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{ii} Step input: If input is a step voltage v, = 1V for 0 £¢ £0.3 ms, then the output voltage
at t = 0.3 ms Is

L3 ms

Uy = — 1*r J l.df = — ——— ‘_“}""—"Xf|!=Ul:jn:5
R\Cy 4 10 k€2 x10nF t=0

=-10* x 0.3 x 107 = -3V
The output voltage is a ramp function with a slope of 10 V/ms and is shown in Fig. 4.25 (b).

{iii} Sguare wove inpui: The output waveform for an input of 5§ KHz, 1V peak square
wave is shown in Fig, 4.25 (c¢).

It can be seen that input is of constant amplitude of 1V from 0 to 0.1 ms and — 1V from
0.1 ms to 0.2 ms. The output for each of these half periods will be ramps as seen above for
step inputs. Thus, the expected output wave form will be a triangular wave. The peak value
of the output for first half cycle is

1 0.1_115
b= — J 1.dt =-10*%x 0.1 x103=-1V

This represents the total change in the output voltage over the first half eycle from 0 to
0.1 ms. Similarly, integration over the next half cycle produces a positive change of 1V.
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Fig. 4.25 Input and output waveforms for the Integrator in Example 4.4
(a) Sine wave input, (b) Step input, (c) Square wave input
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Exampls 4.5

Find R, and B in the lossy integrator so that the peak gain is 20 dB and the gain is 3 dB
down from its peak when ® = 10,000 rad/s. Use a capacitance of 0.01 uF.

Sohution

From Eq. (4.84), we see that gain is at its peak when ® = 0. The peak value in dB is
therefore,

=

p/

A (dB) = 20 logy, — 920 (given)
J1+0
yies
or, lag ot = 1
B1o R,
Thus we have, By = 1
3
or, Ry = tip.
10

At » = 10* rad/s, gain in dB is down by 3 dB from its peak of 20 dB, and thus is 17 dB.
Therefore, converting gain to dB in Eq. (4.84) and substituting for ®, C and Rp/R, we have

10
20 log,, — =17 dB

y1+K10%)107 Ry 13

or, 20 logy, 10-20 logy, \‘.""1+{10""‘ R, =17dB
This simplifies to

20 logyy [1+(10* R )’ | =3 dB

or, T e (IR 2 =108 =9

Thus we have (102 ReP =1
or, Ry =10* Q = 10 kQ
and R, =10 kY10 = 1kQ

Exambie 4.6
Show that the output of an op-amp integrator to a step input of magnitude V volts is given
by

r s —L"_-'I T (1 Sha by
L‘J = A\‘Lr[ll_e R]C’ 3 11‘ J

|

Compare this result with the output obtained from a low pass RC circuit.
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Soution

Figure 4.26 is a simple op-amp integrator where Miller's theorem is applied across the
feedback capacitor Cy. The input time constant T' = R,C (1 — A, ). Therefore,

v = VA — eT) (4.86)
and Uy =A s ALK _ e B CRl-Au)y
or v = AV 1_':{1_ ¢ _ t* _ \\
' v | BiCr@-4) 2(RC (-4 )
AVt i t o
R, Cr(1-A) 2RCz(1-A)
/3 ]
or, D, = — L {1 — - : P ifA 1 (4.88)
RiCrl OB, Chl—4Ay

Also we know that for a simple low pass RC integrating network (without op-amp) the
output v, for a step input of V becomes

Uy = V(1 —etRC) ‘4 89
{ \
o forge HC a ;j(i Ll ) 2;%(* J 4.90)
R1
G AR < " -
Vi & 1
| -.[: _AV:] | VI \"r:.
t=0

Fig. 4.26 Circuit for Example 4.6

It can be seen that the output voltage of both circuits varies approximately linearly with

du, V ) :
7 RC However, the second term in both the

expressions represent deviation from the linearity. We see that op-amp integrator is more
linear than the simple RC circuit by a factor of 1/(1 — A,).

time (for a large EC) and for either case,

Example 4.7
For the circuit shown in Fig. 4.27 if the input is a constant V, show that the output v, (#)
ig given by a differential equation.
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Sohution
The transfer gain of the circuit is

