. Therefore, their magnetizing effects cancel with the result
that there is no magnetic saturation problem in the output transformer. _

When the input signal V, becomes positive, the base of transistor Q, becomes more positive and the base
of the transistor Q, becomes less positive. Therefore, the collector current of transistor Q, will increase in
magnitude whereas the collector current of transistor Q, will decrease in magnitude. Hence, the voltage
across resistor R which is proportional to the difference between the collector currents flowing through the
two transistors will be positive.

When the input signal V; becomes negative, the reverse action takes place and the output voltage across
resistor &; becomes negative. This pushing and pulling of the output currents results in decrease in the mag-
nitude of harmonic distortion as the even harmonic terms get cancelled without increase in the values of the
odd harmonic terms.

Let us assume that the input signal applied to the amplifier is a sinusoidal signal. This results in base
currents that are also sinusoidal in shape. Let the base current of transistor Q, be L, = Iycoswe. Therefore,
the base current of the transistor Q, is equal to 1, = Iycos(o¢ + 180) = - 5COsW?, as the base current flowing
through transistor Q, is 180° out-of-phase to the base current flowing through transistor Q.

The collector current of transistor Q, is given by

1 = Ioq + Ay + Acoswr + A,cos2t + Aycos3wt + Aycosdor +... (10.45)
The collector current through transistor Q, is given by
I,= ICQ + Ay + Acos(@z + 1) + A, cos2(@t + 1) + Aycos3(wt + 1)+ Agcosd(wt +m)+...  (10.46)
On simplifying Eq. (10.46) we get
1, = I + Ay — Acoswr + A, cos20t — Ascos3we + A cosbor +. . (10.47)
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'The output voltage is directly proportional to the difference of the collector currents flowing through transistors
Q, and Q,. The difference between the collector currents flowing through transistors Q, and Q, is given by

I, - 1,= 2 A coswr + 2A;cos3mt +... (10.48)

We can see from Eq. (10.48) that the DC component and the even harmonic terms have been cancelled.
The main source of distortion is the third harmonic component instead of the second harmonic component.
The third harmonic distortion term (D,) is given by

D, =

2
, 24 100% =
2

A1 < 100% (10.49)
4

The total harmonic distortion D is given by

D=\D}+DX+... (10.50)

The discussion above has assumed that the two transistors are identically matched, which is not practically
feasible. Hence, a small amount of even harmonic component will be present at the output. The push—pull
configuration also results in reduction of the ripple present in the power supply voltage (V).

10.3 Class B Amplifiers

In a class B amplifier, the active device is biased at zero DC level. Therefore, it provides an output signal
varying over one-half of the input signal cycle as the active device conducts for only one-half of the input
signal cycle. To obtain output for full input cycle, push—pull configuration is used, that is, two active devices
are used wherein each conducts for opposite half-cycles and the combined operation provides full cycle of
the output signal. Figure 10.16 shows the block schematic of a push—pull configuration. It may be men-
tioned here that class B amplifiers offer higher efficiency than class A amplifiers using a single active device.

A number of circuit arrangements are possible for obtaining class B operation. These include
transformer-coupled push—pull configuration, complementary-symmetry push—pull configuration and
quasi-complementary push-pull configuration. Each of these circuit configurations is explained in the
following sections.

One-half /\—’

circuit

Vio——o Load
One-half

.
circuit ,—\j

Figure 10.16 . Block schematic of push—pull configuration.
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Transformer-Coupled Push—Pull Class B Amplifier

Figure 10.17 shows the circuit for a transformer-coupled push—pull class B amplifier. It is essentially the
same as a push—pull class A amplifier except that the active devices in this case are biased in the cut-off
region. If we compare the circuit of Figure 10.17 with the circuit of class A push—pull amplifier in Figure
10.15, we can see that the resistor R, = 0 in Figure 10.17, as silicon transistor, is essentially in the cut-off
region if its base terminal is shorted to the emitter terminal. Class B amplifier offers higher power output,
higher efficiency and there is negligible power loss under quiescent conditions, that is, when no input signal
is applied. However, they have higher harmonic distortion, self-bias configuration cannot be used and power
supply voltages must have good regulation.

Conversion Efficiency
To determine the conversion efficiency, let us assume that the output characteristics of the active device are
equally spaced and also that the minimum collector current is zero. Figure 10.18(a) shows the graphical
schematic for determining the output waveform of a single class B transistor stage. As we can see that for a
sinusoidal input excitation, the output is sinusoidal during the first half of the input cycle and is zero during
the second half cycle.

The effective value of load resistance (R)) is given by

N 2
R{:[F‘) xR (10.51)

2

where N, is the number of primary turns to the center tap and /N, the number of secondary turns.

Figure 10.18(b) shows that the collector current waveforms of transistors Q, and Q,. As is clear from the
figure, the output waveform of transistor @, is 180° out-of-phase to that of transistor Q,. The load current
is proportional to the difference between the collector currents flowing through the transistors Q, and Q,.
It is therefore a perfect sine wave for ideal conditions. The output power (P) is given by

(o]

P =£4.%’M=’7Mx(vcc-vm) (1052)

A

Figure 10.17 | Transformer-coupled push-pull class B ampilifier.
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Figure 10.18 | (a) Waveform of a single class B transistor stage; (b) output waveforms for class
B push—pull amplifiers.
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The maximum output power (Po(max)) that can be delivered to the load occurs for the conditions Vu=Veo
YMIN b= 0 and the operating point is at the center of the output characteristics of the transistor. The value of P e 18
given by

max)

2

| 2%
=t 10.
o(max) 2RL’ ( 53)
‘The DC input power (P) from the supply is given by
21, XV,
P=2I, XV, =—M_&C (10.54)
/4

where I}, is the DC value of the input current and is equal to Z,,/7 or Vu/m R. The factor of 2 arises
because the two transistors are used in push—pull configuration.
Efficiency of any amplifier is given by

P
n="2x100% (10.55)

Substituting the values of P, and P, given in Eqgs. (10.52) and {i0.54), respectively, in Eq. (10.55), we get

v v
n=(£)x(—“)x100%=(£)x(1—ﬂ)x100% : (10.56)
4 )"\ V. 4 Ve

The efficiency is maximum when V,; = 0. The maximum possible conversion efficiency is equal to 257
which is equal to 78.5%. Therefore, the maximum efficiency in class B amplifiers is 78.5% as compared to
that of 50% in a class A amplifiers.

For practical systems, the efficiency achieved is not as high as 78.5% but the value of efficiency is higher in
systems where the minimum value of the collector voltage is much less than the supply voltage (i.c., Vi <<
Vo) '

Class B systems offer higher efficiency as no current flows through the active device in a class B amplifier
when there is no input signal excitation whereas there is a quiescent current flowing through the active
device in a class A amplifier in the absence of input signal. It may be mentioned here that power dissipation
in class B amplifiers is zero in the absence of input signal and it increases with excitation, whereas in the case
of a class A amplifier, dissipation is maximum at zero input and decreases as the signal increases. The collec-
tor dissipation in both the transistors (P_) is the difference between the input power to the collector circuit
(P) and the power delivered to the load (P):

2
. P=2VCCxVM_VM
€T T TR’ 2R’

(10.57)

When V), =0, P.=0. As V}, increases, the value of the power dissipated in the transistors (P) increases and it

is maximum for V}, = 2V, /. The peak value of power dissipation in both the transistors (Pimayy) s given by
A
Potmg = =50 (10.58)
Therefore, Ry
4
B = =3 X Doy = 048, (10.59)
/4

Hence, we can obtain a power output of five times the specified power dissipation of a single transistor. As
an example, to deliver 10 W from a class B push—pull amplifier, the transistors should have a collector
dissipation of 2 W each.
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Harmonic Distortion

The output of a push—pull system has a mirror symmetry. Therefore, 14=0, hypx=—lyand I, ,=~I ..
The values of different harmonic distortion components are given by
A =4,=4,=0 (10.60)
2
4 =§ X (Iyax +14472) (10.61)
1
A3=3><(IMAX—21+”2) (10.62)

Therefore, there is no even-harmonic distortion. The principal contributor to the harmonic distortion is the
third harmonic distortion component (D,) given by

D, =

-—43-— X 100% (10.63)
7Y |

The total output power (P,), taking harmenic distortion into account, is given by
2’
R
11=(1+D32)xﬁ1-2—L (10.64)

Crossover Distortion

Crossover distortion refers to the non-lincarity in the outpur signal when the output signal crosses from
positive to negative or from negative to positive. In other words, crossover distortion refers to the distortion
resulting at low values of the input signal in the vicinity of the zero region. The output of the transistor
collector current is not a perfect half-sine-wave and it results in crossover distortion. This arises as the value
of the transistor’s B is quite low near the cut-off region for small values of collector current compared to the
rest of the input signal. Figure 10.19 shows the output waveform with crossover distortion.

b1 A

wt

Figure 10.19 ' Crossover distortion.
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EXAMPLE 10.4 | A class B amplifier provides a 20 V peak output signal to 15 §2 load. The system operates
on a power supply of 25 V. Determine the efficiency of the amplifier.

Solution | 1. The peak load current /; (p) = 20/15 =1.33 A.
2. The DC value of current drawn from the supply /. = (2/m) X [, (p) = 0.847 A.

3. Input power delivered by the supply voltage P, = V.o X I =25 X 0.847 =
21.175 W.

4. Output power delivered to the load P = V| ( P)2R = 20%/(2 X 15) = 400/30 =
13.33 W.

5. Efficiency = (P /P) x 100% = (13.33/21.175) X 100% = 62.95%.

Complementary-Symmetry Push-Pull Class B Amplifier

Complementary-symmetry push—pull class B amplifiers dispense with the input and the output transform-
ers as shown in Figure 10.20. They make use of complementary transistors (NPN and PNP) to obtain a
full-cycle output across the load with each transistor operating for half cycle. The same input is applied to
the base terminals of both the transistors. The NPN transistor is so biased that it conducts during the posi-
tive half of the input signal whereas the PNP transistor conducts during the negative half of the input signal.
'The output appears across the load for the full cycle of the input signal.

