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INTRODUCTION
istorically, an operationa amplifier (OP-
Amp) was designed to perform such
mathematical operations as addition,

subtraction, integration and differentiation. Hence,
the name operational amplifier. An operational
amplifier is a multistage amplifier and consists of a
differential amplifier stage, ahigh-gain CE amplifier
stage and class B push-pull emitter follower. An
operational amplifier (OP-Amp) is an *integrated
circuit and iswidely used in computers, as video and
audio amplifiers in communication electronics.
Because of their multi-purpose use, OP-Amps are

*  All the components of an OP-Amp (e.g., transistors,
resistors etc.) are fabricated on a small chip called
integrated circuit.
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used in al branches of electronics, both digital and linear circuits. In this chapter, we shall discuss
the various aspects of operational amplifiers.

25.1

Operational Amplifier

An operational amplifier (OP-Amp) isa circuit that can perform such mathematical operations as
addition, subtraction, integration and differentiation.

Fig. 25.1 shows the block diagram of an operational amplifier. Note that OP-Amp is a
multistage amplifier. Thethree stagesare: differential amplifier input stage followed by ahigh-gain
CE amplifier and finally the output stage. The key electronic circuit in an OP-Amp is the
differential amplifier. A differential amplifier (DA) can accept two input signals and amplifiesthe
difference between these two input signals.

o—1— ———0
! MORE CLASS B |
| DIFF STAGES PUSH-PULL !
Vig AMP OF EMITTER L Vour
| GAIN FOLLOWER !
o+ ——o0

S

Block diagram of OP-Amp
Fig. 25.1

The following points may be noted about operational amplifiers (OP-Amps) :

(i)

(i)

(iii)

(iv)

v)

The input stage of an OP-Amp is a differential amplifier (DA) and the output stage is
typically a class B push-pull emitter follower.

Theinternal stages of an OP-Amp are direct-coupledi.e., no coupling capacitors are used.
The direct coupling allows the OP-Amp to amplify d.c. aswell asa.c. signals.

An OP-Amp has very high input impedance (ideally infinite) and very low output
impedance (ideally zero). The effect of high input impedance is that the amplifier will
draw a very small current (ideally zero) from the signal source. The effect of very low
output impedance is that the amplifier will provide a constant output voltage independent
of current drawn from the source.

An OP-Amp has very high * open-loop voltage gain (idedlly infinite); typically more than
200,000.

The OP-Amps are amost always operated with negative feedback. It is because the open-
loop voltage gain of these amplifiersisvery high and we can sacrifice the gain to achieve
the advantages of negative feedback including large bandwidth (BW) and gain stability
(Refer to chapter 13 of the book).

*  The gain of an OP-Amp without feedback circuit is called open-loop gain. The gain of an OP-Amp
with feedback circuit is called closed-loop gain. These terms were discussed in Chapter 13.
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25.2 Differential Amplifier (DA)

Since differential amplifier (DA) iskey to the operation of OP-Amp, we shall discussthiscircuit in
detail. So far in the book we have considered general-purpose amplifiers. In these conventional
amplifiers, the signal (generally single input) is applied at the input terminals and amplified output
is obtained at the output terminals. However, we can design an amplifier circuit that accepts two
input signals and amplifies the difference between these two signals. Such an amplifier iscalled a
*differential amplifier (DA).

A differential amplifier is a circuit that can accept two input signals and amplify the
difference between these two input signals.

Fig. 25.2 shows the block diagram of an ordinary amplifier. The input voltage v is amplified

to Av where A is the voltage gain of the amplifier. Therefore, the ouput voltageis v, = Av.

v Amplifier Vo= A Vi o Differential —oVp=A(vy=Vp)
v Amplifier
2 ']

...||_|‘
]

Fig. 25.2 Fig.25.3

Fig. 25.3 shows the block diagram of adifferential amplifier. There are two input voltages v,
and v,. Thisamplifier amplifiesthe difference between the two input voltages. Therefore, the output
voltage is v, = A(v; — v,) where A is the voltage gain of the amplifier.

Example 25.1. A differential amplifier has an open-circuit voltage gain of 100. The input
signals are 3.25 V and 3.15V. Determine the output voltage.
Solution.
Output voltage, v,
Here, A=100;v,

Vo

A(v, —Vv,)
325V v, =315V
100(3.25 - 3.15) = 10V

25.3 Basic Circuit of Differential Amplifier

Fig. 25.4(i) shows the basic circuit of a differential amplifier. It consists of two transistors Q,
and Q, that have identical (ideally) characteristics. They share a common positive supply ** V.,
common emitter resistor R and common negative supply V.. Note that the circuit is symmetrical.
Fig. 25.4(ii) shows the symbol of differential amplifier.

The following points may be noted about the differential amplifier :

(i) Thedifferential amplifier (DA) isatwo-input terminal device using atleast two transistors.
There are two output terminals marked 1 (v, ;) and 2(v, ).

*  The name is appropriate because the amplifier is amplifying the difference between the
two input signals.

** Note that for this circuit, we need two supply voltages viz. + V. and —Vg.. The negative terminal of
V¢ is grounded and positive terminal of V¢ is grounded.
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Fig. 25.4

(i) The DA transistors Q, and Q, are matched so that their characteristics are the same. The
collector resistors (R, and R.,) are also equal. The equality of the matched circuit
components makes the DA circuit arrangement completely symmetrical.

(iif) We can apply signal to a differential amplifier (DA) in the following two ways :

(a) Thesignal isapplied to oneinput of DA and the other input is grounded. In that case,
itis called single-ended input arrangement.

(b) The signals are applied to both inputs of DA. In that case, it is called dual-ended or
double-ended input arrangement.

(iv) We can take output from DA in the following two ways :

(a) Theoutput can be taken from one of the output terminals and the ground. In that case,
it is called single-ended output arrangement.

(b) Theoutput can be taken between the two output terminal s (i.e., between the collectors
of Q, and Q,). In that case, it is called double-ended output arrangement or
differential output.

(V) Generally, the differential amplifier (DA) is operated for single-ended output. In other
words, we take the output either from output terminal 1 and ground or from output
terminal 2 and ground. Any input/output terminal that is grounded is at OV.

25.4 Operation of Differential Amplifier

For *simplicity, we shall discuss the operation of single-ended input (i.e., signal is applied to one
input of DA and the other input is grounded) and double-ended output DA.

(i) Supposethe signal is applied to input 1 (i.e., base of transistor Q,) and input 2 (i.e., base
of transistor Q,) is grounded as shown in Fig. 25.5. The transistor Q; will act in two ways : as a
common emitter amplifier and asacommon collector amplifier. Asacommon emitter amplifier, the
input signal to Q, (input 1) will appear at output 1 (i.e., collector of Q,) asamplified inverted signal
as shown in Fig. 25.5. As a common collector amplifier, the signal appears on the emitter of Q, in
phase with the input and only slightly smaller. Since the emitters of Q, and Q, are common, the

*  The operation of double-ended input DA will then be easier to understand.
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emitter signal becomesinput to Q.. Therefore, Q, functions asa* common base amplifier. Asaresult,
the signal on the emitter of Q, will be amplified and appears on output 2 (i.e., collector of Q,) in phase
with the emitter signal and hencein phase with theinput signal (signal at input 1). Thisisillustrated
inFig. 25.5.

Ve

Fig. 25.5

(i) Now supposethesignal isapplied to input 2(i.e., base of transistor Q,) and input 1(base of
transistor Q) is grounded. As explained above, now Q, acts as a common emitter amplifier and
common collector amplifier while Q, functions asacommon base amplifier. Therefore, aninverted
and amplified signal appearsat output 2 (i.e., at collector of Q,) and non-inverted, amplified signal
appears at output 1(i.e., at collector of Q). Thisisillustrated in Fig. 25.6.

+Vee

Vout2

- VEE
Fig. 25.6
The following points are worth noting about single-ended input DA :
(a) When signal is applied to input 1 (i.e., base of transistor Q, in Fig. 25.5), an inverted,
amplified signal appears at output 1 and non-inverted, amplified signal appears at output
2. Reverse happens when signal is applied to input 2 and input 1 is grounded.
* Inacommon base amplifier, output signal isin phase with the input signal. Recall that only in CE
amplifier, the output voltage is 180° out of phase with the input voltage.
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(b) When only one output terminal is available, the phase of the output of single-ended input
DA depends on which input receives the input signal. Thisisillustrated in Fig. 25.7.

+ VCC

(i) Noninverting input (i) Inverting input
Fig. 25.7

When signal applied to the input of DA produces no phase shift in the output, it is called non-
inverting input [See Fig. 25.7 (i)]. In other words, for noninverting input, the output signal isin
phase with the input signal. When the signal applied to the input of DA produces 180° phase shift,
itiscalled inverting input [See Fig. 25.7 (ii)]. In other words, for inverting input, the output signal
is180° out of phase with theinput signal. Since inverting input provides 180° phase shift, it isoften
identified with —sign. The noninverting input is then represented by +*sign. It may be noted that
terms noninverting input and inverting input are meaningful when only one output terminal of DA is
available.

25.5 Common-mode and Differential-mode Signals

The importance of a differential amplifier lies in the fact that the outputs are proportional to the
difference between the two input signals. Thus the circuit can be used to amplify the difference
between the two input signals or amplify only oneinput signal simply by grounding the other input.
Theinput signalsto a DA are defined as :

(i) Common-modesignals (ii) Differential-modesignals

(i) Common-modesignals: When theinput signalsto a DA arein phase and exactly equal in
amplitude, they are called common-mode signals as shown in Fig. 25.8. The common-mode signals
are rejected (not amplified) by the differential amplifier. It is because a differential amplifier
amplifies the difference between the two signals (v, — v,) and for common-mode signals, this
difference is zero. Note that for common-mode operations, v; = V..

(if) Differential-mode signals. When the input signals to a DA are 180° out of phase and
exactly equal in amplitude, they are called differential-mode signals as shown in Fig. 25.9.

The differential-mode signals are amplified by the differential amplifier. It is because the
difference in the signals is twice the value of each signal. For differential-mode signals, v; = —v.,.
*  Notethat in Fig. 25.7, the noninverting input terminal is given the +ve sign while the inverting input
terminal is given the —ve sign.
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V1 V2 Vi V2
OFU? t OPU? t OPUv t 0%&; t

Common-mode signals Differential-mode signals

Fig. 25.8 Fig. 25.9

Thus we arrive at a very important conclusion that a differential amplifier will amplify the
differential-mode signals while it will reject the common-mode signals.

25.6 Double-ended Input Operation of DA
A differential amplifier (DA) has two inputs so that it can simultaneously receive two signals. The
input signalsto a DA are defined as:

(i) Differential-modesignals (ii) Common-mode signals

Thedifferential-mode signals are equal in amplitude but 180° out of phase. The common-mode
signals are equal in magnitude and have the same phase.

(i) Differential input. Inthismode (arrangement), two opposite-polarity (180° out of phase)
signals are applied to the inputs of DA as shown in Fig. 25.10 (i).

Vinl 1 1
J:? E
= Vin2 2 2

(i) Differential inputs v,

Vin1 1 1 y
L—(:)—O— outl
: ; 2
= 2 3 /\\/ Vour2

(ii) Outputs dueto v, v,
1
; vﬁ Voutl
A

\/ Vour2

(iii) Outputsdueto v,  »p

P
Vin1 1 1
'\
L 2 Vp
= Vin 2 2 2
(iv) Total outputs due to differential inputs.