ZF
- i s e,
o
Rg " R;s SC : .r\(.dj*v/\ 4 . C —
Vols) _ Zg _ R; +1/sC i
Vi) R R, e L R
| | v, R. T~ 1 oY
= E\RQ + RS,:I -+ SC RE RS 4 91 | . ’_'_,,-""-H.J
R,(1+sCR,) ‘ g
or, R(1+sC Ry V,(s)+[(Ry + Ry) N
+ s C RyR4] Vils) = 0 (4.92) ’
Fig. 4.27 Circuit for Example 4.7
Writing Eq. (4.92) in time domain | s — E} we get
s ,
_ d d —
R I1+CRy— jv, )+ |(R,+ By) +CR, R, wlE) = (4.93)
\ at )
Since v, &) =V
Theretfore, L = 0.
dt
dv .
Hence CR;4 RBE—RTU +(R,+Ry)V = 0
or, & dvc'-ri Vit yoo 4.94
dt Rq R; R,R;
Example 4.8
1 %
Figure 4.28 shows a non-inverting integrator circuit. Show that v, = 70 JUE dt.
Solution
The voltage at the (+) input terminal of the op-amp due to the potential divider is
1/sC
YWola)is V.(s) (4.95)
( R+1/sC

The output voltage V (s) for the non-

£ OVp= F;C _[v dt

inverting amplifier is /

- . 1isC

Vis)=|1+= Vi+) = Vi(s) (4.96)
(s) ( + = ] (+) = SR C (s)

[
éR c
Hence in time-domain, we get

v, = v; di.
RC

Fig. 4.28 Non-inverting integrator circuit
Note that there is no phase inversion in a non-mverting integrator



An analog computer performs linear operations such as multiplication by a constant, addi-
tion, subtraction and integration. Since these operations are sufficient for the solution of
linear differential equation, 1t is possible to connect the various modules of an analog com-
puter for obtaining the solution of differential equation.

We have already discussed the building blocks of the analog computer, that is, op-amp
used as inverter, scale changer, summer, integrator, summing integrator ete. Potentiometer
is widely used in analog computer to multiply voltages by a constant less than unity. The
symbolic representation of a summer, potentiometer and summing integrator is shown in
Fig. 4.29 (a, b, ¢).

1 MG 1 ML
Vi DAY AN
1 ME2
Vo O——AAAN—
0.1 M2
V:} AW = O e
f * W,
¥ (@)
T Lo
-+ ———— a
Wi R akR ? Si u Vo_'aa\;i
l V.= av, a<’
T T - (b)
+ .
1M [ 0V 55
| r._. 5
R 111 pF 7 ~10V
0.1 M = v, 1
O——AAA— =
Vi M > ¥y 10
WA — + Vi 1 Vs

Vs :
v, =J' (v, + 10V, + vy)dt — 3
a

(c)

Fig. 4.29 (a) Summer and its symbolic representation, (b) Potentiometer and
its symbaol, {c) Summing integrator and its symbol

Lel us now see how an analog computer can be used to solve a second order differential
cquation given as,

d?y dy . _
€ ) i54% 1058y = ul@ (4.97
dt? dt ¥ =8 j
with initial conditions.
y(0)=-48and | —40)=2.3

dt 't=0
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Rewrite Eq. (4.97) by keeping the highest order derivative on the left hand side and taking
all other terms to the right side as

Eo..

0

¥y = -5.4y-0.58y+ulf)

Assuming ¥ is available, it may be successively integrated to obtain ¥ and y as shown in

Fig. 4.30 (a). At the output of amplifier 4, i.e. point B, we obtain the sum
—-5.4y-0.58y +ulf)

which is precisely equal to ¥ with which we started in Eq. (4.98). Thus poinis A and B may
be connected together to get the computer set-up for solving the given differential equation.
The initial conditions y(0) = —=4.8 and v {0} = 2.3 have to be placed in the computer set-up
with the help of the reference voltage (either + V., or — V¢ as required) and potentiometer.
One has to be careful about the polarity of the reference voltage for setting up the initial
condition. As in the computer set-up, the output of integrator 1 is —y which is initially sct
to —2.3V to achieve 7(0) = 2.3 V. Similarly the output of integrator 2 is y which is initially
set to — 4.8V so that y(0) = —4.8 V.,

Fig. 4.30 (a) Simulation of 2nd order differential equation

The initial conditions are first established by putting the switch S in position 2. With S
in position 1, the solution is obtained at the output terminal to which a CRO or plotter is
connected.