However, there are two main drawbacks of this configuration. First, it requires two different voltage sup-
plies. Second, the output signal suffers from crossover distortion. This is so because the transistors conduct
partially near the zero-voltage condition.

A more practical version of a complementary-symmetry push—pull class B amplifier is the one employ-
ing darlington-connected transistors as shown in Figure 10.21. The circuit offers higher output current
capability and lower output resistance.

Quasi-Complementary Push-Pull Class B Amplifier
Another variation of the complementary-symmetry push—pull class B amplifier is the quasi-complementary
push—pull class B amplifier shown in Figure 10.22. The push—pull operation is achieved by using a pair of

T+

v

1T+

Figure 10.20 | Complementary-symmetry push—pull class B amplifier.
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Figure 10.21 | Complementary-symmetry push—pull class B amplifier with Darlington transistors.
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Figure 10.22 ’ Quasi-complementary push—pull class B amplifier.
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complementary transistors. Transistors Q, and Q; form a darlington connection that provides output from a
low-impedance emitter—follower. Transistors Q, and Q form a feedback pair and they provide a low-imped-
ance drive to the load. The crossover distortion can be minimized by adjusting the value of the resistor R,.

One of the main advantages of using the quasi-complementary configuration is that it employs matched
NPN transistors as high current devices and does not require a high-power PNP transistor as required in
case of complementary-symmetry amplifiers. It may be mentioned here that quasi-complementary push—
pull class B amplifier is the most popular form of power amplifiers.

EXAMPLE 10.5 | For the circuit shown in Figure 10.23, determine the input power, output power,
power handled by each transistor and the circuit efficiency for a 15V peak input
signal.

Voc=+30V
o

VEE =0—30 V
Figure 10.23 | Example 10.5.

Solution | 1. Theideal voltage gain of the amplifier is unity. Therefore, the resulting voltage across
the load resistance is ideally the same as the input signal. Thatis, V[ (p) =15 V.

2. The output power across the load resistor (R)) is given by P = [V|( P2 %
R) = (15)%/(2 x5) =225/10 = 22.5 W.

3. Peak load current [ (p) = V{(p)/R = 15/5=3 A.
4. 'The DC current drawn from the power supply [, = (2/m) X [ (p)= 2/m) x 3=191 A.
5. Input power P,= V. X I,.=30%x1.91=57.3 W.
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6. Total power dissipated P, =P, — P, =57.3 —22.5=34.8 W.
7. Power dissipated in each transistor = P,/2 = 34.8/2=17.4 W.

8. The efficiency at the given input signal is 7 = (P /P) x 100% = (22.5/57.3)
% 100% = 39.27%.

10.4 Class AB Amplifiers

lass AB amplifiers do not suffer from the problem of crossover distortion as in these amplifiers a

small current flows even at zero input signal level. Figure 10.24 shows the configuration of a class AB
push—pull amplifier. The circuit is essentially the same as that for class A amplifier. The voltage drop across
resistor R, is approximately equal to the cut-in voltage of the transistor. When an AC signal is applied to
the base, the collector current starts flowing immediately. This biases the transistor away from class B
slightly towards class A. Resistors Ry are referred to as the emitter-stabilizing resistors and reduce the
amount of distortion produced. However they cause a decrease in the output power due to the negative

feedback effect.

10.5 Class C Amplifiers

he amplifiers discussed so far, that is, class A, class B and class AB amplifiers, are linear amplifiers where

the amplitude and phase of the output signal is directly related to the amplitude and phase of the input

signal. In applications where linearity is not the main issue and efficiency is of primary concern, class C,
class D, class E and class F amplifiers are used.

The active device in case of class C amplifiers is so biased that it conducts for less than one half of the

input cycle, that is, it operates for less than 180° of the input cycle. Only a small portion of the input cycle

is passed through the amplifier. This distorts the input signal and hence class C amplifiers are not used for

Figure 10.24 | Class AB ampilifier.
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+ Vcc

-Ves

Figure 10.25 | Tuned class C amplifier.

audio applications. They are widely used as radio frequency (RF) and intermediate frequency (IF) amplifiers.
They offer very high efficiencies of the order of 90%.

Class C amplifiers operate in two modes, namely, the untuned mode and the tuned mode. However,
mostly they are operated in the tuned mode. Figure 10.25 shows a tuned class C amplifier configuration.
The tuned circuit provides a full cycle of the output signal at the fundamental or the resonant frequency of
the tuned circuit. Hence, the unwanted frequencies are drastically suppressed. Other residual harmonics can
be removed by using a filter. Class C amplifiers are generally used in RF transmitters and are primarily not
intended for use as large signal or power amplifiers.

10.6 Class D Amplifiers

lass D amplifiers operate with digital or pulsed signals. Class D amplifiers offer very high effi-

ciency levels of the order of 90%; hence they are quite desirable in power amplifiers and audio
amplifiers. Figure 10.26 shows the typical efficiency versus output power curves for class AB and class
D amplifiers. It may be mentioned here that the theoretical maximum efficiency of class D amplifiers
is 100% and over 90% is achievable in practice. High efficiency results in less power consumption for
a given output power and reduces the heat-sink requirements drastically. Also, the loading on the
power transformer is reduced by a substantial amount, resulting in the use of smaller transformers for
the same output power.

The basic concept used in class D amplifiers is to convert the input signal into a pulsed waveform. In
other words, the output transistors are operated as switches, that is, they operate either in the cut-off region
(open switch) or in the saturation region (closed switch). As we have studied earlier in Chapter 3 on bipolar
junction transistors, when the transistor is in the cut-off region, the current through it is ideally zero and
when it is in the saturation region, the voltage across it is very small, ideally zero. The power dissipation in
both the cases is very low.

Class D amplifiers use PWM, pulse density modulation or sigma delta modulation to convert the input
signal into a string of pulses. In the case when the PWM technique is used, the input signal modulates the
duty cycle of the drive waveform applied to the input of the switching transistors. In other words, when the
amplitude of the input signal increases, the time of the HIGH state increases and that of the LOW state
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Figure 10.26 | Efficiency versus output power curves for class AB and class D amplifiers.
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Figure 10.27 | Generation of PWM waveform.
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decreases. When the amplitude of input signal decreases, the time of HIGH state decreases and that of LOW
state increases. PWM is usually generated by comparing the input signal with a triangular waveform (Figure
10.27) or a sawtooth waveform. Figure 10.28 shows the block diagram of the circuit used to generate the
PWM waveform used to drive the switching transistors.
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Figure 10.28 | Block diagram for PWM waveform generation.

Class D amplifiers can be built using two basic topologies, namely, the half-bridge topology and the full-
bridge topology. The half-bridge topology makes use of two active devices whereas the full-bridge topology
makes use of four active devices. The half-bridge topology is simpler as compared to the full-bridge
topology. Figure 10.29(a) shows the block diagram of a class D amplifier making use of half-bridge topology
and Figure 10.29(b) shows the block diagram of a class D amplifier making use of full-bridge topology.

For the circuit in Figure 10.29(a), when the MOSFET Q, is in the ON-state and the MOSFET Q, is in
the OFF-state, the inductor node (A) is connected to the supply voltage V,, and the current starts to
increase through it. When the MOSFET Q, is in the ON-state and the MOSFET Q), is in the OFF-state,

+ VDD

| o
Driver
Pulse width @ A
modulator o 00 T‘
b =—q
Speaker
I (Load)
Driver
+ - O
% —Ves
Feedback
network

(@)

Figure 10.29 | (a) Half-bridge topology for class D amplifiers; (b) full-bridge topology for class D
amplifiers.
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Figure 10.29 | Continued.

the current through the inductor L, starts to decrease. Therefore, the current waveform in the inductor L; is
a triangular waveform. It may be mentioned here that only one of the MOSFETs is in the ON-state at any
given time instant. The inductor L; in conjunction with the capacitor C;and the output load forms a low-pass
filter that reconstructs the input signal by averaging the switching node voltage. Feedback is provided in order
to reduce the timing errors.

10.7 Thermal Management of Power Transistors

ower transistors are used as active devices in power amplifiers. The maximum power that can be handled by
an active device is related to its junction temperature, as the power dissipated by the device causes an increase
in its junction temperature. The average power dissipated by the transistor can be approximated by the following

equation:
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By =Vl (10.65)

This power dissipation is allowed upto a certain temperature, above which the value of power dissipa-
tion capability decreases linearly with increase in temperature such that it reduces to zero at the
maximum device case temperature. Larger the power handled by the transistor, higher is the case
temperature. It may be mentioned here that the silicon transistors offer larger maximum temperature
ratings than germanium transistors. Figure 10.30 shows the typical maximum power derating curve
for a silicon power transistor.

Therefore, the limiting factor in the power-handling capability of a transistor is its maximum permissible
collector-junction temperature. Power transistors generally have large metal cases to provide a large area from
which the heat generated by the device may be transferred. The power-handling capability of the device can
be enhanced either by the use of heat sinks or by making use of thermoelectric coolers. With the heat sink,
the transistor has a larger area to radiate heat into the air, thereby holding the case temperature to a much
lower value than would be possible without the heat sink. The design of heat sink was discussed in detail in
Chaprter 3.

Thermoelectric coolers are solid-state heat pumps and are used in applications which require cooling
below the ambient temperature, or where temperature cycling or precise temperature stabilization is
required. Thermoelectric coolers are based on the Peltier effect, according to which the DC current applied
across two dissimilar materials results in a temperature differential. These coolers transfer heat from one
side of the active device to the other side against the temperature gradient. The cooling effect depends
upon the amount of DC current and how well the heat from the hot side can be removed. Detailed
description of thermoelectric cooling principle and application is beyond the scope of the present text.