Fig. 25.10

= Vin2 2
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Aswe shall see, each input affects the * outputs. Fig. 25.10 (ii) shows the output signals due to
the signal on input 1 acting alone as a single-ended input. Fig. 25.10 (iii) shows the output signals
dueto the signal on **input 2 acting alone as a single-ended input. Note that in Figs. 25.10 (ii) and
(iii), the signals on output 1 are of the same polarity. The same is also true for output 2. By
superimposing both output 1 signals and both output 2 signals, we get the total outputs due to
differential inputs [See Fig. 25.10(iv)].

(i) Common-modeinput. Inthismode, two signals equal in amplitude and having the same
phase are applied to the inputs of DA as shown in Fig. 25.11(i).

\Z

in1 1

2

(i) Common-mode inputs

A
Vout 1
/N

0

2 \/ Vout 2

(i) Outputs due to v,

/\

\/ Vout 2

(iii) Outputs dueto v,

1

0
Vin2 2

\
5 0V

Output signals of equal

amplitude but opposite

phase cancel producing
0V on the outputs.

ov
= 2 oS F
(iv) Outputs cancel when common-mode signals are applied.
Fig. 25.11

*  Note that in all the Figuresin Fig. 25.10, the phase of the input signal is given in the circle and the
phase shift in the output signal is given at the output terminals. Thusin Fig. 25.10 (ii), the output signal
at terminal 1 is 180° out of phase with the input signal. On the other hand, the output signal at terminal
2 isin phase with the input signal.

** Note that a DA amplifies (v, —V,). For Fig. 25.10 (ii), v, =V,

in2
Vin™ Vinz = 0- Vinz = ~Vin2:

=V, —0=v,,. For Fig. 25.10 (iii),
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Again, by considering each input signal acting alone, the basic operation of DA in thismode can
beexplained. Fig. 25.11 (ii) showsthe output signals dueto the signal on only input 1 while Fig. 25.11
(iii) shows the output signals due to the signal on only input 2. Note that the corresponding signalson
output 1 are of the opposite polarity and so are the ones on output 2. When these are superimposed,
they cancel, resulting in zero output voltage as shown in Fig. 25.11 (iv).

It is important to note that common-mode signals are rejected by DA. This action is called
common-mode rejection. Most of noises and other unwanted signals are common-mode signals.
When these unwanted signalsappear on theinputsof aDA, they are virtually eliminated on the outpuit.

25.7 Voltage Gains of DA

Thevoltage gain of aDA operating in differential modeis called differential-mode voltage gain and
is denoted by Ap,,. The voltage gain of DA operating in common-mode is called common-mode
voltage gain and is denoted by Ag,,.

Ideally, a DA provides avery high voltage gain for differential-mode signals and zero gain for
common-mode signals. However, practicaly, differential amplifiers do exhibit a very small
common-mode gain (usualy much less than 1) while providing a high differential voltage gain
(usually several thousands). The higher the differential gain w.r.t. the common-mode gain, the better
the performance of the DA in terms of rejection of common-mode signals.

25.8 Common-mode Rejection Ratio (CMRR)

A differential amplifier should have high differential voltage gain (A,,) and very low common-
mode voltage gain (A,)- Theratio Ay,,/Ag, is called common-mode rejection ratio (CMRR) i.e.,

OMRR = “bu.
Pem
Very often, the CMRR is expressed in decibels (dB). The decibel measure for CMRR is given by;

CMRRy = 20|og10% = 20l0g,,CMRR

The following table shows the relation between the two measurements :

CMRR CMRR
10 20dB
10° 60dB
10° 100dB
10’ 140dB

Importance of CMRR. The
CMRR is the ability of a DA to
reject the common-mode signals.
Thelarger the CMRR, the better the
DA isat eliminating common-mode

signals. Let usillustrate this point. "\
Suppose the differential amplifier >_A Vo OV
in Fig. 25.12 has a differential

VA

voltage gain of 1500 (i.e., Ay, = _
1500) and acommon-mode gain of = \/ /

0.01 (i.e., A, = 0.01).

o+V

/

o-V
Fig. 25.12
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cMRR = 299 _ 150 000
0.01

This means that the output produced by a difference between the inputs would be 150,000
times as great as an output produced by a common-mode signal.

The ability of the DA to reject common-mode signalsis one of its main advantages. Common-
mode signals are usually undesired signals caused by external interference. For example, any RF
signal s picked up by the DA inputs would be considered undesirable. The CMRRindicatesthe DA’'s
ability to reject such unwanted signals.

Practical Illustrations. Fig. 25.13 shows how a differential amplifier (DA) rejects hum and
static voltages induced into its input |eads.

AANAAAAANAN | =|/\/\/\/V\'\’\/\V,
Signal to be amplified | Induced hum | |npu‘:\1/\/\’\/\/\/v

(i) Signal input to input 1

| Signal to be amplified

.| :
| Induced hum Input 2

(i) Signal input to input 2

M, .

| V\/\I\/\/\/\/\/ | Input 2 Differential signal (input)

Input 1

(iii) Differentia input signa
Fig. 25.13

(i) InFig. 25.13(i), the signal is applied to input 1 of the DA. However, alow frequency hum
voltage is also induced into the lead wire. This hum is produced due to building and collapsing
magnetic field generated by adjacent conductor carrying 50Hz current. The resultant waveformis
shown in Fig. 25.13 (i). If thiswaveform isamplified by a conventional amplifier, the 50 Hz hum
in the output will be stronger than the desired signal.

Low voltage differential amplifier for test and measurement applications.
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(if) However, aDA aso has second input (input 2). Therefore, the lead of second input hasthe
same phase 50 Hz hum induced into it. This is the only voltage (i.e., hum) applied to input 2 as
shown in Fig. 25.13(ii).

(iif) Asshownin Fig. 25.13 (iii), the hum components of the two inputs form acommon-mode
signal which is largely rejected by the DA. If the input hum signals are equal at the input, then
differential input to DA will be devoid of hum. Therefore, the amplified output of DA will be free
from the hum.

Note : We have considered the ideal casei.e. A, = 0. Even in apractical case, the value of
Acy islessthan 1while Ay, isover 200. This meansthat the desired signal would be over 200 times
larger than the hum at the output terminal.

Example 25.2. A certain differential amplifier has a differential voltage gain of 2000 and a
common mode gain of 0.2. Determine CMRR and expressit in dB.

Apm _ 2000
A 02
CMRR, = 20 log,,10,000 = 80dB

Example 25.3. A differential amplifier has an output of 1V with a differential input of 10 mV
and an output of 5 mV with a common-mode input of 10 mV. Find the CMRR in dB.

Solution.  Differential gain, Ay, = 1V/10 mV =100
Common-mode gain, A, = 5mV/10 mV = 0.5
CMRRy; = 20log,, (100/0.5) = 46 dB

Example 25.4. A differential amplifier has a voltage gain of 150 and a CMRR of 90 dB. The
input signals are 50 mV and 100 mV with 1 mV of noise on each input. Find (i) the output signal (ii)
the noise on the output.

Solution. CMRR = = 10,000

Solution.
0] Output signal, v, = Apy, (v, —V,) =150 (100 mV —-50 mV) =75V
(i) CMRRy; = 20l0g,, (150/Ac,)

= 20109, (150/Acy)

or 90
: Agy = 47x10°
Noiseonoutput = Agyx1mV =4.7x10°x 1mV =47x 10°V
Example 25.5. The differential amplifier shown in Fig. 25.14 has a differential voltage gain of
2500 and a CMRR of 30,000. A single-ended input signal of 500 pV r.m.s. is applied. At the same
time, 1V, 50 Hz interference signal appears on both inputs as a result of radiated pick-up fromthe
a.c. power system.
(i) Determine the common-mode gain.
(ii) Expressthe CMRR in dB.
(iii) Determine the r.m.s. output signal.
(iv) Determine the r.m.s. interference voltage on the output.

Vout 1

Vout 2

Fig. 25.14
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Solution. (i) CMRR = Pou
Aem
~ Apy 2500
Acw = CMRR 30,000 = 0.083
(ii) CMRRy, = 20log,,(30,000)=89.5dB

(iif) InFig. 25.14, the differential input voltage isthe difference between the voltages oninput 1
and that on input 2. Since input 2 is grounded, its voltageis zero.

Differential input voltage =500 uV —0=500 pV
The output signal in this case is taken at output 1.
: Vourr = Apy X (500pV) = (2500 500) pV =1.25V
(iv) Thecommon-modeinputis1V r.m.s. and the common-modegainisA.,, = 0.083.
Noise on the output = A, x (1V) = (0.083) (1V) =83 mV

25.9 D.C. Analysis of Differential ::’50\3

Amplifier (DA)

When no signal is applied to a DA, d.c. or
quiescent conditions prevail in the circuit.
From the transistor circuit theory, we can find
*bias voltages and bias currents in the circuit.
Fig. 25.15 shows the basic arrangement for an
npn differential amplifier. Typical circuit
values have been assumed to make the
treatment  illustrative. The circuit is
symmetrical i.e., the transistors Q, and Q, are
identical; collector loads are equal (R, = R,)
and base resistors R; are equal. We assume that

base current is very small so that we can ignore - \1/5 v
the voltage drops across base resistorsi.e., -
Vg, = Vg, =**0V Fig. 25.15

Now Ve =Vg —07=V,,-07=***0-07=-0.7V
. Vg, =V =Ve=-07V
T Voltageacross Rz = Vg — Vg,

Ve -V
CurrentinRg, I = —=——F&

*  Biasvoltages and currents mean d.c. values.
**  Aswe shall see, for the considered circuit values, I, = I, = 2.86 JA.

Base voltage, Vg = g x Ry = 2.86 HA x 10 kQ =28.6 mV. Compared to the =15V of Vi, thisis
a negligible amount of voltage.
**% Ve =0.7 V. Thereis aplus-to-minus drop in going from the base to emitter. Since base voltageis 0V,
Ve =-0.7V.
T Applying Kirchhoff’s voltage law to the loop consisting of Vg, the base-emitter junction of Q, and
Rg, we have,
Vee = Vee—Vee —Vre = Vee = Vee =0 = Vee — Ve



674 W Principles of Electronics

The current through the emitter resistor R: is called ftail current. For the circuit values
considered in Fig.25.15, we have,
Vee —Vee _ (15-0.7)V

Tail current, I = =0.572 mA
Re 25kQ
Because of the symmetry in the circuit, | must split equally between Q, and Q..
I 0.572mA
lgy = lgp= 7E:T = 0.286 mA
Now lg; = 15 =0.286 MA ; I, =g, = 0.286 mA
l;  0.286 mA lco
Also lg = ?:T :2.86pA;IBZ:T:2.86pA

Ve, = Vee— Il Ry =15V -0.286 mA x 10kQ = 12.1V
Voo = Vee— ez Ry =15V —0.286 mA x 10 kQ = 12.1V
Note that bold type results are bias voltages or bias currents. An important point to seeis that

Ve = Ve, =12.1V. It meansthat thereis no potential difference between the collectors. Therefore,
the differential d.c. output for abalanced DA is zero.

Example 25.6. Find the bias voltages and currents for the differential amplifier circuit shown
in Fig. 25.16.

Solution. Note that there is no resistor in the collector circuit of Q,. This makes no difference
in the values of the two collector currents because the collector currents are determined by the
emitter circuit, not the collector circuit. This arrangement will only affect V;. Because of
symmetry in the base-emitter circuits of Q, and Q,, we have,

Fig. 25.16
Ignoring the base current, the emitter voltage for both transistorsis Vg = —0.7 V.
Vee —Vge _@2-07v

Now, Tail current, I =0.452 mA

R 25kQ
lgy = g = 1/2=0.452 mA/2 = 0.226 mA

t If you look at the circuit, you can see that emitter resistor R; is like a tail.
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Now, Iy = 1,=0.226mA (ol =g andl,=1g)
lg; = lg,=0.226 MA/B=0.226 MA/100=2.26 pA
Vo =Vee =12V Ve, = Vee—lR=12-0.226 mA x 10kQ = 9.7V

Example 25.7. In Fig. 25.17, the transistors are identical with B,. = 100. Find the output
voltage.