Using the analog computer symbols, the set-up of Fig. 4.30 (a) is redrawn in Fig. 4.30 (b).
Minimization of the components can be achieved using a summer integrator as shown in Hig.
4.30 (c).

The solution of Eq. (4.97) can also be obtained by using differentiators instead of integra-
tors. However, the gain of a differentiator increases linearly with frequency and it tends to
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amplify noise, drift which may result in spurious oscillations. Therefore, integrators are

invariably preferred over differentiators.

AN ey ~10V —
O -(/}—l 0 L )
0.23 | 0.48
@A) 01| 1 >T—1] 2 > { ) ™
) | " ! 7 = 10 4= ,fE
| - 0.58 -1~ \BJ
_< }___;..] 3/,__
054 L |
rx }
uftjo———1 5 >—— T - |
Fig. 4.30 (b) Symbolic diagram
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Fig. 4.30 (¢) Minimum component simulation

Example 4.9

Set up an analog computer simulation to generate a sinusoidal signal 10 sin 3¢

Soiution

Let us first obtain a differential equation whose solution 1s 10 sin 3i.

Let x(t) = 10 sin 3¢
x(t) = 30 cos 3t
() = -90 sin 3t = -9%

The required differential

equation is,
X+9%2 =0

(4.99)
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and the initial conditions are obtained from Eqg. X(0)=-30 x(0)=30
(4.99) putting ¢t = 0 as, A '

x(0) =0, x(0) =30

29
|
Iowe
|
|
|
|
_l_)
H//'
| o=
Il
:‘ —
| =]
pw
< 3
L2
—

Assuming that i is available, x(#) can be
obtained by integrating x twice. The computer

|
set up is shown in Fig. 4.31. ﬁi‘—*@@"'—“"“'—"'-
Simuitaneous Eguations Fig. 4.31 Simulation of 10 sin 3¢

A set of simultaneous equations in two unknowns
can also be solved using analog simulation.
Consider two first order differential equations:

S —ax - by +of (4.100)
and ir—i = —UsX — b2y + Cgf {(4.101)

where x and y are unknown variables, fis the input and all coefficients are known constants.
Equations (4.100) and (4.101) may be simulated separately as shown in Figs. 4.32 (a) and (b).
Now interconnect the two systems to get the unknown x and y as shown in Figs. 4.32 (c).

. ’;‘-___
f“ \:}\ 1
g wh s ] X i 4
1]~ [ B
\8s,
(a)
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\Dy/
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. = i, |
¢ 2 N*X X
—ib 1| i R >
o =
(a,) f
Pl |
saiay & —A T R P |
||
-y H\?—‘ T ]
L N N “ . v
L{a, | L 5
e —~ 1 =y =1 sl
g b .1-1 |
pt % | g

Fig. 4.32 (a) Simulation of Eq. (4.100), (b) Simulation of Eq. (4.101), (c) Final circuit
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The simulation procedure can be extended to any number of simultaneous equations.

Simulation of Transfer Functions

Another important problem that one come across is to develop a circuit that has a given
transfer function. As an example, in the design of an electric filter consider a first order
transfer function,

Hes) = to==E (4.102)
Vi s+a
S0, Vs +a)=—- KV,
or, ~-sV,=aV, + KV, (4.103)
which may be written in time-domain as,
v, = —J‘('a v, + Kv.)dt (4.104)

Thus we need a summing integrator and its simulation is shown in Fig., 4.33 (a). The
corresponding electric circuit is shown in Fig. 4.33 (b).
In another example, let us simulate the transfer function

V. _ Kista)
Vi s2+sb+c
which may be written in s-domain as,
§?V,=~sbV, —cV, + KsV; + Ka V,

4]

ar M T Y T (e ) i T (4.106)
[&] {1 1 S‘ 1 (s}

D T B
VK1 | -

ia]

'_1_/ 1/ ‘ v,

.1|||-

. K
Fig. 4.33 (a) Simulation of transfer function H(s) = — — -, (b) Electric circuit for (a)
s+ 3

Thus V, is the output of an integrator whose input is — sV, which is the sum of the terms

on the right side of Eq. (4.106). The term sl (Ka V; — ¢ V,) is the output of an integrator
g
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whose inputs are KaV; and — ¢V, as shown in Fig. 4.34 (a). The complete circuit is shown
in Fig. 4.34 (b).