P D(max)

Maximum
power
dissipated

0 50 100 150 200 Case
temperature (°C)

Figure 10.30 ’ Typical power derating curve for a silicon power transistor.

| KEY TERMS

Class A amplifier Crossover distortion Large signal amplifier
Class AB amplifier Efficiency Power amplifier
Class C amplifier Harmonic distortion '

Class D amplifier Thermal resistance
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| OBIECTIVE-TYPE EXERCISES

I
Multiple-Choice Questions

1.

Which of the following amplifier class suffers
mainly from the problem of crossover distortion?
a. ClassA

b. ClassB

c. Class AB

d. Class C

Which of the following best describes a class A
amplifier?

a. High efficiency and high distortion

b. Low efficiency and high distortion

c. Low efficiency and low distortion

d. High efficiency and low distortion

Heat sinks are used in power transistors to
a. reduce the transistor power.

b. reduce the junction temperature.

c. increase the ambient temperature.

d. increase the collector cutrent.

In which class of amplifiers it is theoretically
possible to achieve 100% efficiency?

a. Class D

b. Class A

c. Class AB

d. Class C

In which of the following amplifier classes, the
active device operates for the whole of the
input signal cycle?

a. Class A

b. Class AB

c. ClassB

d. Class C

Match the Following

Figure 10.31 shows six power amplifier configurations. Identify the amplifier configurations from the list
given below:

a. Series-fed class A amplifier
b. Tuned class C amplifier

¢. Half-bridge class D amplifier

10.

The maximum possible efficiency in series-fed
class A and transformer coupled class A ampli-
fiers are

a. 50% and 25% respectively.

b. 25% and 50% respectively.

c. Both have 25%.

d. Both have 50%.

How much percentage of maximum power can be
dissipated by a transistor for an operating tempera-
ture equal to its maximum junction temperature?
a. 100%

b. 10%

c. 50%

d. 0%

A 10 W class B push—pull amplifier should have
transistors with minimum individual collector dis-
sipation of

a. 2W.

b. 1W.

c. S5W.

d. 10W.

Which of the following harmonic component
has the main contribution in the total distortion
in an amplifier?

a. Third harmonic component

b. Second harmonic component

c. Fourth harmonic component

d. Fifth harmonic component

Class C amplifiers are generally used as
a. power amplifiers.

b. RF amplifiers.

c. audio amplifiers.

d. none of these.

d. Complementary-symmetry push—pull dass B amplifier
e. Push—pull class A amplifier

f. Push—pull class B amplifier
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Match the following.
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REVIEW QUESTIONS

. Explain how the active device in a class A
amplifier dissipates less power when a signal is
applied to it as compared to when there is no
input signal.

. What are the advantages offered by class A
transformer-coupled amplifier over a direct-
coupled class A amplifier?

. Derive an expression to prove that the maximum
efficiency in the case of a class B amplifier is
78.5%. What assumptions are made in calculat-
ing the maximum theoretical efficiency?

. What is crossover distortion? What are the

main factors that lead to crossover distortion
and how can they be removed?

. What are power amplifiers? How are they classified

into different classes depending upon their mode
of operation?

PROBLEMS

. A class B amplifier provides a 15 V peak output
signal to 10 Q load. The system operates on a
power supply of 20 V. Determine the efficiency
of the amplifier.

. Calculate the harmonic distortion components
for an output signal having fundamental
amplitude of 6 V, second harmonic compo-
nent of 0.5 V, third harmonic component of
0.1 V and fourth harmonic component of
0.04 V. Also calculate the total harmonic
distortion.

. Calculate the efficiency of the amplifier circuit in
Figure 10.32. The input voltage applied is such
that it produces a peak-to-peak base current of
16 mA. The emitter—base voltage of the transis-
tor is equal t0 0.7 V.

10.

Sketch the circuit diagram of a quasi-comple-
mentary push—pull class B amplifier. Also draw
the relevant current and voltage input and
output waveforms.

Draw the circuit diagram of class A push-pull
amplifier and explain its principle of operation.

What are class C amplifiers? How do they differ
from class A and class B amplifiers?

Explain in detail how the use of heat sinks
results in enhancement in the power dissipa-
tion capability of the transistor.

Write short notes on the following:

a. Crossover distortion

b. Harmonic distortion

c. Complementary-symmetry push—pull class
B amplifier

d. Maximum efficiency of a class A amplifier

For the circuit of Figure 10.33, determine the
input power, output power, power handled by
each transistor and the circuit efficiency for an
input of 15 V peak.
2V
Rg Re
4 kQ 15Q AC outout
outpu
C<_° signal
AC input ©

signal O—)C =50

Figure 10.32 ’ Problem 3.
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Vog=+25V
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Figure 10.33 | Problem 4.
| ANSWERS
|
Multiple-Choice Questions
L. (b) 3. (b) 5. (@ 7. (d) 9. (b)
2. (© 4 (2 6. (b) 8. (a 10. (b)

Match the Following

Figure 10.31(a) — () Figure 10.31(d) - (¢)

Figure 10.31(b) - (a) Figure 10.31(e) - (b)

Figure 10.31(c) — () Figure 10.31(f) - (d)

Problems

1. 58.87% 4. Input power =59.71 W; output power = 28.125

W; power handled by each transistor = 15.794

= 0, = 0, = 0, - 0,
2. D,=833%, D,=167%, D,=0.67%, D=852% W, Mictonoy 719

3. 21.82%



Learning Objectives

After completing this chapter, you will learn the following:

®  Classification of amplifiers based on input and output parameters of interest.
= Types of negative feedback.

= Examples of voltage-series, current-series, voltage-shunt and current-shunt feedback in
amplifier circuits.

8 Effect of negative feedback on input and output impedances. ‘
» Effect of negative feedback on gain (or conversion) and bandwidth parameters.
® Effect of negative feedback on noise performance.

ractical amplifier circuits always have some kind of negative feedback inherent to their operation. As we

will see during the course of our discussion, presence of negative feedback in amplifiers brings along with
it many advantages. In this chapter are introduced the basic concepts of negative feedback in amplifiers. The
chapter begins with a brief outline on the classification of amplifiers based on input (current or voltage) and
output (current or voltage) parameters of interest. This is followed by different types of feedback encountered
in amplifiers. The classification of types of feedback is based on the type of output signal (current or voltage)
fed back to the input and also the mode in which it is fed back (series or shunt). Also, each of the different
types of feedback enhances the performance of a particular type of amplifier circuit. Effect of different types
of negative feedback on the performance parameters of the amplifier is also discussed in detail. The text is
adequately illustrated with practical circuits and a large number of solved examples.

11.1 Classification of Amplifiers

O n the basis of the input and output parameters of interest, amplifiers are classified as voltage amplifiers,
current amplifiers, transresistance amplifiers and transconductance amplifiers. In the case of a voltage
amplifier, a small change in the input voltage produces a large change in the output voltage. Voltage gain,
which is the ratio of the change in the output voltage to change in the input voltage, is the gain parameter.
The input and output circuits of a voltage amplifier are represented by Thevenin’s equivalent circuits as
shown in Figure 11.1. In order that the circuit of Figure 11.1 acts like a true voltage amplifier, the input
resistance of the amplifier represented by R, in Figure 11.1 should ideally be infinite so that the whole
applied input voltage appears across the amplifier input irrespective of the value of source resistance R. In a
practical voltage amplifier circuit, R, is much larger than R_. Also, the output resistance R should ideally be
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Figure 11.1 | Equivalent circuit of voltage amplifier.

zero so that whole of amplified input voltage appears across the load resistance R, irrespective of the value of
R, . In a practical voltage amplifier circuit, R is much smaller than R,.

In the case of a current amplifier, a small change in the input current produces a large change in the
output current. Current gain, which is the ratio of change in the outpur current to the change in the
input current, is the gain parameter. The input and output circuits of a current amplifier are represented
by Norton’s equivalent circuits as shown in Figure 11.2. In order that the circuit of Figure 11.2 acts like
a true current amplifier, the input resistance of the amplifier represented by R, in Figure 11.2 should ide-
ally be zero so that the whole applied input current flows through the amplifier input irrespective of
the value of source resistance R. In a practical current amplifier circuit, R, is much smaller than R.
Also, the output resistance R should ideally be infinite so that whole of amplified input current flows
through the load resistance R, irrespective of the value of R, . In a practical current amplifier circuit, R is
much larger than R,.

In the case of a transresistance amplifier, a small change in the input current produces a large change in
the output voltage. Ratio of the change in the output voltage to change in the input current is the gain
parameter. The gain parameter has the units of resistance. The input and output circuits of a transresistance
amplifier are, respectively, represented by Norton’s and Thevenin’s equivalent circuits as shown in Figure 11.3.
For the circuit of Figure 11.3 to behave like a true transresistance amplifier, the input resistance of the ampli-
fier represented by R, in Figure 11.3 should ideally be zero so that the whole of applied input current flows
through the amplifier input irrespective of the value of source resistance R. In a practical transresistance
amplifier circuit, R, is much smaller than R Also, the output resistance R should ideally be zero so that the
output voltage appears across the load resistance R, irrespective of the value of R, . In a practical circuit, R is
much smaller than R,.

i ‘
(@ 3wz (Dwin Ea

'y . o

Figure 11.2 ’ Equivalent circuit of current amplifier.
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Figure 11.3 | Equivalent circuit of transresistance amplifier.
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Figure 11.4 , Equivalent circuit of transconductance amplifier.