+15V

out

33 kQ 33 kQ

-15V
Fig. 25.17
Vee =Vee _ (15-0.7)V
Re 15kQ
Since the transistors are identical, the tail current I splits equally between the two transistors.
Therefore, emitter current of each transistor = 0.953 mA/2 = 0.477 mA.
Sincel.=1g=0477mA, V, ;= Ve —IcR-=15-0477mA x 15kQ = 7.85V

Example 25.8. InFig. 25.17, thetransistors areidentical except for 3. Theleft transistor has
By = 90 and the right transistor has . = 110. Find (i) base currents (ii) base voltages. Assume
Vge = OV.

Solution. Tail current, I = = 0.953 mA

Solution. (i) Tail current, Iz = VEEF;EVBE = (15512\/ = 1mA
Therefore, the emitter current in each transistor = 1/2 = 0.5 mA.
The base current in the left transistor is
lg; = 0.5mA/90 = 5.56 pA
The base current in the right transistor is
lg, = 0.5mA/110 = 4.55 pA
(ii) Voltage on left base, Vg, = —(5.56 pA) x (33 kQ) =-0.183 V
Voltage on right base, Vg, = «(4.55 pA) x (33 kQ) =-0.15V
Since the transistors are not identical, the base currents and base voltages are different.

Example 25.9. Most differential amplifiers are biased with a current source as shown in Fig.
25.18. Find the bias currents and voltages.

*  Note that for the ideal case, emitter of each transistor is at OV.
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+ Voo
+ 15V

-15V
- VEE
Fig. 25.18
Solution. Inthiscircuit, the current | ¢ isgiven by the current source. Ignoring base current, the
potential at each emitter is Vg =-0.7 V.
Emitter current in each transistor = [ /2 = ImA/2 = 0.5 mA
Also leg = 155 =05mA 1, =1,=05mA
: Ve = Ve =15-0.5mA x 10 kQ = 10V

Example 25.10. Fig. 25.19 shows a differential amplifier constructed with pnp transistors.
Find the bias currents and voltages.

12V
_VEE

Fig. 25.19

Solution. For the pnp transistor, the emitter voltage (V) is a diode drop above the base

voltage. Therefore, Vg = + 0.7 V.
Vo =V, 12 - 0.7V
Tail current, |- = c __E - ( /) = 0.452 mA
E Re 25kQ

Current in each emitter of transistor = 0.452 mA/2 = 0.226 mA
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Now, ley = Iy =0.226MA and g, =g, =0.226mA
V= Ve =—12V Vg, = Vg +1, Ryp=—12+0.226 MA x 10kQ =-9.74V

25.10 Overview of Differential Amplifier

Fig. 25.20 shows double-ended input and single-ended output differential amplifier (DA). In other
words, there are two input signals and one output signal. A DA is *normally operated in this
fashion. When input signal v, (input 1) isapplied, the output signal isin phase with the input signal
i.e., there is no phase shift in the output signal. For this reason, input signal v, is called non-
inverting input. When input signal v, (input 2) is applied, the output signal is 180° out of phase with
the input signal. For this reason, input signal v, is called inverting input.

+Vee

Noninverting

Inverting

Fig. 25.20 Fig. 25.21

Thedifferential amplifier amplifiesthe difference between the two input voltages. Thispointis
illustrated in Fig. 25.21. The difference between the input voltagesisv,, = v, -V, i.e,

Vin = V1=V,

where v, = thevoltage applied to the noninverting input
v, = thevoltage applied to the inverting input
v, = thedifference voltage that will be amplified

It isimportant to remember that the differential amplifier isamplifying the difference between
the input terminal voltages.

25.11 Parameters of DA (or OP-amp) due to Mismatch of
Transistors

Our discussion on the differential amplifier (DA) has been based on the assumption that the
transistors are perfectly matched i.e., they have exactly the same electrical characteristics. In
practice, this cannot happen. There will always be some difference between the characteristics of
the two transistors. Thisleads us to the following two parameters of DA (or OP—amp) :

1. Output offset voltage 2. Input offset current

1. Output Offset Voltage. Even though the transistors in the differential amplifier are very
closely matched, there are some differences in their electrical characteristics. One of these
differencesis found in the values of Vg for the twso transistors. When Vg, # Vg, an imbalance
is created in the differential amplifier. The DA (or OP-amp) may show some voltage at the output

*  Oneinput can be grounded (i.e., at OV).
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even when the voltage applied between two input terminals is zero. This is called output offset
voltage. Thispointisillustrated in Fig. 25.22. Note that with the inputs of DA grounded, the output

shows a measurable voltage. This voltage is aresult of the imbalance in the differential amplifier,
which causes one of the transistors to conduct harder than the other.

+V +V
0 o
- : iVout(offset) : AY
+ 1 ] I B
3 \% ViOT 3 \% V. =Vout(offset)
T o A
Fig. 25.22

Fig. 25.23
There are several methods that may be used to eliminate output offset voltage. One of theseis
to apply an input offset voltage between the input terminals of DA (or OP- amp) so as to make

output OV as shown in Fig. 25.23. The value of input offset voltage (V,,) required to eliminate the
output offset voltage is given by;

V, = wjﬁ) ...Alisvoltagegain.
2. Input Offset Current. When the output offset voltage of aDA (or OP- amp) is eliminated,
there will be adlight difference between the input currents to the noninverting and inverting inputs
of the device. Thisslight differencein input currentsis called input offset current and is caused by
abeta (B) mismatch between the transistorsin the differential amplifier. Asan example, supposel 5,
=75 pA and Ig, = 65 pA. Then,
linoffsety = 75— 65=10 pA

The difference in the base currents indicates how closely matched the transistors are. If the
transistors are identical, the input offset current is zero because both base currents will be equal.
But in practice, the two transistors are different and the two base currents are not equal .

25.12 Input Bias Current

The inputs to an OP- amp require some amount of d.c. biasing current for the transistors in the
differential amplifier. Theinput bias current is defined as the average of the two d.c. base currents
i.e,

Rf
Lo letle, WWA
in(bias) 2 ;V
For example, if 15, = 85 pA and I, = 75 YA, then the R
input bias current is ' \
Iin(bias) = 85L275 =80pA l >
Thismeansthat when no signal is applied, theinputs ’

The fact that both transistors in the differential
amplifier require an input biasing current leadsto the
following operating restriction : An OP- amp will not
work if either of itsinputsis open. For example, look

———o0
oz I
of OP-amp (i.e., DA) will draw ad.c. current of 80 JA. T

Fig. 25.24
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at the circuit shown in Fig. 25.24. The * non-inverting input is shown to have an open between the
OP- amp and ground. The open circuit would not allow the d.c. biasing current required for the
operation of the differential amplifier (The transistor associated with the inverting input would
work but not the one associated with the non-inverting input). Since the differential amplifier
would not work, the overall OP-amp circuit would not work. Thus an input bias current path must
aways be provided for both OP-amp inputs.

Example 25.11. InFig. 25.25, the left transistor has B, = 90 and theright transistor has 3.
= 110. Find (i) the input offset current (ii) input bias current. Neglect Vge.

Solution. 15V

Ve -V, @5-0Vv
(i) Tailcurrent, I. = EERE PE = 1IMOQ =15puA

The emitter current in each transistor is
lgy = lgp=1g/2=15uA/2 = 7.5 uA 1 MQ
The base current in the |eft transistor is

L= lg _7.5PA
Bl B 920
The base current in the right transistor is

B2 B 110
Input offset current is given by; = . =
lingoftsety = g1 — g, =833 -682=151nA
(if) Theinput bias current is the average of the two base currents.

lg +1g, 83.3+68.2
2 2
Example 25.12. The data sheet of an IC OP-amp gives these values: I, ) = 20 NA and
liniag = 80 NA. Find the values of two base currents.
Solution. An I e Of 20 NA means that one base current is 20 nA greater than the other.
There is no way to tell which of the two base currents will be greater. It can go either way in mass
production. Assume that |, is greater than | 5,. Then,

=83.3nA

Fig. 25.25

Input bias current, |, . = =758 nA

20nA _ 90 nA

Iin(offset)
lg, = Im(bias)+ > = 80nA+

Iin(offset) - 80nA — 20nA
2 2

g2 linbias) — =70 nA

If 1, is greater than | 5, then the values are reversed i.e., I3, = 70 nA and I, = 90 nA.

Example 25.13. In Fig. 25.26, what is the output offset voltage if ;.o = 80 NA and I, ree)
= 20 nA? Assume that voltage gain is A = 150. Assume only [, differences exist.
Solution. The two base resistors are equal ; each being 100 kQ.
Input offset voltage, Vig= ;i) X Rg = (20 NA) (100 kQ) =2 mV

Output offset voltage, Vi orsery = AX Vig =150x2mV = 0.3V

*  Recall that +sign indicates noninverting input and —sign indicates inverting input.

=68.2nA 1 MQ 1 MQ 1 MQ
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+15V

|

1 MQ

out

100 kQ 1 MQ 100 kQ

-15V
Fig. 25.26

25.13 A.C. Analysis of Differential Amplifier

A differential amplifier (DA) has anoninverting input and an inverting input. Fig. 25.27 showsthe
differential amplifier (DA) that isused in1C OP- amps. Note the circuit has double-ended input and

single-ended output.
+Vee

+ CC

© Vout

- VEE

- VEE
Fig. 25.27 Fig. 25.28

If you look at the differential amplifier circuit in Fig. 25.27, it responds to the difference
between the voltages at the two input terminals. In other words, DA responds to v;, (= v; — V,).
Therefore, the circuit shown in Fig. 25.27 can be drawn as shown in Fig. 25.28.

Ideally (i.e., Vg is negligible), thetail current I in Fig. 25.27 is | = V/Rc. Once the values
of Ve and R. are set, thetail current is constant. Therefore, to simplify a.c. analysis, we can replace
thetail current by acurrent source (1) asshowninFig. 25.29. Thiswill simplify thea.c. analysis of
the circuit with amost no loss of accuracy.
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Fig. 25.29 Fig. 25.30

A.C. Equivalent Circuit. Wecan easily find thea.c. equivalent circuit of differential amplifier by
applying the usual rulesto Fig. 25.29. The rules are to short al the capacitors, and reduce all d.c.
sources to zero. Since a differential amplifier has no capacitors, al that we have to do isto reduce
the d.c. sources to zero. Reducing a voltage source to zero is equivalent to replacing it by a short.
Reducing a current source to zero is equivalent to opening it. In Fig. 25.29, this means ground the
Ve point, ground the Vg point and open the current source. Applying these conditions to
Fig. 25.29, we get the a.c. equivalent circuit of differential amplifier shown in Fig. 25.30.