~ 1 (Kav,-cv,)
P . NV [
v \Ka) 11 o—( K J—1 1
' 4 ]
A 1 :
_Vu ; G/ 1 \;'F: b 1 -
(@)
S v
‘ i
V.| -
| { I L4
= Ka) ‘1 f LK)
i ‘1 : E =
Pl / I | V.
c 1] ‘ (o)1
_\J’_ I

Fig. 4.34 (3) Preliminary simulation, (b) Final simulation

= DPERATIONAL THANSCONDUCTANCE AMPLIRIER (OTA}

In Sec. 4.5, we have discussed the use of 741 op-amp as a
voltage to current converter. A voltage to current converter
is an amplifier which produces an output current
proportional to an input voltage. The constant of proportiona-
lity is the transconductance of the amplifier and therefore
such amplifiers are also known as transconductance
amplifier. Due to wide applications, specially designed single
chip transconductance amplifiers are available, called,
operational transconductance amplifier (OTA). The symbolic
representation of an OTA is shown in Fig. 4.35. An OTA is
a voltage-input, current-output device such that

IL} =& V'm =En i.“lifrl = T;l\] 4.107
where g, is the transconductance, or gain of the OTA. The Fig. 4.35 symbol for OTA

unique feature of an OTA is that it is possible to vary g,

over a wide range by means of an external control current. OTAs are used to implement
programmable amplifiers and integrators in audio processing and electronic music synthesis,
They are also used as current switches in sample-and-hold applications. Another important
application of OTA using VLSI technique is in Neural networks. Popular OTAs are the
CA3080 (RCA), the LMI 3600/700 (National Semiconductor) and the NE 5517 (Signetics).
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The simplified internal circuit diagram of an OTA is shown in Fig. 4.36. Transistors @,
and @, form a differential pair. Current mirror §;— @, accepts the control current I, which
can be adjusted by an external resistance R, and control voltage V.. Due to current mirror

exL
@;— @4 we get I, = I. The current I, is divided at the emitters of @, and @,. Thus
Il + I2 - I—'J_-
1 +V:$
| T
i el »-
L:;“ s Qe QT s s f‘ QH
£ \'3 n & i - Is=1,
[] ks 1, |
V:.,=“J.—V: ; | Y v _‘_\_“H v: RL
V.. | £ I Qz Q1 | S— | & F\r"\“\,’\"\- :
2 s & ! L i
¥ j q
— [ 1=l : ha=ls=1; =
Rex". ] —| I +
S AAAN , I I
5 —1 L o] L n
Q_—,_ ; Qd Qo Q-r
|
4 L |
_\‘};—_E

Fig. 4.36 Simplified internal diagram of OTA

Current mirror s — ¢, duplicates [, to yield Iy = I,. The current I, is in turn duplicated
by current mirror gy — &, to produce I, = Iy = I,. Similarly, current mirror ¢, — 5 duplicates
I, to yield Iy = I;. By KCL, we have,

I, =1y — I =1 - I

Hence, the voltage gain A, can be written as

A = Ve = L Ry —o R
¥ v v SEmttL
m in
The transconductance g,, can be calculated as
V,/V, {1180
1y =l g
and
EEIS {_)]'; . f4.111)

where, I, = reverse saturation current of transistor &, & assumed to be equal and, V; =
volts equivalent of temperature

Now IL=I+1,=1 [ev' Ve y JVeV2]

[ —
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I R
or, IE = v £ T L. lia)
e /7T + g arT
v,V
) T—
So, i = c (4.114)
1 V, [V V, V.
e /Vr | VoiVn
I EVQ;'I‘E’TT .
and fopm v — {4.115)
e 14 FT + e 2/rT
o Sk Ve ;
Hence ly=dy2 I, = TR {4.116)
1/%T afyT
e e