In the case of a transconductance amplifier, a small change in the input voltage produces a large change
in the output current. Ratio of the change in the output current to the change in the input voltage is the
gain parameter. The gain parameter has the units of conductance. The input and output circuits of a
transconductance amplifier are, respectively, represented by Thevenin’s and Norton’s equivalent circuits as
shown in Figure 11.4. For the circuit of Figure 11.4 to behave like a true transconductance amplifier, the
input resistance of the amplifier represented by R in Figure 11.4 should ideally be infinite so that the whole
of applied input voltage appears across the amplifier input irrespective of the value of source resistance R.In
a practical transconductance amplifier circuit, R, is much larger than R. Also, the output resistance R
should ideally be infinite so that the output current flows through the load resistance R, irrespective of the
value of R, . In a practical circuit, R_ is much larger than R.

11.2 Amplifier with Negative Feedback

In a negative-feedback amplifier, a sample of the output signal is fed back to the input and the feedback
signal is combined with the externally applied input signal in a subtractor circuit as shown in Figure 11.5.
As a result, the actual signal X, applied to the basic amplifier is the difference of the externally applied input
signal X_ and the feedback signal X;. The generalized representation of input and output signals is intended
to indicate that the signal could either be a current or a voltage signal.

Figure 11.6 shows a more elaborate schematic arrangement of an amplifier with negative feedback
depicting different circuit blocks. The source of external input signal could either be a voltage source or a
current source. The basic amplifier produces cither an output current or voltage proportional to the input
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Figure 11.5 | Block schematic of amplifier with negative feedback.
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Figure 11.6 | Schematic arrangement of various building blocks of a negative-feedback ampilifier.

current or voltage. The nature of input and output parameters decides the nature of gain parameter of the
amplifier as outlined earlier in Section 11.1.

The sampling network samples either the output voltage by connecting the inpur side of the feedback
network in shunt across the output [Figure 11.7(a)] or the output current where the input side of the feed-
back network is connected in series with the output [Figure 11.7(b)]. The two sampling techniques are,
respectively, known as voltage and current sampling.

The combining operation of externally applied input signal and the feedback signal is carried out in
differential amplifier (or subtractor) circuit. It is done in either of the two ways, namely, series connection
[Figure 11.8(a)] and shunt connection [Figure 11.8(b)].

The gain parameter — which could be a voltage gain, current gain, transtesistance or transconductance — has
two values, namely, the gain of the basic amplifier without feedback and the gain of the amplifier with feedback.
With reference to Figure 11.5, gain values without and with feedback are, respectively, given by X /X, and X /X

Effect of Negative Feedback on Gain

We will now derive an expression for gain with feedback in terms of gain without feedback (open-loop gain) and
the feedback factor for the negative-feedback amplifier of Figure 11.5. The actual signal applied to the amplifier
input X is the difference of externally applied input signal X, and the feedback signal X.. It is given by

X=X -X, (11.1)
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Figure 11.7 | Sampling in negative-feedback amplifiers: (a) Voltage sampling; (b) current sampling.
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Figure 11.8 | Continued.

Also,
X, =BX ,X =AX,and X =AX (11.2)
Substituting for X and X; in Eq. (11.1), we get
XO ——
=X, pX, (11.3)
Simplifying Eq. (11.3), we get the expression for 4, as follows:
X

An important parameter relevant to negative-feedback amplifiers is the loop gain. It is given by (—f4) with
minus sign indicating negative feedback. Another relevant term is the quantum of feedback expressed in
decibels. It is given by l

A

1
A 1+ A
It may be mentioned here that for Eq. (11.4) and equations for input and output impedances derived

in the case of amplifiers with negative feedback in the latter part of the chapter to be valid, three fundamen-
tal assumptions should be satisfied for feedback network. These include the following:

dB of feedback = 20log{—-| = 20log (11.5)

1. The input signal is transmitted to the output through the amplifier only and not through the feedback
network. That is, forward transmission through feedback network is zero. This further implies that if the
gain of the amplifier were reduced to zero, the output must drop to zero.

2. The feedback signal is transmitted from output to input through feedback network only. That is, reverse

~ transmission through amplifier is zero.

3. The feedback factor is independent of load and source resistances.

EXAMPLE 11.1 | Refer to the non-inverting amplifier circuit of Figure 11.9. The closed-loop gain of this
amplifier is usually considered as being equal to [(1 + (R,/R,)]. Given that the open-
loop gain of the opamp is 10,000, values of R, and R, are 10 kS2 and 100 kS2, respec-
tively, and the value of the applied input voltage V, is 1V, determine the percentage
error incurred in computing the output voltage by using this expression.
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Figure 11.9 | Example 11.1.

Solution | 1. Closed-loop gain ignoring the effect of finite value of open loop gain =
1+ (R/R).

2. Substituting for R, and R), it comes out to be 11.

3. 'The output voltage is, therefore, 11 V.

4. The true value of closed-loop gain is given by [4/(1 + BA)]. A is the open-
loop gain and is equal to 10,000. B is the feedback factor and is given by
[R/(R, + R))]. This equals 1/11.

5. 'The true value of the closed-loop gain is, therefore, given by [10,000/{(1 +
10,000)/11}] = 10.988.

6. 'The true value of output voltage is, therefore, 10.988 V.

7. Percentage error = [(11 — 10.988)/10.988] x 100 = 0.11%.

11.3 Advantages of Negative Feedback

Introduction of negative feedback in amplifiers gives them many desirable features, which include the
following:
1

- It desensitizes the gain parameter to variation in values of components used in building the basic amplifier.

2. It increases the bandwidth.

3. It reduces distortion and increases linearity. It may be mentioned here that fundamentally all electronic

devices (bipolar transistors, MOSFETS, etc.) that provide power gain are non-linear. Negative feedback

allows the gain to be traded for higher linearity.

It reduces noise.

It can decrease or increase the input resistance depending upon the feedback topology. To be more spe-

cific, it depends upon how the feedback signal is mixed with the externally applied input signal. Series

and shunt mixing, respectively, increase and decrease the input resistance. /

6. It can decrease or increase the output resistance depending upon the feedback topology. More precisely,
it depends upon how the output signal is sampled. Voltage sampling decreases the output resistance
while current sampling increases it.

bel o

Most of the above-mentioned advantages (increased linearity, increased bandwidth, etc.) come at the cost of
reduced gain. Closed-loop gain is smaller than the open-loop gain and the quantum of reduction depends
upon the open-loop gain and the feedback factor. I, in fact, depends upon the product of the two called the
loop gain. | ‘

Second disadvantage is the sensitivity of the inpur and output impedances to variation in open-loop
gain. Third, negative feedback may sometimes lead to instability. But this can be taken care of in a carefully
designed amplifier. Each one of these features is discussed in detail in the following sections.
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Desensitivity (or Stability) of Gain
Introduction of negative feedback makes the amplifier insensitive to variations in the values of the components
and parameters of the active devices used in building the amplifier. The expression that relates percentage
variation in the gain parameter of the amplifier with feedback to the percentage variation in the same without
feedback can be derived as follows.

Gain with feedback A, is related to gain without feedback A4 by Eq. (11.4) and the equation is reproduced
as follows: A

A=
£ 144

Differentiating the above equation with respect to A4, we get

d_Af___“c_i_l: A ]=(1+BA)—[3A= 1
d4 d4|1+p4 (1+BA}  (1+pA’

d4 dA4 A dA A,
ddi=——=|— X| ——— |=| 7 |X| 7Tz3
(1+B4” \4) [1+B4) 4) |1+p4

)

4. [1+pa| 4
dA44
A
| (1 + BA)| is called the desensitivity parameter D. Thus, percentage variation in gain with feedback is equal to
the percentage variation in gain without feedback divided by the desensitivity parameter D. As a special case,
when 84 >> 1, 4; equals 1/ and therefore becomes independent of the open-loop gain of the amplifier. In that
case, the stability of the gain parameter depends only on the stability of the components used in the feedback
network. By using stable passive components in the feedback network, it is indeed possible to have a stable
amplifier that is immune to variations in parametric values of the amplifier. Remember that all this comes at
the cost of reduced gain. This implies that the gain without feedback needs to be much larger than the desired
value of the gain with feedback. If increase in instability of the amplifier on account of having a larger gain

without feedback is not significantly higher than the instability of the amplifier without feedback at a lower
gain value, then introduction of negative feedback certainly improves the stability by a significant margin.

Effect on Bandwidth

Bandwidth increases with introduction of negative feedback. Increase in bandwidth results from the fact
that amplifiers exhibit a constant gain-bandwidth product. Reduction in gain is, therefore, accompanied by
increase in bandwidth. Bandwidth increases by the same desensitivity factor D =1 + 84 by which the gain
reduces. Bandwidth of amplifier with feedback is given by

(BW); = BW x(1+ BA) (11.7)

Figure 11.10 shows the gain-bandwidth curve of a typical operational amplifier. The gain-bandwidch
product is given by the unity gain crossover frequency. We can see how bandwidth can be traded for
closed-loop gain. Increase in bandwidth with introduction of negative feedback can also be explained as
follows. As the gain rolls off with increase in frequency, reduced output signal amplitude means reduced
feedback. Reduced negative feedback means increase in the magnitude of effective input signal which
increases the output. In other words, output remains at its mid-band value up to a higher frequency.

1
1+ B4

d4 (11.6)
A

X
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Figure 11.10 | Effect of negative feedback on bandwidth.

Effect on Non-Linear Distortion

As discussed in Chapter 10 on large signal amplifiers, non-linear distortion arises from the existence of non-
linear transfer characteristics of the active device and large input and output signal swings that are large
enough to drive the active device to operate in the non-linear region of its characteristics. Non-linear distor-
tion can be assumed to be predominantly second harmonic distortion. Introduction of negative feedback
reduces distortion provided that reduction in gain caused by negative feedback is compensated by increased
gain in the preamplifier stages rather than introducing an additional gain stage. Remember that the non-
linear distortion mainly occurs in the last stage of amplification and increasing the gain of previous stages
does not add significantly to the overall distortion level.