Voltage gain. Fig. 25.30 shows the a.c. equivalent circuit of a differential amplifier. Thisis
how adifferential amplifier looksto ana.c. signal. Notethat r, (= 25 mV/d.c. emitter current) isthe
a.c. emitter resistance. Since the two r's are in series, the same a.c. emitter current exists in both
transistors. The a.c. emitter current is given by;

Vin

e = 2
Thisexpression is easy to remember becauseit is almost identical to a CE amplifier wherei, =

v, /r.. The only difference is the factor 2 because a differential amplifier uses two transistors.
The a.c. collector current is approximately equal to the a.c. emitter currenti.e i, = i

Vi .V
Output voltage, v, = i.R-= =7 Rc {, i = |n,:|
out c 2re e c 2re
: — Vout _ RC
Voltage gain, A = —Vm _Zré

Thisgain of DA isreferred to as differential-mode voltage gain and is usually denoted by Ay,

Re
2,
Input impedance. The a.c. emitter current is given by;

Differential voltage gain, Apy, =

i = \Zli—r”é:Bib (v ig=Bip=ig
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Yin ,
i, " 2Br¢
Now i, is the a.c. input current to the differential amplifier. Therefore, v, /i, is the input
impedance.
Input impedance, Z; = 2Br,
Example 25.14. What isv,, in Fig. 25.31 when (i) v;, = 1mV (ii) v, , = —1mV ?

out

+ 15V
1 MQ
Vout
¥
Vin 1 MQ
l -15V
Fig. 25.31

Solution. Theideal tail current, Iz = V/R = 15V/IMQ = 15 yA. Therefore, d.c. emitter current
ineachtransistor = Ig; =1, =1g/2 =15uA/2=T7.5A.

25mvV. 25mv

lgorle,  75upA

R 1MQ
Differential voltagegain, Ay = 57 = 53 333Kk 20
! .

ac. emitter resistance, r, = =3.33kQ

(i) Output voltage= Ay, X V;,= 150 (ImV) =150mV =0.15V
(if) Output voltage, v, =Apy X Vi, = 150x (-1 mV) =—-0.15V
Example 25.15. For the circuit shown in Fig. 25.32, find (i) input impedance (ii) differential

voltage gain.

Solution.

Ve, -V,
(i) Tail current, |, = —EE—EE

. Re
(12-0.7)V
= 7" =113pA
100kQ H

The d.c. emitter current in each transistor is
lg, = lg, = 1g/2 =113 pA/2 = 56.5 pA

25mv._ 25mV
lgorlg, 56.5pA

a.c. emitter resistance, ', = =442 Q
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2Br=2x220x 442
194x 10°Q =194 kQ

Veo
+12V

Input impedance, Z,

Rci 2120k 120KQSRg,

Output
B =220 Q,
& B =220

100 kQ 2 Re

-12Vv
_VEE

Fig. 25.32

or 120 kQ
(i) Differential voltage gain, Ay, = R“Zr,RCZ = ammg =136

e
Example 25.16. For the circuit shownin Fig. 25.33, find the differential-mode voltage gain.
Solution. Becausewe aretaking the output from Q,, thereisno need for collector resistor on Q.
To find the relevant bias currents, we set the input sources to 0V, connecting the two bases to
ground.

+Vee
+12V

) IEl Re
Vo= -V, 200 kQ

-12V
~Vee

Fig. 25.33

Ve ~Vee (12— 0.7)V
Tail current, I = ~==p = 500 k?z = 0.0565 mA

Therefore, emitter current in each transistor is
lgy = lg, = 1g/2=0.0565 mA/2 = 0.0283 mA
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25mvV._ 25mv
gy 0.0283mA

R. _ 100kQ
Differential voltagegain, Apy = 5 ~ 5 gg34 0 =266
. .

a.c. emitter resistance, r;, = =8834Q

25.14 Common-mode Voltage Gain (A.,,)

The common-mode signals are equal in amplitude and have the same phase. Fig. 25.34(i) showsthe
common-mode operation of a differential amplifier (DA). Note that the same input voltage, Vi oy
is being applied to each base. Ideally, there is no a.c. output voltage with a common-mode input
signal. It is because a differential amplifier is designed to respond to the difference between two
input signals. If thereis no difference between the inputs, the output of DA is zero. In practice, the
two halves of the differential amplifier are never completely balanced and thereisavery small a.c.
output voltage for the common-mode signal.
+Vee +Vee

Vin(cm)
Vin(cm)

- Vee ~Vee
@i (i)
Fig. 25.34

Thecircuit shownin Fig. 25.34(i) can beredrawn asshownin Fig. 25.34(ii). In thisequivalent
circuit, the two parallel resistances of 2 R. produce an equivalent resistance of R.. Therefore, this
equivalent circuit will not affect the output voltage. Assuming identical transistors, the two emitter
currentswill be equal and produce the same voltage across emitter resistors. Therefore, thereisno
current through the wire between the emitters. We can remove this wire and the circuit becomes as
shown in Fig. 25.35 (i).

A.C. equivalent circuit. To get the a.c. equivalent circuit, we can reduce both supply voltages
to zeroi.e., we ground each supply point. Replacing the transistors by their a.c. equivalent circuits,
we get a.c. equivalent circuit of differential amplifier for commom-mode operation as shownin Fig.
25.35 (ii). We can derive the voltage gain of an *unbypassed CE circuit. Here we will use 2 Rz in

place of Re.
Common-mode voltage gain, Acy = Vou _ Rc
Vinemy  Te t 2Re

*  We have derived the voltage gain of bypassed capacitor CE amplifier in Art. 10.13 as: A, = R./r; .
Without bypass capacitor, the emitter is no longer at a.c. ground. Instead, R is seen by the a.c. signal
between the emitter and ground and effectively adds to r; in the above formula. Therefore, voltage

Re
re+Re

gain without the bypass capacitor becomes: A, =
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(if)
Fig. 25.35
. ) 25mvV
where r, = ac.emitter resistance = 5 m
d.c. emitter current
In most cases, r;, isvery small ascompared to R, it (r}) isdropped from the formula
_ R
ACM - 2 RE

The common-mode voltage gain (A,,) isvery small. For example, atypica DAmay have R = 150
kQand R, = 143kQ.
_ R _ 150kQ 052
Acm = 2R 2x143kQ

Example 25.17. Calculate the CMRR for the circuit measurements shown in Fig. 25.36.

Vi
=1mV

@

Fig. 25.36
Solution. Fig. 25.36(i) showsthe differential-mode operation whereas Fig. 25.36(ii) showsthe
common-mode operation. Referring to Fig. 25.36(i), v;,, = 0.5 — (-0.5) = ImV.
Vo _ 8V

i i ' = % =——=8000
Differential voltage gain, Ap,, v, " 1mv
Referring to Fig. 25.36(ii), “Vinemy = 1MV
Commom-mode voltage gain, A, = 112nT\>/ =12

*  Since the output voltage is 12mV, the common-mode signals are not exactly equal in magnitude.
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Aou _ 8000
A 12

CMRR =666.7

We can express CMRRin dB.
CMRRy; = 20log,,CMRR=20l0g,,666.7 = 56.48 dB

Example 25.18. The data sheet of an OP-amp gives these typical values: Aj,, = 200,000 and
CMRR = 90 dB. What is the common-mode voltage gain?

Solution. 90 dB = 20log,, CMRR
CMRR = antilog 2298 _ 31 623
20
Aoy _ 200,000

Aom = CMRR™ 3L623 - O

Example 25.19. A differential amplifier has an open-circuit voltage gain of 100. This
amplifier hasa common input signal of 3.2 V to both terminals. This resultsin an output signal of
26 mV. Determine (i) common-mode voltage gain (ii) the CMRR in dB.

Solution.
(i) Viowy = 32V i Ve =26mV =26 x 107V
, Vou _ 26x107°
Common-mode voltage gain, A, = =73, = 0.0081
Vinicm) -
. 100
= 20lo Pow =20log,, ——— =81.
(ii) CMRR; 10 Ny %o 5o0s1 = 818 9B

Example 25.20. For the circuit shown in Fig. 25.37, find (i) the common-mode voltage gain
(i) the CMRR in dB.

Vee
+12V

V2°
200 kQ % Re

-12V
~Vee

Fig. 25.37

Re __100kQ — 025
2R 2x 200kQ

Solution. (i) Common-mode voltage gain, Ay, =



Operational Amplifiers B g87

(if) Inordertofind differential voltage gain, we should first find d.c. emitter current.
Tail current, |, = Vee—Vee _ 12=00V _ ¢ o555 mn
Re 200 kQ

The d.c. emitter current in each transistor is
lg; = lg=1g/2=0.0565mA/2=0.0283 mA

25mV _ 25mV

ac. emitterresistance, r. = ————= =883.4Q
e Iy 0.0283
. 100 kQ
Differential voltagegain, Ay, = scr’ = 5x88340 56.6
o .
56.6
CMR = 20log Ao =20log,,=——= =47.09dB

Rie 0 Aoy 00.25

25.15 Operational Amplifier (OP- Amp)

Fig. 25.38 showstheblock diagram of an operationa amplifier (OP-amp). Theinput stageof an OP-ampis
adifferential stage followed by more stages of gain and aclass B push-pull emitter follower.

OP AMP
I
l l
o+ +°
| MORE CLASS B |
! DIFF STAGES PUSH-PULL | |
Vin | AMP OF EMITTER i Vout
[ GAIN FOLLOWER | 1
o—:— —:—o
I I
1 I
Fig. 25.38

Thefollowing are the important properties common to all operational amplifiers (OP-amps):
(i) An operational amplifier is a multistage amplifier. The input stage of an OP-amp is a
differential amplifier stage.
(i) Aninverting input and a noninverting input.
(iif) A high input impedance (usually assumed infinite) at both inputs.
(iv) A low output impedance (< 200 Q).
(V) A largeopen-loop voltage gain, typically 10°.
(vi) The voltage gain remains constant over a wide frequency range.
(vii) Verylarge CMRR (>90dB).

25.16 Schematic Symbol of Operational Amplifier

Fig.25.39(i) showsthe schematic symbol of an operational amplifier. Thefollowing pointsare worth
noting :

(i) Thebasic operational amplifier has *five terminals: two terminals for supply voltages +V

and -V; two input terminals (inverting input and noninverting input) and one output terminal.

*  Two other terminals, the offset null terminals, are used to ensure zero output when the two inputs are
equal. These are normally used when small d.c. signals are involved.
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(if) Notethat the input terminals are marked + and — These are not polarity signs. The—sign
indicates the inverting input while the + sign indicates the noninverting input. A signal
applied to plusterminal will appear in the same phase at the output asat theinput. A signa
applied to the minus terminal will be shifted in phase 180° at the output.

(iif) Thevoltagesv,, v, and v, are node voltages. This means that they are always measured
w.r.t. ground. The differential input v, , isthe difference of two node voltages v, and v,. We
normally do not show the ground in the symbol.

+V=+15V
o
Inverting
input
V2 Op—x v 2 o0—r-—|—
>ﬂ00utpu1 Vout
vio————+ lo—m 1+
! Noninverting /
input S
-V=-15V
(i) (i)

Fig. 25.39

(iv) For the sake of *simplicity, + V and —V terminals are often omitted from the symbol as
shown in Fig. 25.39(ii). Thetwo input leads are always shown on the symbol regardless of
whether they are both used.

(V) Inmost cases, if only oneinput isrequired for an OP-amp circuit, theinput not in use will
be shown connected to ground. A single-input OP-amp is generally classified as either
inverting or noninverting.

(vi) The OP-amp is produced as an integrated circuit (1C). Because of the complexity of the
interna circuitry of an OP-amp, the OP-amp symboal is used exclusively in circuit diagrams.