Multiplying both the numerator and denominator by e 2 ; Eq. (4.116) can be
expressed in terms of voltage difference (V;, -V} as,

ii!_—_.ll; _llr'rl—lLJ
e 2Vr _ , 2V
— L 117
L=h-l= Vw7 :
2V ;
e &M o 2
= I, tanh (EI;_V,; (4.118)
6_

A plot of output current I, as a function of
(Vi — V5) is shown in Fig. 4.37. A transconduc- 4t
tance amplifier basically computes a tan-

hyperbolic. It operates linearly for a very small 1 T
range of inputs and smoothly transits to or
saturation. The transconductance is given by ot
=i
_ oL |_ I (4.119) —0?3 52 01 0 01 02 03
= ‘ IV | 2Vp ' G

Fig. 4.37 Transfer characteristics of OTA

with the agsumption that for small V| -V, ; tanh [

V] _VQ\HV[ —V2
2Ve J 2Vy

Then the voltage gain A, is,
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I R, .
Ay Sy 2 255 (4.120)
Sm L S

Thus the voltage gain of the OTA circuit can be externally controlled by the control
eurrent Ly

There are two main differences between the OTA and the conventional op-amp. An OTA
15 a voltage controlled current source (VCCS) whereas the conventional op-amp is a voltage
controlled voltage source (VCVS). Now, since the OTA is a current source, its output impedance
is high, in contrast to the op-amp’s very low outpul impedance. We know that the low output
impedance i1s a desirable feature in general

amplifiers used to drive resistive loads, therefore ol R,
commercial OTA’s such as National Semi- T — \\{\\._.._|
conductors LM13600, have on-chip controlled S

impedance buffers. Another difference between R, lv' ™~

OTA’s and op-amps is that it is possible to degign Vi O——WWW—" ‘\
circuits using the OTA without employing " O TR O
negative feedback. Thus, instead of employing 1" 't

feedback to reduce the sensitivity of a circuit’s i ! I
performance to device parameters, the trans- = 0
conductance is treated as a design parameter in

place of resistors and capacitors in op-amps Fig. 4.38 An inverting amplifier using OTA

based circuits.

Figure 4.38 shows an inverting amplifier using OTA which can provide not only controllable
gain, hut also uses negative feedback to reduce the output resistance.

The expression of the voltage gain may be obtained as follows:

From the basic behaviour of the OTA, we may write

I, =g ay* ==
=-gnV" [As V7 = 0] (4.1%213
KVL around the OTA gives

Vo-V- V-V

T i — I
R, R,
Also, since
fU =pe]
V-V,
mV_ = :
En Rz
or V(1 -g Ry =V,
o
or V- = 170 f4 3193,
1- g_Hz

Putting the value of V™ from Eq. (4.123) to Eq. (4.122) and simplifying, we get

L - 1 _ng2
Tii"Till 1_:ng_'!
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For g R, >> 1, Eq. (4.124) reduces to

V, _ R .
V. B .
An all-OTA amplifier without negative feedback is shown in Fig. 4.39.
W o
a \ i
R. | 5 T o
. ;l
: | =3}
L
= o
Fig. 4.39 OTA amplifier without feedback
The amplifier circuit uses two OTA’s with transconductance g, and g.,.
In Fig. 4.39
Iy =8m(VT-V7) (4.126)
= Em1 (@ 1["Tin.}' = —Em V'm (4.127)
and jl--:Jj =g1112{1fr+ i 1;-- J 4-:\.:::

gm?{U - 1::—{1}

H

},_1
]
W]

—Hm2 T*fo

Since Lo =-1

ol

7 i 7
—Em2 V o =1t Emi Lin

Vi _ “Em (4.130)
V{_—-: g m 2
The voltage gain, therefore is completely controllable by the external control currents [
and [ which control g.,; and g, respectively.
Figure 4.40 shows the schematic of widely used CA3080 OTA, Its transconductance or
gain (g, ) is controlled by the current I, driven into pin 5. At room temperature

To I, (4,131)

g e
PN, OB

where V= 26 mV at room temperature

or, o = 19.2 IC

sl iy '17 = T 8 3 A

or

where V stands for volt as unit.
(The unit of transconductance g, is Siemens)
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This relationship holds linearly for 0.1 pA < I, < 400 pA.
From Eq. (4.107), we get