It can be proved that non-linear distortion decreases by the desensitivity factor D = 1 + BA. Let us
assume that the distortion levels without and with negative feedback are D, and D,, respectively. Suffix “2”
implies second harmonic distortion. D, is the distortion contributed by the active device. In the presence of
feedback, D, appears as ~BAD,; at the input of the amplifier. The following gives the expression for D,

- D,—-BAD, =D, (11.8)
D, = D, (119)
%1+ B4 ‘

Derivation of above expression makes use of superposition principle. Equation (11.9) is, therefore, valid only
when the active device operates close to the linear region. This further means that the above expression is valid
for small distortion levels. Also, small amount of additional distortion arising out of small fraction of distortion
present at the output being fed back to the input is assumed to be negligible in deriving the above expression.

*
Effect on Noise
Introduction of negative feedback acts on the noise generated in the amplifier in the same manner as it does
on the non-linear distortion. Reduction in noise is governed by

N
N =—"
71+ B4

N;and N are, respectively, the noise levels with and without negative feedback. However, if reduction in
gain resulting from introduction of negative feedback is compensated by adding an amplifier stage, the
overall system may turn out to be noisier than before. In order to benefit from the positive effect of nega-
tive feedback on noise, it is important that the reduced gain is compensated by readjustment of amplifier
parameters for a higher gain without feedback so that the amplifier with feedback gives the desired gain.

(11.10)
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Effect on Input Resistance

Input resistance in the case of an amplifier with negative feedback is affected depending upon how the feedback
signal (voltage or current) is connected to the source of external input signal. The input resistance increases if
the feedback signal is connected in series with the source of input and decreases if the feedback signal is con-
nected across it in shunt. Increase or decrease, as the case may be, is by desensitivity factor D =1 + f4. Thus,
in the case of voltage-series and current-series feedback, input resistance with feedback R, is given by

Ry =R x(1+BA) (11.11)

R is the input resistance without feedback. Input resistance in the case of voltage-shunt and current-shunt
feedback is given by R
R, =— 11.12
= Trs (11.12)
Equations (11.11) and (11.12) will be derived subsequently in the relevant sections for different feedback
topologies.

Effect on Output Resistance

Negative feedback affects the output resistance of the amplifier depending upon the nature of the output
signal fed back to the input. In case output voltage is sampled, output resistance decreases. In case output
current or a voltage proportional to the output current is sampled, output resistance increases. Output resis-
tance with feedback R ; in the case of current-series and current-shunt feedback is given by Eq. (11.13). R
is the output resistance without feedback. Output resistance in the case of voltage-series and voltage-shunt

feedback is given by Eq. (11.14): :

R;=R x(1+pA) (11.13)
R

R, =—>2 11.14

of ]+ﬂA ( )

Equations (11.13) and (11.14) will be derived subsequently in the relevant sections for different feedback
topologies.

EXAMPLE 11.2 | An amplifier without feedback has a voltage gain of 100. The designer decides to use
10% negative feedback to bring the non-linear distortion to an acceptable level. Deter-
mine the gain of the amplifier in the presence of feedback. If the desired value of gain
with feedback is 50, what should in that case be the feedback factor?

Solution | 1. Gain with feedback = A/(1 + BA), where A is the gain without feedback and 8
is the feedback factor.

2. Gain with feedback = 100/(1 + 0.1 X 100) = 100/11 = 9.09.
3. If the gain with feedback needs to be equal to 50, then 50 = 100/(1 + X 100).
4. Solving for B, we get 1008+ 1 = 2. That is, $=0.01 or 1%.

EXAMPLE 11.3 | 7Pe total harmonic distortion of an amplifier reduces from 10% to 1% on introduc-
tion of 10% negative feedback. Determine the open-loop and closed-loop gain
values.
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Solution

EXAMPLE 11.4

Solution

EXAMPLE 11.5

Solution

EXAMPLE 11.6

Solution

1. Distortion (with feedback) = Distortion (without feedback)/(1 + 84), where
A is the open-loop gain.

2. 0.01=0.1/(1 + 0.14), which gives 1 + 0.14=10 or A = 90.

Therefore, open-loop gain = 90.

4. Closed-loop gain =90/(1 + 0.1 X 90) = 9.

w

A negative-feedback amplifier has ~20 dB of feedback. Determine the loop gain.

1. Negative feedback in dB = 20 log (Gain with feedback/Gain without feed-
back) = -20.

Log (Gain with feedback/ Cfain without feedback) = —1.

Gain with feedback/Gain without feedback = 0.1 = 1/(1 + BA).
This gives (1 + 84) = 10, or f4=9.

Loop gain = f84=9.

Vo N

A voltage amplifier is characterized by voltage gain of 100, input resistance of 100
kS2 and output resistance of 1 kSQ in the absence of any feedback. Find the modified -
values of these parameters if 5% of output voltage were feedback in series and phase
opposition with the input.

1. Open-loop gain A = 100 and feedback factor §=0.05.
2. Closed-loop gain = 100/(1 + 0.05 % 100) = 100/6 = 16.67.

3. Since the feedback signal is in series with input, modified input resistance is
given by 100 x 10 x (1 + 0.05 X 100) = 600 kQ.

4. Since it is fraction of the output voltage that is fed back to the input, modified
output resistance is given by 1 x 10% /(1 + 0.05 x 100) = 1000/6 Q = 166.67 Q.

A voltage amplifier is a cascade arrangement of three identical amplifier stages each
having an open loop gain of A,. The ousput from the final stage is fed back in series and
phase opposition with the inpus of the first stage to get an overall closed loop gain of A;.
Derive an expression for overall open-loop gain A in terms of open loop gain stability
|dA /4] of individual stages and overall closed loop gain stability| dA,1A,| .

Open-loop gain, A= 4. Therefore, dA=3A472dA,
This gives dA/A =347 x(d4, |4} = 3d4 /A,
Now, dd, /A, =[1/]1+BA[x(dA/A).

|dA/ A | = [1/|1+ BA[1x 3% dA /A,

Also, 1/ |1+ BA|= A4 IA.

Therefore, A =34; X[|dA,/A |/ |dA/A]).

AR A o
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11.4 Feedback Topologies

n the basis of the nature of sampled signal and the mode in which it is fed back to the input, there are
four feedback topologies. These include the following:

1. Voltage-series feedback topology (also known as series—shunt topology).
2. Voltage-shunt feedback topology (also known as shunt—shunt topology).
3. Current-series feedback topology (also known as series—series topology).
4. Current-shunt feedback topology (also known as shunt-—series topology).

Each one of these feedback topologies is described in the following sections.

11.5 Voltage-Series (Series-Shunt) Feedback

n the case of voltage-series (series-shunt) feedback, output voltage is sampled and mixed in series with the
externally applied input signal. Figure 11.11 shows the block schematic arrangement of a generalized feedback
amplifier with voltage-series feedback. Figure 11.12 shows the equivalent circuit for the schematic arrangement of

Figure 11.11.

Gain
The gain parameter in this case is the voltage gain. Equation (11.15) gives the expression for voltage gain

with feedback in terms of gain without feedback and the feedback factor:

A, = A 11.1
Vf_1+ﬂAV ( 5)

where A, and A, are the voltage gains with8ut and with feedback taking into account the load resistance R,.

Input Resistance
Expression for input resistance is derived as follows:
V.

-5 =

if b4

s

Now 7, =V,/R,and V,; =V, — BV, . Substituting for V], we get

V-BV
['=_L_g...2_
! R

1

(11.16)

N~

(11.17)

+ Basic +
voltage
amplifier

(A) =

..vf+_

Feedback
network
1))

V,
{

Figure 11.11 ‘ Schematic arrangement of voltage-series (series-shunt) feedback.
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Figure 11.12 | Equivalent circuit for schematic arrangement of Figure 11.11.

Substituting for 7, from Eq. (11.17) in Eq. (11.16), we get
R =V x kR _ R
VY, 1-BV,IV)

Since V,/ V. = Ay, where Ay, is the voltage gain with feedback taking load resistance (R)) into account,

therefore R ]
R, = i (11.18)
£ 1-BA,
Now
A =
Ve 1+ 84,
where A, is the voltage gain without feedback taking load resistance (R,) into account. It is given by
R
A, =4, X
AR+

- A, is the open-circuited voltage gain without feedback, that is, the voltage gain without feedback without
taking load resistance (R, ) into account. Therefore

R ‘
e Ga, e By XA (1119

Output Resistance

Expression for output resistance is derived by considering V. =0 or / =0, letting load resistance R, = co and apply-
ing a voltage V'across the output. Ratio of applied voltage V'to the resulting current / gives the output resistance.
V-4,

R

o

I

For V,=0, V==V, =—=BV . Therefore
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= V+BAV
%
R
R =YL= (11.20)
oI 1+B4,

Remember that R  is the output resistance with feedback with R, = . From Eq. (11.20) we see that it is
equal to R d1v1ded by the factor (1 + 4 ), which contains the voltage gain 4 and not 4,

Consndcrmg the effect of load resistance R, , the output resistance with feedback R, ¢ is given by parallel
combination of R ;and R,. R , can also be expressed by

r o R
1+ A,
where
,=R°XRL (11.21)
° R+R

Remember, A, is the voltage gain without feedback taking load resistance (R, ) into account.

Practical Circuits

Common-drain amplifier (source follower) circuit as shown in Figure 11.13 is an example of voltage-series
feedback as the output voltage appearing across the source resistor (Ry) is fed back in series with the exter-
nally applied input signal. The bipolar transistor counterpart of source follower is the emitter—follower,
which is another example of voltage-series feedback. Source—follower and emitter—follower are examples of
100% feedback with the result that the closed-loop gain is approximately unity.

A non-inverting amplifier circuit configured around an opamp (Figure 11.14) is yet another example of
voltage-series feedback. In this case, the feedback voltage (V;) appears across R,. It equals V. x R /(R, + R)).
The feedback voltage V is in series with externally applied input voltage V.. Also, it is in phase opposition with
the external input as V, and V; are, respectively, applied to non-inverting and inverting inputs of the opamp.