25.17 Output Voltage From OP-Amp

The output voltage from an OP-amp for a given pair of input voltages depends mainly on the
following factors:

1. Thevoltage gain of OP-amp.

2. The polarity relationship between v, and v.,.

3. Thevalues of supply voltages, +V and -V.

1. Voltage gain of OP-amp. The maximum possible voltage gain from a given OP-amp is
called open-loop voltage gain and is denoted by the symbol A, . The value of A, for an OP-amp
is generally greater than 10,000.
The term open-loop indicates a circuit condition where there is no feedback path from the
output to the input of OP-amp. The OP-amps are almost always operated with negative feedback
i.e.,, apart of the output signal is fed back in phase opposition to the input. Such a condition is

*  Since two or more OP-amps are often contained in asingle | C package, eliminating these terminals on
the symbol eliminates unnecessary duplication.



illustrated in Fig. 25.40. Here R istheinput resistance and R;
is the feedback resistor. Consequently, the voltage gain of
OP amplifier is reduced. When a feedback path is present

such as R; connectionin Fig. 25.40, theresulting circuit gain

is referred to as closed-loop voltage gain (A ). The
following points may be noted :

Vo 0—AAMV -
(i) Themaximum voltage gain of given OP-ampisA, .

Itsvalueisgenerally greater than 10,000.

(if) Theactual gain (A ) of an OP-amplifier isreduced
when negative feedback path exists between
output and input.

Fig. 25.40
2. OP-Amp Input/Output Polarity Relationship. The polarity relationship betweenv, and v,
will determine whether the OP-amp output voltage polarity is positive or negative. Thereisan easy
input (v,) and inverting input (v,) i.e.,

Vin =

Vi—V,
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Ry
%

o+V

>

i

il
..|||_o§< l

6=V

method for it. We know the differential input voltagev, , isthe difference between the non-inverting

the result of this equation is negative, the output voltage will be negative.

When the result of this equation is positive, the OP-amp output voltage will be positive. When

[lustration. Let usillustrate OP-Amp input/output polarity relationship with numerical values.

(i) InFig.25.41(i), v, =+4V and v, =+ 2V sothat v,, = v
in

Vv, is positive, the OP-amp output voltage will be positive.

V,=(+4V) —(+2V) =2V. Since
o4V o+V
v2=+2V°—\ v2=+2Vo—x
>—o+ >—o
Vout Vout
vy =+ 4V o—rdt ] - vy =0V o—t | +
o-V = o—-V =
0) (i)
o +V o+V
v2=—3V°—x Vp =0Vo x
>—Q+ >—Q_
Vout Vout
vy =—1Vo—rit | - vy ==3Vo—rit | +
o-V = o-V =
(iii) (iv)
Fig. 25.41

(i) InFig. 25.41 (ii), v, =0Vand v, = + 2V so that v;, = v,

. -V, = (QV) — (+2V) = -2V. Since
v, is negative, the OP-amp output voltage will be negative.
(iii) InFig. 25.41 (iii), v, =1V and v, = =3V so that v;, = v, —Vv,, = (-1V) — (-3V) = 2V. Clearly,
the OP-amp output voltage will be positive.

Therefore, the OP-amp output voltage will be negative.

(iv) In Fig. 25.41 (iv), v; = 3V and v, = OV so that v, = v; — Vv, = (-3V) — (0V) = 3V.
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3. Supply Voltages. The supply voltagesfor an OP-amp are normally equal in magnitude and
oppositeinsigne.g., + 15V, + 12V, + 18V. These supply voltages determine the limits of output voltage
of OP-amp. These limits, known as saturation voltages, are generally given by;

+V,, = +V 2V

supply —
- Vsat = _Vsupply +2V

Suppose an OP-amplifier hasvsuppIy =+ 15V and open-loop voltage gain A, =20,000. Let usfind
the differential voltage v, to avoid saturation.

Ve = Vgpy—2=15-2=13V

_ Vsat _ 13\/ —
Vin = A, T 20,000 ~ OOHV

If the differential input voltage V,, exceeds this value in an OP-amp, it will be driven into
saturation and the device will become non-linear.

Note : Although input terminals of an OP-amp are labeled as + and —, this does not mean you
have to apply positive voltages to the + terminal and negative voltages to the —terminal. Any
voltages can be applied to either terminal. The true meaning of the input terminal labels (+ and -)
is that a * positive voltage applied to the + terminal drives the output voltage towards +V of d.c.
supply; a positive voltage applied to the — terminal drives the output voltage towards —V of d.c.

supply.
25.18 A.C. Analysis of OP-Amp

The basic OP-amp hastwo input terminals and one output terminal. The input terminals are labeled
as + (noninverting input) and —(inverting input). As discussed earlier, asignal applied to the non-
inverting input (+) will produce an output voltage that isin phase with the input voltage. However,
asignal applied to the inverting input () will produce an output voltage that is 180° out of phase
with the input signal.

(i) Practical OP—amp. Fig. 25.42 shows the a.c. equivalent circuit of a practical OP-amp.
The characteristics of a practical OP-amp are : very high voltage gain, very high input impedance
and very low output impedance. The input voltage v, appears between the two input terminals and
the output voltage is A v, taken through the output impedance Z,,. The consequences of these
properties of a practical OP—amp are :

out*

Practical OP -amp Ideal OP-amp
Fig. 25.42 Fig. 25.43

*  Notethat positive and negative are relative terms. Thusif +4V isapplied at +input terminal and +2V at
—input terminal, then + terminal is at more positive potential. Therefore, the output voltage will swing
towards +V of d.c. supply.
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(@) Since the voltage gain (A) of a practical OP-amp is very high, an extremely small input
voltage (v;,) will produce alarge output voltage (v,,)-
(b) Since the input impedance (Z;,) is very high, a practical OP-amp has very small input
current.

(c) Since the output impedance (Z,,) of apractical OP-amp is very low, it means that output
voltage is practically independent of the value of load connected to OP-amp.

(if) Ideal OP-amp. Fig. 25.43 shows the a.c. equivalent circuit of an ideal OP-amp. The
characteristics of an ideal OP-amp are : infinite voltage gain, infinite input impedance and zero
output impedance. The consequences of these properties of an ideal OP-amp are :

(a) Sincethevoltage gain (A)) of anideal OP-amp isinfinite, it meansthat we can set v, = OV.

(b) Since the input impedance (Z;,,) isinfinite, an ideal OP-amp has zero input current.

(c) Sincethe output impedance (Z,,,) of an ideal OP-amp is zero, it means the output voltage
does not depend on the value of load connected to OP-amp.

We can sum up the values of parameters of a practical OP-amp and an ideal OP-amp as under :

Practical OP-amp Ideal OP-amp

Z,=2 MQ5 Z,, — (Open circuit)
A,=1x10 A, —oo
Zyy = 100Q Zyy = 002

25.19 Bandwidth of an OP-Amp

All electronic devices work only over alimited range of frequencies. This range of frequenciesis
called bandwidth. Every OP-amp has abandwidth i.e., the range of frequencies over which it will
work properly. The bandwidth of an OP-amp depends upon the closed-loop gain of the OP-amp
circuit. One important parameter is gain-bandwidth product (GBW). It is defined as under :
ACL x f2 = funity = GBW
where A;_ = closed-loop gain at frequency f,
funity = frequency at which the closed-loop gain is unity

It can be proved that the gain-bandwidth product of an OP-amp is constant. Since an OP-amp
is capable of operating as ad.c. amplifier, its bandwidth is (f, — 0). The gain-bandwidth product of
an OP-amp is an important parameter because it can be used to find :

(i) The maximum value of A at agiven value of f,.

(i) Thevalueof f, for agiven value of A .

Example 25.21. An OP-amp has a gain-bandwidth product of 15 MHz. Determine the
bandwidth of OP-amp when A, = 500. Also find the maximum value of A, when f, = 200 kHz.

funty _ 15MHz
Solution. f, = = =30kHz
2 Ay 500
Since the OP-amp is capable of operating as ad.c. amplifier, bandwidth BW = 30 kHz.
funty _ 15MHz
Ag = f, 200kHz - 750r 37.5db

Example 25.22. An OP-amp has a gain-bandwidth product of 1.5 MHz. Find the operating
bandwidth for the following closed-loop gains (i) A, = 1 (ii) A, = 10 (iii) A5 = 100.

GBW

L

Solution. Bandwidth, BW =
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(i) ForAq =1, BW = 1'5'\1’”"2 =15MHz
(i) For Ay =10,BW = 1'51'\(")"'2 = 150kHz
(iii) For Ay =100,BW = 1'51'2)"0"'2 = 15kHz

From this example, we concludethat :
(@ Thehigher thegain (A, ) of an OP-amp, the narrower its bandwidth.
(b) Thelower the gain of an OP-amp, the wider its bandwidth.

25.20 Slew Rate

The slew rate of an OP-amp isameasure of how fast the output voltage can change and is measured
in volts per microsecond (V/us). If the slew rate of an OP-amp is 0.5V/ps, it means that the output
from the amplifier can change by 0.5V every us. Since frequency isafunction of time, thedewrate
can be used to determine the maximum operating frequency of the OP-amp asfollows:

Slew rate

Maximum operating frequency, f,,, = 2V,
Here V, is the peak output voltage.

Example 25.23. Determine the maximum operating frequency for the circuit shown in Fig.
25.44. The slew rate is 0.5 V/us.
Solution. The maximum peak output voltage(V,,) is approximately *8V. Therefore, maximum

operating frequency (f,.,) is given by; R,
f _ Slew rate _ 0.5V /us VAN
max 21V 2nx8 0 +10V
_ 500 kHz R
B 2nx8 VinOﬁ/\Nv_ B
(- 0.5 V/ps = 500 kHz) l HA 74>

= 9.95kHz 5 +

While 9.95 kHz may not seem to be avery high output = - 05 k2 SR

frequency, you must realise that the amplifier was
assumed to be operating at its maximum output
voltage. Let us see what happens when peak output Fig. 25.44
voltage isreduced (See example 25.24).

Example 25.24. The amplifier in Fig. 25.44 is being used to amplify an input signal to a peak
output voltage of 100 mV. What is the maximum operating frequency of the amplifier?

Solution. The maximum operating frequency (f,,,) of the amplifier is given by;
_ Slewrate _ 05V /ps

max 2n Vpk 2nx0.1
_ 500kHz
2nx 0.1

The above examples show that an OP-amp can be operated at a much higher frequency when
being used as a small-signal amplifier than when being used as alarge-signal amplifier.

f

(*- 100 mV =0.1V)

=796 kHz (v 0.5V/us =500 kHz)
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25.21 Frequency Response of an OP-Amp

The operating frequency has a significant effect on the operation of an OP-amp. The following are
the important points regarding the frequency response of an OP-amp :

(i) The maximum operating frequency of an OP-amp is given by;

Thus, the peak output voltage limits the maximum operating frequency.
When the maximum operating frequency of an OP-amp is exceeded, the result is a

(i)

f

distorted output waveform.

(iii)
@)
(b)
(©
(d)

_ Sewrate
o S e —

2n Vpk

25.22 OP-Amp with Negative Feedback

An OP-amp isamost always operated with negative feedback i.e., a part of the output is fed back
in phase opposition to the input (See Fig. 25.45). The
reason is simple. The open-loop voltage gain of an
OP-amp is very high (usually greater than 100,000).
Therefore, an extremely small input voltage drivesthe
OP-amp into its saturated output stage. For example,
assume V,, = ImV and A, = 100,000. Then,
Vo = Ag Vi, = (100,000) x (1 mV) =100V
Since the output level of an OP-amp can never
reach 100 V, it is driven deep into saturation and the
device becomes non-linear.
With negative feedback, the voltage gain (A )
can be reduced and controlled so that OP-amp can function as a linear amplifier. In addition to
providing a controlled and stable gain, negative feedback also provides for control of the input and
output impedances and amplifier bandwidth. The table below showsthe general effects of negative
feedback on the performance of OP-amps.