I = L% IJV-m (4.133)
Vo)
For CA3080, Eq. (4.133) is linear for I, < 400 uA
and V;, < 20 mV. If input voltage V;, becomes DEVes
greater than 20 mV, Eq. (4.133) will no longer !
remain linear. So input voltage should be re- 3]
stricted to less than 20 mV. Another limitation is | i
that since input signals are fed directly into the ' i
bases of the first stage, input impedance is of the : 2
order of 10 kQ to 30 kQ. To avoid loading, op- 5 ? ,fj !
amp voltage followers should be used to buffer |
input signals. O
Figure 4.41 shows the various ways to set .. ;
A fixed current /. is obtained by connecting a = o
resistance R

=3}
W
Y

o

u——AAAAA————

y
|

U

-t between pin 5 and ground as in
I'ig. 4.41 (a). The control current I, can be written Fig. 4,40 Schematic of CA3080 OTA

as,
7 - =VEel-06V
) Re.ﬂ

Here, 0.6 V is the forward voltage drop of the diode connected transistor @4 in Fig. 4.36.
In Fig. 4.41 (b), I, is controlled by control voltage V_ and I_ is given by

_V,+[-Vgg|-06V

(4.184)

I. = 4.135
Rexi
~
HK\ R”‘*--x,
| 3080 3080
| T
4 § | |4 L4
Rex Tl: l Reu lU
< e
Ve _L =V
=E - EE L Ve e
(a} Grounded {b) Control voltage (c) Current source

Fig. 4.41 Circuits for setting control current [

The control current I, can be set directly with a current source as in Fig. 4.41 (c). This
current source could be made with an FET, a BJT, an op-amp, an IC current source chip or
another 3080.

An OTA can be viewed as a programmable resistor whose resistance is set by control
current 7. Since



[ o192,

o -i.}r ¢ 'im

The resistor R=Ym__V _103 mV

I, 1921, I
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{4.136!

Figure 4.42 shows an clectronically tuned resistor using two OTAs. The ‘resistance’
expression for the circuit can be derived as follows:

For-l;
I, = |=Veel-06V -Vl
R R

19.2 |-V,

£X ext
fom ngzlf V.

For U,

and i =

e in_ _ . — L3
I (369/V2) |- Vi V.

0

Thus the circuit of Fig. 4.42 can be considered
as a voltage controlled resistance whose value
is set in accordance with Eq. (4.140). However,
V,, must be restricted to be less than 20 mV
and I, should be less than 400 pA.

The application of operational transcon-
ductance amplifier on sample-and-hold circuit
is shown in Fig. 4.43. The control terminal is
biased on (= +V) and off (= — Vi) to sample
and hold an input signal across a holding
capacitor. In the sample mode, the control
voltage V. is high, that is at +V, and the output
of the transconductance amplifier charges the
holding capacitor Cy to a voltage equal to V..
In the hold mode, I, is reduced to zero, and the
output of the OTA is at virtually open circuit so
that the sampled input voltage is held on Cy.
The decay of the voltage across Cg during the
hold mode depends upon the output impedance
of the OTA and the input resistance of the buffer
stage.

v vV R

19.2 (19 “'-*1_9 | Hzlv V.

\ V {4, 138)

R mn

2xt

1 19G)

+Voo 0

Ll
Ml:

Fig. 4.42 Electronically tunable ‘resistor’
using two OTAs
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I — +Vc(sample)

L V :
- E |
V\.E\M o

~Vee(hold)

¥

Buffer amplifier

f:

—
e
1

-+

Fig. 4.43 Sample and hold circuit using OTA

There are a few basic limitations of OTAs. One is the severe restrictions on voltage and
current magnitudes as already discussed. Another limitation is that as the control current
1. is varied to adjust gain or resistance, several other parameters of the amplifier are also
affected. These include offset voltage, input bias current and slew-rate etc. To minimize
these effects, input, output buffers and frequency compensating techniques may have to be
used. Temperature also alters the performance of the OTA. The proportionality constant
19.2/V is valid only for room temperature. It may be noticed that the OTA performance is
mversely proportional to temperature.