Another non-inverting amplifier configuration with voltage-series feedback is shown in Figure 11.15.
The circuit shown is a cascade arrangement of two common-emitter amplifier stages. The emitter resistor of
the first stage is split into two series-connected resistors. Relatively much smaller of the two resistance valies

is un-bypassed and forms a part of the potential divider arrangement with another resistor connected from
the output. The feedback factor is given by R//(R, + R,).

+VDD

Voltage-series feedback in

Figure 11.13 | Source-follower amplifier circuit. Figure 11.14
non-inverting amplifier.
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+ VCC

Ry

Figure 11.15 | Two-stage common-emitter amplifier with voltage-series feedback.

EXAMPLE 11.7

For the common-collector circuit of Figure 11.16, determine expressions for voltage
gain, input resistance and ousput resistance in the presence of negative feedback.

+ VCC

Figure 11.16 I Example 11.7.
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Solution

EXAMPLE 11.8

Solution

L A S

10.
11.

Voltage gain, 4,, = Output voltage/Input voltage.
Output voltage = A, X I, X R; (assuming /= I) and input voltage = V.
Therefore, Ay = b X Iy X R/ V, = by X R/ (R + b)) a5 Vsllb =R +h,.

Desensitivity factor D is given by the expression

h. XR
D=1+ BA, =1+ £ —E
Ay R +h,

=R +h, +hR)I (R +h)

as f=1.
Therefore, voltage gain with feedback is given by

AVf = (bngE )i’(Rs + hic + ;’fcRE)
Input impedance, R, =R +4,.
Therefore, input resistance with feedback is given by
Ri=RXD=R+h +hR;

. We are interested in the resistance looking into the emitter. Hence R;; is con-

sidered as an external load. Therefore, R = o,
Since Ry is the load resistance in the present case, therefore, R, = R.
‘This gives Rof' = Ro' ID = RE x (Rs + ;"ic )/(Rs + ;"ic + bfcRE)'

Rof = RI:l_l;Il Rof' = (Rs + bie )/bfc'

For the source follower circuit of Figure 11.17, determine the voltage gain, input resis-

tance and output resistance in the presence of voltage-series feedback.

Voo
O

Figure 11.17 I Example 11.8.

1. If there were no negative feedback, voltage gain A, would have been expressed by

A=V, 1V, = (g, < IRV,
= (g, X7 X RXV){(ry + R)xV}



Feedback Amplifiers 439

EXAMPLE 11.9

Solution

Therefore, A, = (g, X7, X R)l(r, + R).

2. Also g Xr, =p. This gives A, = (LXR)/(r; + R).

3. Desensitivity factor,

D=1+BA, =1+{x R)/(r, + R)]

=[{ry + A+ W) x RY(r, + R)]
as =1
Therefore, Ay = Ay/D =[(Wx R)/{ry +(1+ W)R}].

5. The input impedance of an FET for all practical purposes is infinite. There-

fore, input resistance with feedback R =R X D is also infinite.

Output resistance with feedback R ; =R /(1+ A ). Here R =1, consider-
ing the load resistance R to be an open circuit. Also, A, = p. Therefore,
R, =r/(1+p).

Now R.=R, 1D, R, = (rd X R)/(r;i +R) and D= {rd +(1+p)x R}/(rd +R).
R, is the output resistance with feedback taking load resistance into
account.

This gives R, =[(ry x R)/{r, + (1+ 1) x R}]

The value of R ; can also be determined by using the expression
R, = 1I{im R, = II{im[(’d X R){ry + 1+ ) X RY]=r, /(1+ )
—oo -

For the opamp based non-inverting amplifier circuit of Figure 11.18, determine the
voltage gain and the input impedance in the presence of feedback given that open-loop
gain and the input impedance of the opamp are 80 dB and 1 MS, respectively.

.

SV N =

Figure 11.18 | Exampie 11.8

Open-loop gain, 4 =80 dB = 10000.

Feedback factor, B=R//(R, + R)) =1 x 10°/(1 x 10° + 100 x 10%) = 1/101.
Therefore desensitivity factor, D=1+ 84 =1 + 10000/101 = 100.0099.
Gain with feedback = 10000/100.0099 = 99.99. :

Input impedance of the opamp = 1 MQ.

Since it is a case of series feedback, input impedance would increase by the

desensitivity factor.
That is, input impedance with feedback = 1 X 10¢ x 100.0099 = 100 MQ.
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11.6 Voltage-Shunt (Shunt-Shunt) Feedback

In the case of voltage-shunt (shunt—shunt) feedback, output voltage is sampled and mixed in shunt with
the externally applied input signal. Figure 11.19 shows the block schematic arrangement of a generalized
feedback amplifier with voltage-shunt feedback. Figure 11.20 shows the equivalent circuit for the schematic

arrangement of Figure 11.19.

Gain
The gain parameter in this case is the transresistance. Equation (11.22) gives the expression for transresistance
with feedback Ry in terms of transresistance without feedback R, and the feedback factor f.
R
M1+ BR,

(11.22)

Basic +
l ,' transresistance Vo SR
ampilifier
(Fr) =

h T Feedback
network
®

Figure 11.19 I Schematic arrangement of voltage-shunt (shunt-shunt) feedback.

4

L —0
eé

<

—

T
N +

————

Figure 11.20 | Equivalent circuit for schematic arrangement of figure 11.19.
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Input Resistance
Expression for input resistance is derived as follows.

V. _ RXxI
if IS IS (1 1.23)
Substituting I =7, + I; in Eq. (11.23), we get
_RxI R _ R
LI I 1+ (LI
Now, I; = BV._ . Therefore, Re =R I[1+(BV II)].
Also, V_/I. = R;. This gives
R =RI/(1+BR,) (11.24)

Ry, is the transresistance taking load resistance R, into account and is given by

- R
R, =R X L
M- Tm [R+R)

where R_ is the open-circuit transresistance, that is, without taking the load resistance R, into account and
can be exprcssed as

R = Lim R,
R—e
Output Resistance
Expression for output resistance is derived by considering /, = 0, letting load resistance R, = oo and apply-
ing a voltage V'across the output. Ratio of applied voltage V to the resulting current I gives the output
resistance.

I=(V-R_I)R
For I,=0, I, =1, =—BV. =BV Therefore,
B I=(V+BR V)R =V(1+PBR )R
R,=VII=R /(1+BR ) (11.25)

Remember that R ; is the output resistance with feedback with R = . Considering the effect of load resis-
tance R}, the output resistance with feedback R . is given by parallel combination of R ;and R,. R . can also

be expressed by
R, =R,I(1+BR,) (11.26)

where
R, =R XR )R +R)

Practical Circuits
Common-emitter amplifier with collector-to-base feedback as shown in Figure 11.21 is an example of voltage-
shunt feedback. As is evident from the circuit diagram, a current proportional to the output voltage is fed back
in the shunt with the source of input signal. Since V, >> V, the feedback current is equal to V/R; and the
feedback factor B equals 1/R;. The amplifier nearly achieves the characteristics of a transresistance amphﬁer
Figure 11.22 shows the opamp version of voltage-shunt feedback topology. The circuit shown is that of
an inverting amplifier. The input current given by V/R, flows through the feedback resistance R, to produce
an output voltage equal to —/ X R;. The gain parameter is the transresistance R,.
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Vee

Figure 11.21

EXAMPLE 11.10

Solution

Common-emitter amplifier circuit Figure 11.22
with voltage-shunt feedback.

Inverting amplifier with
voitage-shunt feedback.

Refer to the opamp-based inverting amplifier circuit of Figure 11.23. Identify the type of
negative feedback. Determine the transimpedance gain, the input impedance and output
impedance of the amplifier, given that transimpedance, input impedance and output
impedance parameters of the opamp are 100 MS2, 10 M2 and 100 £, respectively.

1 MQ

100 kQ
V, oA

Figure 11.23 | Example 11.10.

1. The feedback is of voltage-shunt type.
2. Transimpedance, R\, = 100 MQ =100 X 10°Q =108 Q
3. Feedback factor, B=1/10° ()1 = 1076 (Q)~}
4. 'Therefore, transimpedance with feedback,
Ry = R, /(1+ BR)
=10%/(1+107° x10*) =10%/101=0.99 x 10° Q = 990 kO
5. Inputimpedance, R, = R /(1+ BR,,)=107/(1 + 106 x 10%) = 107/101
=99 kQ
6. As the output is seen across an open-circuit, R_= R,
7. Output impedance, R, =R /(1+ BR ) =100/(1 + 106 x 108) = 100/101
=0.99Q
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EXAMPLE 11.11 Rcfer to the voltage-shuns feedback circuit of Figure 11.24. Derive expressions for
feedback factor, transresistance, input resistance and outpus resistance with feedback.

Figure 11.24 | Example 11.11.

Solution Feedback factor Bis given by 1,/V..

Now, I; =(V, —V)/Rs.

Since V, >> V,, therefore 7, =V /Ry . Thatis, B=1./V =1/R,.
Transresistance with feedback, R, =V, /I =1/f=R,.

Input resistance with feedback is given by parallel combination of 4, and
Miller component of R, appearing across input. Thatis, R, =4, || R, /(1- A,)
where A, is the voltage gain.

6. A =-h Rc Ik, whete RC = R_. || (Miller component of R, appearing

across output). That | is, Re = Rc || Rg- Remember that the Mlllcr compo-
nent of R, appearing across output will be equal to Ry X[Ay/(4y —1)]= R,

A B o

7. R therefore can be determined by substituting the value of 4, in the
expression for R and simplifying the resultant expression.