® 693

Increasing the operating frequency of an OP-amp beyond a certain point will :
Decrease the maximum output voltage swing.
Decrease the open-loop voltage gain.
Decrease the input impedance.

Increase the output impedance.

R

WW

0V,

Fig. 25.45

type of circuit

Voltage gain Input Z Output Z Bandwidth
Without Ag, istoo high Relatively Relatively low | Relatively narrow
negative for linear amplifier | high
feedback applications
With negative | A, isset by the | Can beincreased | Can be reduced | Significantly wider
feedback feedback circuit | or reducedtoa |toadesired
to desired value | desired value value
depending on

out
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25.23 Applications of OP-Amps
The operational amplifiers have many practical applicati

ons. The OP-amp can be connected in alarge

number of circuits to provide various operating characteristics. In the sections to follow, we shall

discussimportant applications of OP-amps.

25.24 Inverting Amplifier

An OP amplifier can be operated as an inverting
amplifier asshowninFig. 25.46. Aninput signal v, is
applied through input resistor R; to the minus input
(inverting input). The output is fed back to the same
minus input through feedback resistor R.. The plus
input (noninverting input) is grounded. Note thet the
resistor R, provides the * negative feedback. Since the input
sgnd is gpplied to the inverting input (-), the output
will be inverted (i.e. 180° out of phase) as compared
to the input. Hence the name inverting amplifier.

Voltage gain. An OP-amp has an infinite input

0 Vout

Fig. 25.46

impedance. This means that there is zero current at the inverting input. If there is zero current

through the input impedance, then there must be no v

oltage drop between the inverting and non-

inverting inputs. This means that voltage at the inverting input (=) is zero (point A) because the
other input (+) isgrounded. The OV at the inverting input terminal (point A) isreferredto asvirtual
ground. This condition is illustrated in Fig. 25.47. The point A is said to be at virtual ground

becauseitisat OV but is not physically connected to t

Virtual ground (0V) Ry

0]
Fig. 25.47

he ground (i.e. V, = QV).

(;i)

Referring to Fig. 25.47 (ii), the current |, to the inverting input is zero. Therefore, current I,
flowing through R, entirely flows through feedback resistor R.. In other words, I = 1;..

Voltage across V. -V, V.-0 V
NOW Iin — agR R — mR A: mR :ﬁ
q | VoltageacrossR; v, -V 0-V,, -V,
an = = = =
f Ry Ry Ry Ry
Since I; = I, Vou Vi
Ry R
_ Vout _ Rf

Voltagegain, A = v

* The output voltage is 180° out of phase with the input. Since the voltage drop across R; is of the
opposite polarity to the applied voltage, the circuit is providing negative feedback.
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The negative sign indicates that output signal isinverted as compared to the input signal. The
following points may be noted about the inverting amplifier :

(i) The closed-loop voltage gain (A,) of an inverting amplifier is the ratio of the feedback
resistance R; to the input resistance R;. The closed-loop voltage gain isindependent of the
OP-amp’s internal open-loop voltage gain. Thus the negative feedback stabilises the
voltage gain.

(i) Theinverting amplifier can be designed for unity gain. Thusif R, = R, then voltage gain,
A =-1. Therefore, the circuit provides a unity voltage gain with 180° phase inversion.

(iii) If Riissome multiple of R, the amplifier gain is constant. For example, if R, = 10 R, then
A =-10 and the circuit provides a voltage gain of exactly 10 along with a 180° phase
inversion from the input signal. If we select precise resistor values for R, and R, we can
obtain a wide range of voltage gains. Thus the inverting amplifier provides constant
voltage gain.

25.25 Input and Output Impedance of Inverting Amplifier

It is worthwhile to give a brief discussion about the input impedance and output impedance of
inverting amplifier.

(i) Input impedance. While an OP-amp has an extremely high input impedance, the
inverting amplifier does not. Thereason for this can be seen by referring back to Fig. 25.47(i). Asthis
figure shows, the voltage source “ sees” an input resistance (R;) that isgoing to virtual ground. Thus
theinput impedance for theinverting amplifier is

Z =R o
The value of R will always be much A

less than the input impedance of the OP- v

amp. Therefore, the overal input R; "

impedance of an inverting amplifier will ~ o——AWW——

a so be much lower than the OP-amp input / L ©

4—
Z,, of the Zoy

op-amp l

impedance.

(i) Output impedance. Fig. 25.48 I
showstheinverting amplifier circuit. You =
can see from this figure that the output Fig. 25.48
impedance of theinverting amplifier isthe
parallel combination of R, and the output impedance of OP-amp itself.

The presence of the negative feedback circuit reduces the output impedance of the amplifier to
avalue that isless than the output impedance of OP-amp.

Example 25.25. Given the OP-amp configuration in Fig. 25.49, determine the value of R,
required to produce a closed-loop voltage gain of —100.

R
WWH

2.2kQ

0 Vout

Fig. 25.49
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. R; R;
Solution. Ag = _E or —-100= ~55
- R = 100x2.2=220kQ
Example 25.26. Determine the output voltage for the circuit of Fig. 25.50.

200 kQ

VW
+9V

2kQ
0 Vout
Vin
2.5mVv
= = ~9v
Fig. 25.50
R
Solution. Ay = Dt _ 200K 4,

R 2kQ

Output voltage, v, = Ag XV, =(-100)x (25mV)=-250mV =-0.25V
Example 25.27. Find the output voltage for the circuit shown in Fig. 25.51.

1kQ
%
+0.5V +V +0.5V

1kQ

0 t VW = 0 t
-05V + -05V
J:: -V

Fig. 25.51
R
Solution.  Voltagegain, Ay = ‘ﬁf:_itg:_

Sincethevoltage gain of thecircuitis—1, theoutput will havethe sameamplitude but with 180°
phaseinversion.

Example 25.28. Find the output voltage for the circuit shown in Fig. 25.52.

\
15
+0.5V + 15V 5
1kQ
0 t VWA - 0 t
-05V st -5
J:? - 15V -10
-15
Fig. 25.52 -V
R _ 40kQ _

lution. Vol ' = —— ==
Solution oltagegain, A R )
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Note that the input signal is the same as in example 25.27 but now the voltage gain is —40
instead of —1. Since the supply voltages are £ 15 V, the *saturation occurs at + 13 V. Since the
output voltage far exceeds the saturation level, the OP-amp will be driven to deep saturation and it
will behave as a non-linear amplifier. This means that the output will not have the same shape as
input but will clip at the saturation voltage. Note that 180° phase inversion does occur.

Example 25.29. For the circuit shown in Fig. 25.53, find (i) closed-loop voltage gain (ii)
input impedance of the circuit (iii) the maximum operating frequency. The slew rate is 0.5V/ps.

Solution.

Ry 100kQ
i) Closed-1 1 i = - == ==
(i) Closed-loop voltage gain, Ay R kO
(i) The input impedance Z; of the circuit is
Z ~ R=10kQ

(iii) To calculate the maximum operating frequency (f,,,) for this inverting amplifier, we need
to determine its peak output voltage. With values of V;, =1V, and Ag =10, the peak-to-
peak output voltage is

Rf
VOUI = (lvpp) (ACL) -;/\06\/;/(;
= (1Vy) x 10=10 V, e +18V
Therefore, the peak output voltage is y
Vk = 102=5V 10 kQ
¢ _ Slewrate _0.5V/ps Wep
e 21V 2nX5 1 L 10kQ S R,
= - —-18V
500 kHz
= Tonxs 15.9 kHz =
e Fig. 25.53

(0.5 V/us = 500 kHz)
Example 25.30. You have the following resistor values available:
1kQ; 5kQ ; 10 kQ and 20 kQ
Design the OP-amp circuit to have a voltage gain of —4.
Solution. Since the voltage gain is negative, the OP-amp is operating as an inverting amplifier.
Ry
Now, A = TR 4
We need to use resistors that have a ratio of 4 : 1. The two resistors which satisfy this
requirement are : R, = 20 kQ and R, = 5kQ.
Example 25.31. Fig. 25.54 shows an inverting OP-amp. Find the closed-loop gainif (i) Ry, e
= 0Q (ii) Ryyyree = 1 kQ.

. . Rf 100 kQ
Solution. (i) When R, = 0Q; Ag = —E=_ e —_100
Ry 100 kQ

(i) When R, .= 1kQ; Ay = _Rsource+ R TS
Note that we have lost half of the voltage gain.

* +V =+ Vg —2V=+15V-2V=+13V

supply
~ Ve = Vgppy t2V=-15V+2V=-13V
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|:‘f
100kQ
F{source Ri
W N - Vv
1kQ + °
V,

source 1KO RL

Fig. 25.54

25.26 Noninverting Amplifier

There are times when we wish to have an output signal
of the same polarity as the input signal. In this case, the
OP-amp is connected as noninverting amplifier as
shown in Fig. 25.55. The input signal is applied to the
noninverting input (+). The output is applied back to the
input through the feedback circuit formed by feedback
resistor R; and input resistance R;. Note that resistors R;
and R, form a voltage divide at the inverting input (-).
This produces *negative feedback in the circuit. Note
that R, is grounded. Since the input signal is applied to
the noninverting input (+), the output signal will be
noninverted i.e., the output signal will be in phase with
the input signal. Hence, the name non-inverting
amplifier.

Fig. 25.55

Voltage gain. If we assume that we are not at saturation, the potential at point A is the same as
V. Since the input impedance of OP-amp is very high, all of the current that flows through R; also
flows through R. Keeping these things in mind, we have,

Voltage across R = V,,— 0 ; Voltage across R =V, -V,
Now Current through R = Current through R,

Vin -0 _ Vout _Vin
or R = —Rf
or Vlan = Vout RI - Vin RI
or Vin R+ R) = Vou R
V R + R R
or o _ R tR_ 14—
Vin R R
: _ Vout _ f
Closed-loop voltage gain, Ay = =1+—
Vin R
The following points may be noted about the noninverting amplifier :
) Ry

If the output voltage increases, the voltage at the inverting input will also increase. Since the voltage
being amplified is the difference between the voltages at the two input terminals, the differential
voltage will decrease when the output voltage increases. Therefore, the circuit provides negative
feedback.
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The voltage gain of noninverting
amplifier also depends upon the values of
R;and R.

(i) The voltage gain of a non-
inverting amplifier can be made
equal to or greater than 1.

(ilf) The voltage gain of a non-
inverting amplifier will always be
greater than the gain of an
equivalent inverting amplifier by
a value of 1. If an inverting
amplifier has a gain of 150, the
equivalent noninverting amplifier
will have a gain of 151.

(iv) The voltage gain is positive. This
is not surprising because output
signal is in phase with the input

signal. Non-inverting operational amplifier.

25.27 Voltage Follower

The voltage follower arrangement is a special case of
noninverting amplifier where all of the output voltage is fed
back to the inverting input as shown in Fig. 25.56. Note that we
remove R and R, from the noninverting amplifier and short the
output of the amplifier to the inverting input. The voltage gain
for the voltage follower is calculated as under :

R 0

Ag = 1+E=1+§=1 (" R=0Q)

Thus the closed-loop voltage gain of the voltage follower is
1. The most important features of the voltage follower
configuration are its very high input impedance and its very low

o+V

Fig. 25.56

output impedance. These features make it a nearly ideal buffer amplifier to be connected between

high-impedance sources and low-impedance loads.

Example 25.32. Calculate the output voltage fromthe noninverting amplifier circuit shownin

Fig. 25.57 for an input of 120 pV.