BN i L
mf@é POWER AVMPLIFIFRS

Most of the practical electronic systems consist of a number of amplifying stages in cacade.
The function of the input and intermediate stages is to amplify the small signals received
from an input source, such as from a cassette, CD, microphone or an antenna. The signal
15 amplified to a large value sufficient to drive the final device which may be a speaker in
a public address system or a music system or a CRT or a servomotor etc. The input amplifying
stages basically operate as voltage amplifiers. Since signal voltages and currents are small,
the power handling capacity and power efficiency are of little concern for the small signal
amplifiers.

The last stage or the output stage of any electronic system, however has to supply large
current and sufficient power to the load which may be a loudspeaker or a servomotor. Such
amplifiers are called large signal amplifiers or power amplifiers. The important requirements
of a power amplifier are:

1. It should have low output impedance so as to provide impedance matching for maximum
power transfer.

2, High power conversion cfficiency.

3. As large amount of power gets dissipated at the junction of power transistor, heat sinks
have to be used.

P E g g g TET R — L R
Classification of Outout Stages

One way of classifying amplifiers is based upon the position of quicscent (Q) point on the
load line and the shape of the output collector current waveform when a sinusoidal input
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signal is applied. The Q-point of the BJT need not necessarily be in the middle of the load
line. Depending upon the position of the Q-point, amplifiers may be classified as class-A,
class-B, class-AB or class-C as per the following definitions.

Class A
The operating point 1s chosen

somewhere in the center of the load
line as shown by point A in Fig. 4.44.
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The amplitude of the input signal is
such so that the transistor conducts A
for the entire cycle of the input signal
that is for 360°. The output collector
current waveform for class-A . AB
amplifier is therefore as shown in Fig. 4
1.45 (a). ™.B C

The input stage or intermediate v_-ﬁ S e

stages of any electronic system are o
8 e = ”1 A } Fig. 4.44 (Classification of amplifiers based on the
operated 1 clags-A operation. nosition of Q-point

Ciass B

The Q-point is selected at the extreme end of the load line as shown by point B in Fig. 4.44.
The quijescent current is, therefore, zero and the transistor conducts only for half the cycle
of the input waveform. The output collector current consists of half waves only as shown in
Fig. 4.45 (b). Obviously, the output is not a faithful reproduction of the input as only half
cycle is present in the output. In a practical circuit, two transistors are operated in class-
B in such a mannecr =o that one transistor conducts during positive half cycle of the input
waveform and the other conducts during the negative half cycle so that the output current
through the load is of full cycle. This type of connection is referred to as push-pull operation
and 1s most commonly used in power amplifiers.

Class AB

An intermediate operation between class A and class B is class AB in which the operating
point is selected between the points A and B in Fig. 4.44 as shown by point AB. As a result,
the transistor conducts for an internal greater than the half cycle but less than 360°. The
output collector current waveform is as shown in Fig. 4.45 (c).

Class C

The operating point is selected beyond the load line on the horizontal axis as shown by point
C in Fig. 4.44. The transistor in this case conducts for an interval lesser than the half cycle
resulting in pulsating current waveforms as shown in Fig. 4.45 (d). Class C amplifiers are
usually employed in radio frequency (RF) power amplification (such as in mobile phones,
radio and TV transmitters). These type of amplifiers have not been included in the book.

Power Convearsion Efficiency (v}

An amplifier is basically converting de¢ power/energy supplied by the dc power supply into
ac power or amplified signal at the load. The ability of an active device to connect dc power
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Fig. 4.45 Collector current waveforms for transistors operating in (a) Class A,
(b) Class B, (c) Class AB, and (d) Ciass C amplifier stages

into ac power is measured by 1 called the power conversion efficiency. It is usually given as
a4 percentage, €0

ac signal power delivered to load « 100%

dc power suppiied to the circuit

The maximum power conversion efficiency of a class-A single stage CE amplifier is only
25%. In many practical applications, such as a radio or public address system, the load is
a loudspeaker and is coupled to the amplifier through a transformer. The maximum etficiency
for a transformer coupled load increases to 507%. Efficiencics up to 78.5% can be achieved by
using two transistors in push-pull configuration and biasing cach transistor in class-B
operation. In discrete circuits, a center-tapped input transformer is used for providing signals
to the two transistors. Similarly the output is obtained using a center-tapped output
transformer.
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In IC amplifer circuits, use of transformers is not possible as it is difficult to fabricate
these. The output stage of a commercially available 741 op-amp uses a complementary
symmetry emitter follower which is discussed in detail in Ch-2, Sec. 2.4.8.