8. Output resistance with feedback R ; is given by parallel combination of
Miller component of R, appearing across output and R... This is approxi-

mately equal to R || Ry, which is further equal to (R X R)/(R- + Ry)

11.7 Current-Series (Series-Series) Feedback

In the case of current-series (series—series) feedback, output current (usually a voltage proportional to the
output current) is sampled and mixed in series with the externally applied input signal. Figure 11.25
shows the block schematic arrangement of a generalized feedback amplifier with current-series feedback.
Figure 11.26 shows the equivalent circuit for the schematic arrangement of Figure 11.25.

Gain
The gain parameter in this case is the transconductance. Equation (11.27) gives the expression for
transconductance with feedback Gy in terms of transconductance without feedback G,, and the

feedback factor S.
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Basic
transconductance
amplifier
(G

Feedback
network

B

+

Figure 11.26 ‘ Equivalent circuit for schematic arrangement of Figure 11.25.

G
Gy = —M
MET 1+ BGy,

(11.27)

Input Resistance
Expression for input resistance is derived as follows:

R =V II =V II.=(V,+ V), (11.28)
Now, I, =V;/R,. Substituting the value of /; in Eq. (11.28), we get

Re =V, +VO)X(R V) = R X[1+(V;/ V)]
Also, V; = BI . Therefore,

Re =R x[1+(BL IV)]=R x(1+BGy) (11.29)
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Gyy is the transconductance taking load resistance R, into account. It is expressed as

G,=G X R,
MTTm T R +R,

where G_ is the short-circuit transconductance, that is, without taking the load resistance &, into account.
It is also expressed as

Go = Lim G,

Output Resistance :
Expression for output resistance is derived by considering V, = 0, letting load resistance R, = o0 and applying a
voltage Vacross the output. Ratio of applied voltage V'to the resulting current / gives the output resistance:
I=(VIR)-G_V,
For V=0, V, ==V, =-BI =+pBI. Therefore,
I=(VIR)-BIG

R,=VII=R x(1+pG_) (11.30)

Remember that R ; is the output resistance with feedback with R, = co. Considering the effect of load resis-
tance R}, the output resistance with feedback R . is given by parallel combination of R ;and R,. R ;. can also
be expressed by

R =R, x[(1+BG, )1+ BGy,)]

where

R,=R|R (11.31)

Practical Circuits :

Common-emitter amplifier with unbypassed emitter resistor as shown in Figure 11.27 is an example of current-
series feedback. As is evident from the circuit diagram, a voltage proportional to the output current is fed back
in series with the source of input signal. This is true if the base current were considered as negligible. The

Vee

RB1

Figure 11.27 \ Common-emitter amplifier with current-series feedback.
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feedback factor Bin this case equals —R;.. The amplifier nearly achieves the characteristics of a transconductance
amplifier. Although the output current is proportional to the output voltage, this configuration should not be
misunderstood as a case of voltage-series feedback. If it were considered one, then the feedback factor would
equal —Ry/R... This violates one of the fundamental assumptions of negative-feedback amplifiers according to
which the feedback factor should be independent of load and source resistances.

Similarly, common-source amplifier with un-bypassed source resistor is also a case of current-series feed-
back. Also, an opamp wired as a non-inverting amplifier where the output taken is the current / across the
feedback resistor R, is an example of current-series feedback. As shown in Figure 11.28, it is the voltage
developed across R, (=—1 % R)) thatis fed back in series with the input.

Figure 11.28 | Opamp-based amplifier circuit with current-series feedback.

EXAMPLE 11.12 | Figure 11.29 shows the basic common-emitter amplifier circuit with unbypassed emitter
resistor. Derive expressions for transconductance, inpus resistance and output resistance
with and withous feedback. Also prove that the transconductance parameter in this
circuit is stabilized due to presence of current-series feedback.

Figure 11.29 | Example 11.12.
Solution | 1. The feedback voltage appears across emitter resistor Rg. Therefore,
| V=1, xRy.
2. 'This gives feedback factor, 8=V, /I =-R;.

3. In absence of any negative feedback, signal V; appearing across the input of
amplifier is same as the externally applied input signal V.,

4. Therefore, transconductance without feedback G, is given by
TV, =11V, =~(h X I)IV,
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EXAMPLE 11.13

Now, V_/I, = R +h_+ R;. Therefore, Gy = ~ b, /(R +h, + Ry).

6. Desensitivity factor, D= (1+fG,,) =1+ (B X R)IR, + b+ R:)].

10.
11.

12.

13.
14.

15.

Therefore, D =[{R +h +(1+ )X R MR + b +R)].
This gives expression for transconductance with feedback G, , as
Gys = Gy/D =~h IR +h +(1+h )X R]

Since (144 )X R; >>(R +h,) and also b, >> 1, expression for Gy,
simplifies to Gyye == 1/Rg. This proves that G, is independent of transis-
tor parameters and is only dependent on R;.

The input resistance in the absence of feedback isgiven by R = R + 4,_+ R;.

The input resistance with feedback is R = R X D=R +h_+(1+h )X R,.
Output resistance in the absence of feedback (R ) without considering the
collector load resistance R is infinity.

The output resistance with feedback R ; without considering R.. is given
by R; =R x(1+BG,). G is short-circuited value of G, That is,
G, =Lim G,

—0
As the value of R is infinity, R , is also infinity.

Since Gy, is independent of R, therefore, G_ = G,,.

Output resistance with feedback R ;. considering the effect of R.. is given
by the parallel combination of R ;and R.. As the value of R ; is infinity,
R ;. equals R..

An alternative expression for R ., is given by R =R, x[(1+BG )/
1+ BGy)).

Refer to the common-source FET amplifier circuit with un-bypassed source resistor
as shown in Figure 11.30. Derive expressions for transconductance, input resis-
tance and output resistance with and without feedback

Voo

Figure 11.30 I Example 11.13.
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Solution 1. The feedback voltage appears across source resistor R. Therefore,
V,=—I xR.
2. This gives feedback factor, B=V/I =-R.

3. In the absence of any negative feedback, the signal V. appearing across
the input of the amplifier is the same as the externally applied input sig-
nal V. Therefore, transconductance without feedback G, is given by

LIV =11V,
4. I isgivenby [, =—(g, XV, X7)(ry + R+ R). Thisgives G,, =~(g,, X7,)/
(y+R +R).
Now, £, X7 =M. Therefore, G,, =—p/(r, + R +R).
6. Desensitivity factor,
D=1+ Gy =1+[Ux R)/(ry + R + R)]
=[{r, + R +(1+W)XRY(ry + R+ R)]

wm

7. This gives expression for transconductance with feedback G, as
Gye =Gy/D=-p/{ry+ R +(1+pn)x R}

8. The input resistance R, in the absence of feedback is infinity.

9. The input resistance with feedback Ry = R XD =co.

10. If R is considered to be an external load, the output resistauce R in the
absence of feedback without considering the load resistance R, is given by
7, + R. Therefore, output resistance with feedback R ; without considering
R isgivenby R =R x(1+ BG,) . G_ is the short-circuited value of G.

That s, G =LimGy
R >0

11. Now, G =-W/(r,+ R) . This gives

R, =R, x(1+ BG)
=(r, +R)x[{r, + A+ W)X R} (ry + R)]
=r+(1+p)xR

12. Output resistance with feedback R . considering the effect of R, is given by
parallel combination of R ;and R,.

13. An alternative expression for R . is given by

R, =R, x[(1+ BG, )/ (1+BGy)]

11.8 Current-Shunt (Shunt-Series) Feedback

In the case of current-shunt (shunt—series) feedback, output current is sampled and mixed in shunt with
the externally applied input signal. Figure 11.31 shows the block schematic arrangement of a generalized
feedback amplifier with current-shunt feedback. Figure 11.32 shows the equivalent circuit for the schematic
arrangement of Figure 11.31.

N
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Figure 11.32 | Equivalent circuit for schematic arrangement of Figure 11.31.

Gain
The gain parameter in this case is the current gain. Equation (11.32) gives the expression for current gain
with feedback A, in terms of current gain without feedback 4, and the feedback factor .

A = 1+AI;4 (11.32)

Input Resistance
The expression for input resistance is derived as follows:

| R =V IL=@RxI)I . (11.33)
Substituting I =/, + I, in Eq. (11.33), we get
Re=RX[IIU +1)] =R/ +I)]=R I+ /)]
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Now, I; = BI_. Therefore,
R. = RI+(BL, L))

Also, I /I, = A, where A, is the current gain withour feedback taking load resistance into account. This
gives

R, =R/(1+pA4) (11.34)
A, is given by R
=A o
Aj l X(Ro + RL ]

where A, is the current gain without taking the load resistance &, into account. In fact, it is the short-circuited
current gain. It can also be expressed as
A =1Li )
= Hm 4
Output Resistance
Expression for output resistance is derived by considering Z = 0, letting load resistance R, = e and applying a
voltage Vacross the output. Ratio of applied voltage V'to the resulting current / gives the output resistance.

[=(VIR)- Al

For I =0, Lﬁ/—lf =—BI_ =+pPI. Therefore,
I=(VIR)-BIA
R,=VII=R x(1+BA) (11.35)

Remember that R is the output resistance with feedback with R, = co. Considering the effect of load resistance
R, the output resistance with feedback R . is given by parallel combination of R and R. R ;. can also be
expressed by

R. =R, x[(1+BA)A+BA)] (11.36)

where
Ro' = Ro 1 IRL

Also, for B =, R, =R and 4;=0, Eq. (11.36) then reduces to
R, =R x(1+B4) (11.37)

Practical Circuits
A cascade arrangement of two common-emitter amplifier stages with feedback from emitter of the second
stage to the base of the first stage as shown in Figure 11.33 is an example of current-shunt feedback. The
voltage across emitter resistor of the second stage is out of phase with the base voltage of the first stage,
which confirms this to be a case of negative feedback. Also, it can be proved that the feedback current, that
is the current flowing through resistor R, is proportional to the output current and the proportionality factor
Bis equal to [R./(R; + R)]. Current-shunt feedback leads to very high output impedance and very low input
impedance. These are the desirable traits of a good current amplifier.