240 kQ
VW
+16V
)
2.4 kQ
— 741>—0—o V,
+
Vin o
-16V

Fig. 25.57

out
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. R 240 kQ
Solution. Voltage gain, Ay, = 1+—=1+ 0k 100=101

R 24kQ
Output voltage, V,; = Ag X Vi, = (101) x (120 pV) = 12.12 mV
Example 25.33. For the noninverting amplifier circuit shown in Fig. 25.58, find the output
voltage for an input voltage of (i) 1 V (ii) -1 V.

R 10 kQ
Solution. Voltage gain, Ay, = 1+—f=l+m=l+10=11

R

1 kQ

Vout
Vin +

Fig. 25.58
(i) Forvi, =1V Vv, =Aq XV, =1Ix1V=11V
(i) Forv,=-1V; vy =Ag XV,=1IxX(=1V)=-11V

Example 25.34. For the noninverting amplifier circuit shownin Fig. 25.59, find peak-to-peak
output voltage.

5kQ +6V
WWA
v 1 kQ I
0 ; fW = Vout 0 ;
\VA +
- 1V n
= -V
-6V
Fig. 25.59
Solution. The input signal is 2 V peak-to-peak.
Ry 5kQ
i = l+—=1+—-=145=6
Voltage gain, A R kO

Peak-to-peak output voltage = Aq X Vi, =6x2=12V
Example 25.35. For the noninverting amplifier circuit shown in Fig. 25.60, find (i) closed-
loop voltage gain (ii) maximum operating frequency. The slew rate is 0.5 V/us.

Rf
VWS
100 kQ2

+18V

R

10 kQ

10 kQ % R
1V -8V =

pp

Fig. 25.60
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Solution.
Re . 100kQ

R 10 kQ

(ii) To determine the value of maximum operating frequency (f,,), we need to calculate the
peak output voltage for the amplifier. The peak-to-peak output voltage is

VOut = ACL X Vin =11x (1Vpp) = llvpp

11/2=55V

Slew rate _ 0.5 V/us

21V 2nx 5.5

500 kHz
2nx5.5

(0] Voltage gain, A, = 1+ =1+ =1+10 =11

Peak output voltage, V,, =

f

max

= 14.47 KHz (> 0.5 V/ps = 500 kHz)

Example 25.36. Determine the bandwidth of each of the amplifiersin Fig. 25.61. Both OP-
amps have an open-loop voltage gain of 100 dB and a unity-gain bandwidth of 3MHz

Ry
WS
220 kQ

Solution.

(i) For the noninverting amplifier shown in Fig. 25.61 (i), the closed-loop voltage gain (A, )
is

Rf
WWS
47 kQ

R —oV

3.3kQ

(i)
Fig. 25.61

220 kQ
R 33kQ

Unity-gain BW _ 3 MHz
A 67.7
(if) For the inverting amplifier shown in Fig. 25.61 (ii),

R w1k _

R 1kQ

3 MHz
47

R

Ag = 1+ 1+66.7=67.7

Bandwidth, BW = =44.3kHz

AcL

o+12V

>

6—12v

Bandwidth, BW = =63.8 kHz

Vout
—o

i

Example 25.37. Fig. 25.62 shows the circuit of voltage

follower. Find (i) the closed-loop voltage gain and (ii) maximum

operating frequency. The slew rate is 0.5 V/us.

Solution.
(i) For the voltage follower, Ay =1

Fig. 25.62
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(if) Since A =1 for the circuit, v,

> Vout
max

Slew rate _ 0.5 V/us
21[:Vpk

6V, i-€., Vi = 6/2 =3 V. The maximum operating frequency (f.,,,) is given by ;
2n %3

= = 26.53 kHz
25.28 Multi-stage OP-Amp Circuits

Vi Therefore, peak output voltage (V) is one-half of
500 kHz
2t x3

Ry

VWWS
Ry
J:?

When a number of OP-amp stages are connected in series, the overall voltage gain is equal to the
product of individual stage gains. Fig. 25.63 shows connection of three stages. The first stage is
connected to provide noninverting gain. The next two stages provide inverting gains.

R

(" 0.5 V/us = 500 kHz)
Vin Q

R

where

Vv
Fig. 25.63
A = AAA,

out

The overall voltage gain A of this circuit is given by;

[TAYA

A, = Voltage gain of first stage = 1 + (R/R))
A, = Voltage gain of second stage = -R/R,
A, = Voltage gain of third stage = -R; /R,
Since the overall voltage gain is positive, the circuit behaves as a noninverting amplifier.
Example 25.38. Fig. 25.63 shows the multi-stage OP-amp circuit. The resistor values are: R;
Voltage gain of second stage, A, = -R/R, = 470 kQ/33 kQ = -14.2

=470kQ ; R, = 43kQ ; R, = 33kQ and R, = 33 kQ. Find the output voltage for an input of 80
Solution. Voltage gain of first stage, A; = 1 + (R/R,) = 1 + (470 k€/4.3 kQ) = 110.3
Voltage gain of third stage, A; = -R/R; = -470 kQ/33 kQ = -14.2

Overall voltage gain, A=A AA; = (110.3) x (-14.2) X (-14.2) =22.2 x 10°
Output voltage, V,,, = AX Vi, = 22.2 X 10° x (80 uV) = 1.78V
output voltage will result for an input of 150 pVv?

Example 25.39. A three-stage OP-amp circuit is required to provide voltage gains of +10, —
18 and —27. Design the OP-amp circuit. Use a 270 kQ feedback resistor for all three circuits. What
R

R

—V
Fig. 25.64

out
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Solution. Designing the above OP-amp circuit means to find the values of R, R, and R;. The
first stage gain is +10 so that this stage operates as noninverting amplifier.
R _ R 270kQ

b10-1 9

The second stage gain is —18 so that this stage operates as an inverting amplifier.

Ri  270kQ

R 18 18

The third stage gain is —27 so that this stage operates as an inverting amplifier.
R R - R _270k0

R 527 27

= AAA; = (10) x (—18) x (-27) = 4860

Output voltage, v, = AXV,,=(4860) x (150 uV) =0.729 V

Example 25.40. Show the connection of three OP-amp stages using an LM 348 IC to provide

outputs that are 10, 20, and 50 times larger than the input and 180° out of phase w.r.t. input. Use
a feedback resistor of R, = 500 k2 in all stages.
500 kQ

W
+16V

@

R
1+—

Now +10 =30kQ

-18 =15kQ

or

-27 or =10 kQ

Overall voltage gain, A

50 kO
@)
®

25kQ

———— V02

@ (=-20V)

10kQ

Fig. 25.65
Solution. The resistor component for each stage will be :

R

_K_
Ry

.

500 kQ
10

500 kQ
20

R, =50 kQ

R, = 25kQ
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Ri  500kQ
R, = ——=-— =10k
3 A -50 Q

The resulting circuit is shown in Fig. 25.65.

25.29 Effect of Negative Feedback on OP-Amp Impedances

In a negative feedback amplifier, a part of the output is fed in phase opposition to the input. The
negative feedback produces remarkable changes in the circuit performance. The advantages of
negative feedback are : stable gain, less distortion, increased bandwidth and affecting the input
impedance and output impedance of the circuit. We now discuss the effect of negative feedback on
the impedances of both noninverting and inverting amplifiers.

(i) Noninverting Amplifier. (Fig. 25.66). The expressions for the input and output
impedances on account of negative voltage feedback in noninverting amplifier are the same as for
discrete amplifier (Art. 13.4).

Zin NI = Z(1+m, Ag)
z

out
Zoa )= Tom, Ay
where Z, Z,; = impedance values without feedback

Z,(NI), Z,«(NI) = impedance values with negative feedback
m, = feedback factor
Ay = voltage gain without feedback = open-loop gain

Note that negative feedback in noninverting amplifier has greatly increased the input
impedance and at the same time decreased the output impedance. The increased impedance is an
advantage because the amplifier will now present less of a load to its source circuit.

The decreased output impedance is also a benefit because the amplifier will be better suited to
drive low impedance loads.

Voltage-follower (VF) impedances. Since voltage follower is a special case of noninverting
amplifier with feedback fraction m,= 1,

Zin(VF) = Z,(1+Ag)
ZOUt

1+ A

Zout(VF) =

+V

Ri
out
Vin
R =
Vi = Vout R, +2R2 %RZ :
Fig. 25.66 Fig. 25.67
Noninverting feedback amplifier. Inverting feedback amplifier.

* Note that ‘NI’ means noninverting amplifier.



Operational Amplifiers ® 705

Note that the voltage-follower input impedance is greater for given Z and A, than for the non-inverting
configuration with the voltage-divider feedback circuit. Also, its output impedance is much
smaller.

(if) Inverting Amplifier. Fig. 25.67 shows the inverting amplifier. It can be shown that :

Input impedance, Z;., =~ R
Output impedance, Z,) =~ Zg, of OP-amp

Note that the addition of negative voltage feedback to the inverting OP-amp reduces the input
impedance of the circuit. The reduction of Z,,, is the primary difference betwen the inverting and the
noninverting negative feedback circuits. Otherwise, the effects of negative voltage feedback are
nearly identical for the two circuits.

Example 25.41. (i) Determine theinput and output impedances of the amplifier in Fig. 25.68.
The OP-amp date sheet gives Z,, = 2 MQ, Z,, = 75 Q and open loop gain of 200,000.

(ii) Find the closed-loop voltage gain.

Rf
VW
220 kQ

VOUI

Ri Z10kQ

V.

in

Fig. 25.68

Solution.
R 10 kQ _10kQ

R+ R T10kQ+220kQ 230 kQ
Input impedance, Z;,, = Z, (1 +Agm)

= (2MQ) [(1 + 200, 000 x 0.043)]
2MQ) [ 1 +8600] = 17,202 M Q

Q) Feedback fraction, m, =0.043

) Zow _ T5Q 5
Output impedance, Zout(NI) = 11 Ao M, “1+8600 — 87x107Q
-~ R 220 kQ
(ii) Closed-loop voltage gain, Ay = 1+ Ef =1+ 100kQ =23

Comments. Note the effect of negative voltage feedback on noninverting amplifier.
(a) Input and output signals are in phase.
(b) A virtually infinite input impedance.
(c) Virtually zero output impedance.
Example 25.42. The same OP-amp in example 25.41 is used in a voltage-follower
arrangement. Determine the input and output impedances.
Solution. For voltage follower, feedback factor m,= 1.
g Zinvry = Zin(1 + Agp) = 2MQ (1 +200,000) = 400,002 MQ
Z 75Q

_ Lot _ _ -3
ZaaF) = Ty A, 14200000 028X 107 €

*  Note that “I” means inverting amplifier.
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Note that Z; ) is much greater than Z;,, and Ry
Zouvry 18 much less than Z, ) from example 25.41.

Example 25.43. Find the values of the input and .
output impedances in Fig. 25.69. Also determinethe Vino—AAM -
closed-loop voltage gain. The OP-amp has the 1kQ oV,
following parameters. Z,, = 4 MQ; Z,,, = 50 Q and
open-loop voltage gain = 50,000.

Solution.  Z,(1) ~R=1kQ

.

Z () ~Z,,=50Q Fig. 25.69
R 100kQ
Ac R 1kQ - 100

25.30 Faults in Feedback Circuit

A failure of the feedback circuit in an OP-amp is one of the easiest problems in the world to
locate. The most noticeable effect is that voltage gain of the amplifier will change drastically.

Sometimes the gain will increase; sometimes it will decrease. It all depends on which component
goes bad. For example, consider the circuit shown in Fig. 25.70.