Monolithic Power Amplifiers

The general purpose op-amp 741 can deliver about 100 mW of power which is not sufficient
for most of the applications. A wide range of IC power amplifiers arc now commercially
available. National Semiconductors produces two popular IC power amplifiers LM380 and
LM384. The pin configuration, circuit diagram and typical applications are discussed.

LM3B0 Power aAudio Amplifiers

The LM380 power audio amplifier is designed to deliver 2.5W (r.m.s) to a capacitively
coupled 8-Q) load. Figures 4.46 (a) and (b) shows the pin configuration and block diagram of
LM380 respectively. It is available in a 14-pin DIP package. A copper lead frame used with
the center three pins on either side (3, 4, 5 on the left and 10, 11, 12 on the right) forms a
heat sink. Thus there is no need to use a separate heat sink for the audio amplifier. The
internal schematic diagram of LM380 is shown in Fig. 4 46 (c).

It can be seen that it has four stages: (i) PNP emitter follower; (1) differential amplifier
(11i) common emitter and (iv) quasi-complementary emitter follower,

The input 1s coupled through inverting input terminal (pin-6) and non-inverting input
terminal (pin-2) to cmitier follower stages composed of PNP input transistors @; and &,. The
output from €; and &, drives the PNP @,—Q, differential pair. Transistors @ and @, constitute
the collector loads for the PNP differential pair. The current in the PNP differential pair @
@y is established by @;, Ry and V... The transistors @- and @ form the current mirror and
establish current in @, which forms the common emitter voltage gain stage. The output of
the differential pair @,-€, is taken at the junction of @, and @; and is applied as input to
CE voltage gain stage. The capacitor C (10 pF) between base and collector of Qg provides
internal compensation and establishes the upper cut-off frequency of 100 kHz at 2W for 8
loads. As @;-Q4 form a current mirror, the current through diodes D, and D, is same as that
through R,. The output stage is a quasi (false)—complementary pair emitter follower formed
by transistors &, and §,. In fact, the combination of PNP transistor &,, and NPN transistor
&2 has the power capability of an NPN transistor but the characteristics of a PNP transistor,
The diodes D, and D, are used to minimize cross-over distortion. The resistors R, and £ are
used for current limiting. The quiescent output voltage is established at V.-/2 by resistors
R, and R;. To decouple the input stages from the supply voltage Vi, a by-pass capacitor of
the order of micro farads should be connected between the by-pass terminal (pin 1) and
ground (pin 7).

Some of the imporiant features of LM380 are listed below:

(1) Internally fixed gain of 50 (34 dB)

(1) Wide supply voltage range (5V to 22 V)

(iii) High peak current capability (1.3 A max.)

(iv) Low total harmonic distortion (0.2%)

(v) Output automatically self-centering to one-half of the supply voltage

(vi) QOutput short circuit proof with internal thermal limiting

(vii) High input impedance (15° kQ)
viii) BW of 100 kHz at an output power of 2W and a load of 8§ Q.

Another commonly used audio power amplifier is LM384. The internal diagram is similar
to that of LM380, except that it is designed to deliver 5W power output.
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Fig. 4.46 (3) Pin diagram for LM380, (b) Block diagram, (c) Schematic diagram
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The most basic application of LM380 is its use as an audio power amplifier. The IC can be
used both in inverting and non-inverting configuration. Figure 4.47 (a) shows its use in non-
inverting mode. The inverting terminal (pin 6) can be either started to ground, left open or
returned to ground through a resistor or a capacitor. The capacitor C; is used to cancel the
effects of inductance in the power supply leads. A lag compensating RC network 1s usually
used at the output terminal (pin 8) to eliminate 5 to 10 MHz oscillations especially in RF
sensitive environment.

The gain of LM380 is internally fixed at 50 but it is possible to get the gain increased up

to 300 using positive feedback. Figure 4.47 (b) shows LM380 used in the inverting configuration
using positive feedback to increase the gain.
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Fig. 4.47 (a) Audio power amplifier using LM380 (b) Use of positive feedback to increase gain