Figure 11.34 shows opamp-based inverting current amplifier. This circuit too has current-shunt feed-
back. One can see the similarities between this circuit and the transistorized circuit shown in Figure 11.33.
The feedback factor in this case is given by [R/(R, + R,)].
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Figure 11.33

Figure 11.34

EXAMPLE 11.14

Solution

Cascade arrangement of common-emitter amplifier stages with current-shunt
feedback.

Opamp-based current ampilifier with current-shunt feedback.

Refer to the cascade arrangement of two CE amplifier stages as shown in Figure
11.33. Prove that the circuit has current-shunt feedback. Derive an expression for
the feedback factor B. What is the current gain with feedback?

1. Refer to the circuit of Figure 11.33. As the output current is sampled and
fed back in shunt with the input current Z, it is a current-shunt feedback.

- 2. The feedback current I, is given by 7 =(V;, =V, )/R .

3. Assuming V, >V, weget I, =-V_,/R.
4. V,=W;-1)XRy considering base current of Q, to be negligible as
compared to its collector current.
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Ap =(R+R)IR;-

| KEY TERMS

5. Therefore, I, = (I_ — 1) X(Rg /R). This gives I, = (Rg/R) X [RIR+R)I X I
=[R, /(R+R,)] xI =BxI, where B=R./(R+Ry).

6. Current gain with feedback A is approximately given by 1/B. That is

Current amplifier _ Negative-feedback amplifier Series—series feedback
Current-series feedback Transconductance amplifier Voltage amplifier
Current-shunt feedback Transresistance amplifier Voltage-series feedback
Desensitivity parameter Shunt-series feedback Voltage-shunt feedback

| OBJECTIVE-TYPE EXERCISES
|
Multiple-Choice Questions

1. Introduction of negative feedback desensitizes
or stabilizes the gain. The gain stability
a. increases with increase in open-loop gain. 4
b. decreases with increase in open-loop gain.
c. decreases with increase in feedback factor.
d. increases with increase in loop gain.

2. A voltage amplifier has an open-loop gain of
100. If 10% negative feedback were introduced
in the amplifier, then an 11% change in open-
loop gain would cause

a. 1% change in closed-loop gain.

b. 11% change in closed-loop gain.
¢. 1.1% change in closed-loop gain.
d. 0.1% change in closed-loop gain.

3. In the case of a negative-feedback amplifier,

which of the following is true?

a. Closed-loop gain can be less than or more 6.
than the open-loop gain depending upon
the type and amount of feedback.

b. Closed-loop gain is always less than the
open-loop gain.

¢. Closed-loop gain is always more than the
open-loop gain.

d. Closed-loop gain and bandwidth are always
less than the corresponding open-loop values.

. In which of the following feedback topologies,

the input impedance increases with introduction
of feedback.

a. Voltage-shunt feedback

b. Current-shunt feedback

c. Voltage-series feedback

d. None of these

In which of the following feedback topologies,
the input impedance decreases with introduc-
tion of feedback.

a. Voltage-shunt feedback

b. Current-series feedback

c. Voltage-series feedback

d. None of these

In which of the following feedback topologies,
the output impedance increases with introduc-
tion of feedback.

a. Voltage-shunt feedback

b. Current-shunt feedback

c. Voltage-series feedback

d. None of these
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10.

In which of the following feedback topologies,
both input as well as output impedances decrease
with introduction of feedback.

a. Voltage-shunt feedback

b. Current-shunt feedback

c. Voltage-series feedback

d. None of these

Which of the following amplifier configurations

has an inherent current-series feedback?

a. Emitter—follower

b. Common-base amplifier

¢. Common-emitter amplifier by bypassed
emitter resistor

d. Common-emitter amplifier with unbypassed
emitter resistor

It is desired to design a voltage controlled cur-
rent source. What type of negative feedback
should preferably be introduced to make it a
stable source?

a. Voltage-series feedback

b. Current-series feedback

¢. Current-shunt feedback

d. Voltage-shunt feedback

A voltage amplifier consists of cascade
arrangement of two identical stages. Nega-
tive feedback is introduced from output of
second stage to input of first stage to get a
stable overall closed-loop gain of 45. In order
that 10% variation in open-loop gain of each
stage does not produce more than 1% varia-
tion in overall closed-loop gain, the mini-
mum value of open-loop gain of each stage
should be

a. 30.

b. 900.
c. 45.
d.

none of these.

Identify the Feedback Topology

11.

12.

13.

14.

15.

A voltage amplifier has 5% negative feedback.
Its voltage gain is

a. indeterminate from given data.

b. approximately 20.

c. approximately 5.

d. 100.

For rhe expression of gain with feedback A, =

Al(1 + BA) in the case of negative-feedback

amplifier to be valid,

a. feedback factor B should be independent
of load and source resistances.

b. forward transmission through the feedback
network should be zero.

c. reverse transmission through amplifier
should be zero.

d. all the above should be true.

Voltage-shunt feedback stabilizes
a. voltage gain.

b. current gain.

¢. transresistance.

d. transconductance.

An amplifier with open-loop input resistance
of 100 kQ has ~20 dB of voltage-series feed-
back. Closed-loop input resistance would be
a. 10kQ.

b. 1000 k.

c. 2000 kQ.

d. 5kQ.

In a negative-feedback amplifier with a high

open-loop gain, doubling the feedback

factor

a. doubles the closed-loop gain too.

b. has no effect on closed-loop gain.

¢. reduces the closed-loop gain to
one-fourth.

d. reduces the closed-loop gain to one-half.

Figure 11.35 shows some circuit configurations. Identify the feedback topology used in each of these cir-
cuit configurations.
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ngi
3=

() (d)
Figure 11.35 ’ Identify the feedback topology.

| REVIEW QUESTIONS

1. How do you classify amplifiers based on the 2. What are the merits/demerits of introduction
nature of input and output signals of interest? of negative feedback in amplifiers?
What is the gain parameter of interest in each
of these types?

3. Whar type of negative feedback should be
introduced in an amplifier to make it work like
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a true (a) current-to-voltage converter and
(b) voltage-to-current converter? Give reasons
for your answer.

. How will the input impedance of an amplifier

be affected by introduction of (a) voltage-series
feedback and (b) current-shunt feedback?

. How will the output impedance of an amplifier
be affected by introduction of (a) current-series

feedback and (b) voltage-shunt feedback?

. Derive the relevant expressions to prove that
output impedance reduces in the case of voltage-
series and voltage-shunt feedback and increases
in the case of current-series and current-shunt

feedback.

. Derive the relevant expressions to prove that input
impedance reduces in the case of voltage-shunt
and current-shunt feedback and increases in the
case of voltage-series and current-series feedback.

PROBLEMS

. Determine percentage reduction in gain of an
amplifier due to introduction of 20 dB of nega-
tive feedback.

. The gain of an amplifier reduces to 10 by intro-
duction of —40 dB of feedback. Determine the
open-loop gain of the amplifier.

. A voltage amplifier is characterized by an open-
loop voltage gain of 100, input resistance of 50
kQ and output resistance of 2 kQ. Negative
feedback of 10% of output voltage is intro-
duced in series with the input to bring the dis-
tortion below acceptable level. Find the
modified values of these parameters.

. For the opamp-based non-inverting amplifier
circuit of Figure 11.36, determine the voltage
gain and the input impedance in the presence
of feedback. Given that open-loop gain and the
input impedance of the opamp are 70 dB and
10 MQ, respectively.

8. Give two examples of practical amplifier cir-

cuits representative of the following types of
negative feedback.

a. Series—series feedback

b. Series—shunt feedback

. Outline the three fundamental assumptions

that must be true in order that introduction
of negative feedback has the desired effect on
gain parameter stability, input and output
impedances.

10. Justify the following.

a. A common-emitter amplifier with un-
bypassed emitter resistor is representative
of current-series feedback and not voltage-
series feedback.

b. The gain parameter in a negative-feedback
amplifier depends exclusively on the com-
ponents of feedback network when the
open-loop gain becomes very large.

10 MQ

Figure 11.36 | Problem 4.

5. Two identical amplifier stages each having an

open-loop gain of 4, are connected in cascade
to build a voltage amplifier with an overall
open-loop voltage gain of A. The output from
the second stage is fed back in series and phase
opposition with the input of the first stage to
get an overall closed-loop gain of 4. Derive an
expression for overall open-loop gain 4 in
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terms of open-loop gain stability | dAllAll of
individual stages and overall closed-loop gain
stability |dA/A|.

A voltage amplifier is specified to have a volt-
age gain of 1000 * 50. It is desired that the
voltage gain does not vary by more than

40.1%. Find the value of feedback factor fand
the value of closed-loop gain.

Figure 11.37 shows an FET-based common-
source amplifier circuit with voltage-series
feedback provided by series combination of R,
and R,. FET is characterized by g = 4000 uS
and ;= 10 kQ. Calculate the voltage gain with
feedback.

| ANSWERS

1
Multiple-Choice Questions

1.
2.
3.

(d) 4. (o) 7. (a)
(a) 5. (@ 8. (d)
(b) 6. (b) 9. (b)

Identify the Feedback Topology

Figure 11.35(a): Voltage-series feedback
Figure 11.35(b): Voltage-shunt feedback

Problems

1.
2.
3.

90%

1000

Gain = 9.09; input resistance = 550 k€2; output
resistance = 181.82 €

Vo
Ry
9 MQ
A
1MQ
Figure 11.37 | Problem 7.
10. (a) 13. (o)
11. (b) 14. (b)
12. (d) 15. (d)

Figure 11.35(c): Current-shunt feedback
Figure 11.35(d): Current-shunt feedback

Now

Voltage gain = 10.96; input impedance =
2884.80 MQ

A=24,x1d4,/A]/1dA,A,]

B =0.049; closed-loop gain = 20

-6.56