(i) Under normal conditions: Under normal conditions, the output from the amplifier is v,
= A Vi, The waveform would be correct. This is shown in Fig. 25.70 (i)

Normal @)

Fault »
signall (it)
(R, open)

\
R,
Fault
= signal (i)

Noninvenir;g amplifier (R4 open)
Fig. 25.70

) 4] |

(i) When R, isopen: If R, opens, the feedback circuit would consist solely of R,. In this case,
the gain would drop. It is because the circuit would now act as a *voltage follower. In other words,
the circuit would now be a buffer with an output voltage that is equal to the input voltage. Thus we
would have the output signal as shown in Fig. 25.70 (ii). The waveform would be correct but we
would have unity gain.

(i) When R, is open: When R, opens, the entire feedback circuit would be effectively
removed. This would cause the gain of the amplifier to increase to the value of open-loop gain A, .

Clearly, the output voltage will clip at or near the values of +V and — V. This results in the distorted
output signal as shown in Fig. 25.70 (iii).

Under these conditions, the closed-loop voltage gain would be unity.
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25.31 Summary of OP-AMP Configurations

Basic OP-AMP

B Very high open-loop voltage gain

Inverting
input — |~ B Very high input impedance
S Output B Very low output impedance
Noninverting
input ¥

Symbol

Noninverting Amplifier

B Voltage gain:

R

MW R,

ACL(NI) =1+ ?

> B Input impedance:

SV Zingay = (1 + AgLm) £,
R; % o B Output impedance:

Vin o—+

an Zout

Zout(NI) 1+ Agm,

Voltage Follower

B Voltage gain:

ACL(VF) =1

B [nput impedance:

Zinvr) = (1+Aq) Zip
B Output impedance:

YA t(VF) Zou
oul 1 + AbL

. Vout

Inverting Amplifier
R, B Voltage gain:
VWA R,
A= "R
Vino—AMA = B Input impedance:
out Zin(l) =R
B Output impedance:

LF
L Zout(l) =Zyy

25.32 Summing Amplifiers

A summing amplifier is an inverted OP-amp that can accept two or more inputs. The output voltage
of a summing amplifier is proportional to the negative of the algebraic sum of its input voltages.
Hence the name summing amplifier. Fig. 25.71 shows a three-input summing amplifier but any
number of inputs can be used. Three voltages V,, V, and V;, are applied to the inputs and produce

——o V
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currents |, I, and ;. Using the concepts of infinite impedance and virtual ground, you can see that

inverting input of the OP-amp is at virtual ground (0V) and there is no current to the input. This

means that the three input currents I, I, and |, combine at the summing point A and form the total
current (If) which goes through R; as shown in F1g 25.71.
. e = 1L+1L+1

"

Vo

B

Vs

out

“Ill_l “Ill_l i

.||||—o

Fig. 25.71
When all the three inputs are applied, the output voltage is
Output voltage, V,;, = —LR=-R (I, +1,+15)
Vv, Vv,
A [Rew)
R'R 'R

R

Vv, 'V, V.

Voo = —R[U4Y% _s)
R

If R, = R, = Ry = R, then, we have,

Rf
Vout = _F(Vl +V2 +V3)

Thus the output voltage is proportional to the algebraic sum of the input voltages (of course

neglecting negative sign). An interesting case results when the gain of the amplifier isunity. In
that case, R = R, = R, = R, and output voltage is

Vg = -V, +V,+V,)

Thus, when the gain of summing amplifier is unity, the output voltage is the algebraic sum of
the input voltages.

Summlng Amplifier
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Summingamplifier with gain greater than unity. When Ry is larger than the input resistors, the

amplifer has a gain of R./Rwhere Ris the value of each input resistor. The general expression for the
output voltage is

Ry
Vou = —?(\/1 +V,+Vy+..)

As you can see, the output voltage is the sum of input voltages multiplied by a constant
determined by the ratio R;/R.

Example 25.44. Determine the output v, = + 3v vy m
voltage for the summing amplifier in Fig. 10kQ
25.72. Vy=+1V
Solution. Referring to Fig. 25.72, all the 10 kQ ——0 Vot
Vy=+8V

three input resistor values are equal and
each is equal to the value of feedback
resistor. Therefore, the gain of the summing

amplifier is 1. As a result, the output voltage Hleh 22
is the algebraic sum of three input voltages.
Vour =~V +V,+V)=—3+1+8)=-12V
Example 25.45. Determinethe output voltage for the summing amplifier shownin Fig. 25.73.
Ry
R, VW
V,=02V 10kQ
1kQ
R,
V,=0.5V Vou
1kQ
Fig. 25.73

Solution. Ry =10 kQ and R, = R, = R=1 kQ. Therefore, gain of the amplifier = -R /R =
— 10 kQ/1kQ = - 10.

Ry 10 kQ
Now Vou = —?(\/1 +v2)=—m(o.2+0.5)=—7v
Note that the output voltage is not equal to the sum of input voltages. Rather it is equal to the

sum of input voltages multiplied by the amplifier gain. In other words, the output voltage is
proportional to the sum of the input voltages.

Example 25.46. Determinethe output voltage for the summing amplifier shownin Fig. 25.74.

——o
VO
< 20V l

Fig. 25.74
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Solution. R=1kQand R, =R, =R;=R=10k€Q. Therefore, gain of the amplifier =— R/R=—1
kQ/10kQ =—1/10.

Principles of Electronics

f 1kQ
= —?(\/1+V2 +V3):—m(10+8+ 7):—25V

Note that output voltage of the amplifier is not equal to the sum of input voltages, but rather is
proportional to the sum of input voltages. In this case, it is equal to one-tenth of the input sum.

Picking random values of V|, V, and V; will show that this circuit always provides an output voltage
that is one-tenth of the sum of input voltages.

Now \J

out

Example 25.47. Two voltages of + 0.6V and — 1.4 V are applied to the two input resistors of

a summing amplifier. The respective input resistors are 400 kQ and 100 kQ2 and feedback resistor
is 200 kQ2. Determine the output voltage.

Solution. The output voltage of the summing amplifier is given by:
Vi, Vs
()
Here R =200 kQ; R, =400 kQ; R, =100 kQ; V, =+ 0.6V; V,=- 1.4V
-1.4
100 kQ

Note that a summing amplifier produces an output voltage that is proportional to the algebraic
sum of the input voltages.

0.6
V,, = —200 kQ( +

400 kQ )_ 25V

Example 25.48. Determinethe output voltage fromthe circuit shown in Fig. 25.75 for each of
the following input combinations:

Vy(V) Vy(V) V3(V)

+10 0 +10
0 +10 +10
+10 +10 +10
R
Ry =1kQ VWA

—ro V1 1kQ

L +20V

= R, =2 kQ

5 Rs =4 kQ

< -20V

Fig. 25.75
Solution. The output voltage from the circuit is given by:

Rf Rf Rf
Vou = —| =V, + =0V, 4=V,

R R R
1kQ,, 1kQ,,  1kQ
- _(le\/l+ 2kQV2+4kQV3)

Vo, = —(V,+0.5V,+025V),)
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The output voltage for the first set of inputs is
Vo = —(10+0.5%x0+025%x10)=-125V

ut -
The output voltage for the second set of inputs is
V.. = ~«(0+05x10+0.25%x10)=-75V

out

The output voltage for the third set of inputs is
Vo, = —(10+0.5x10+0.25%10)=-17.5V

out
Example 25.49. Calculatethe output voltage for the circuit of Fig. 25.76. Theinputsare V, =
50 sin (1000 t)mV and V, = 10 sin (3000t) mV.

330 kQ
WA
+9V
33 kQ
V1
10 kQ —0 Vo
Vo o—AM—
= -9V
Fig. 25.76

Solution. The output voltage for the circuit is

Riy, R 330kQ,, | 330kQ
- | =V+=V, |=- V, + V.
- (Rl 'R, 2] (33k9 P10kQ 2]

—(10V, +33V,)=—[10 x 50 sin (1000t) + 33 x 10 sin (3000t)] mV
— —[0.5sin (1000 t) + 0.33 sin (3000t)] V

V,

out

25.33 Applications of Summing Amplifiers

By proper modifications, a summing amplifier can be made to perform many useful functions.
There are a number of applications of summing amplifiers. However, we shall discuss the following
two applications by way of illustration:

1. Asaveraging amplifier

2. As subtractor

1. As averaging amplifier. By using the
proper input and feedback resistor values, a
summing amplifier can be designed to provide
an output voltage that is equal to the average of
input voltages. A summing amplifier will act as
an averaging amplifier when both of the
following conditions are met:

(i) All input resistors (R,, R, and so on)
are egual in value.

(if) The ratio of any input resistor to the feedback resistor is equal to the number of input

circuits.

——O
A\T{jut

Fig. 25.77

Fig. 25.77 shows the circuit of averaging amplifier. Note that it is a summing amplifier meeting the
above two conditions. All input resistors are equal in value (3 kQ). If we take the ratio of any input
resistor to the feedback resistor, we get 3 k€/ 1 kQ = 3. This is equal to the number of inputs to the
circuit. Referring to the circuit in Fig. 25.77, the output voltage is given by;
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- (RvarR v+&v)
o |\RT R R

V.
R R _R_1ke 1
Now R - R R 3kQ 3
( +V, +V,
3

Note that V, is equal to the average of the three inputs. The negative sign shows the phase

reversal.
2. As subtractor. A summing amplifier can be used to provide an output voltage that is

equal to the difference of two voltages. Such a circuit is called a subtractor and is shown in Fig.
25.78. As we shall see, this circuit will provide an output voltage that is equal to the difference

between V, and V,.

sz
10 kQ
I:{1
E 10 kQ Y
: Vout
= -V ‘l‘

Fig. 25.78

The voltage V, is applied to a standard inverting amplifier that has unity gain. Because of this,
the output from the inverting amplifier will be equal to —V,. This output is then applied to the
summing amplifier (also having unity gain) along with V,. Thus output from second OP-amp is
given by;
Vour = (Va+Vp)=—-(V,+V,)=V, -V,

It may be noted that the gain of the second stage in the subtractor can be varied to provide an
output that is proportional to (rather than equal to) the difference between the input voltages.
However, if the circuit is to act as a subtractor, the input inverting amplifier must have unity gain.
Otherwise, the output will not be proportional to the true difference between V, and V,.

25.34 OP-Amp Integrators and Differentiators

A circuit that performs the mathematical integration of input signal is called an integrator. The
output of an integrator is proportional to the area of the input waveform over a period of time. A
circuit that performs the mathematical differentiation of input signal is called a differentiator. The
output of a differentiator is proportional to the rate of change of its input signal. Note that the two

operations are opposite.
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R1 +V

OP-amp Integrator OP-amp differentiator
() (i)
Fig. 25.79

Fig.25.79 shows OP-amp integrator and differentiator. As you can see, the two circuits are
nearly identical in terms of their construction. Each contains a single OP-amp and an RC circuit.
However, the difference in resistor/capacitor placement in the two circuits causes them to have
input/output relationships that are exact opposites. For example, if the input to the integrator is a
square wave, the output will be a triangular wave as shown in Fig. 25.79 (i). However, the
differentiator will convert a triangular wave into square wave as shown in Fig. 25.79 (ii).

25.35 OP-Amp Integrator

As discussed above, an integrator is a circuit that performs integration of the input signal. The
most popular application of an integrator is to produce a ramp output voltage (i.e. a linearly
increasing or decreasing voltage). Fig. 25.80 shows the circuit of an OP-amp integrator. It consists
of an OP-amp, input resistor R and feedback capacitor C. Note that the feedback component is a
capacitor instead of a resistor.

As we shall see, when a signal is applied to the input of this circuit, the output-signal waveform
will be the integration of input-signal waveform.

IC
i +
Vi o——AWWN o i GD Yo
R A Op-amp Vo - l
r n A 4 ) 4
Fig. 25.80 Fig. 25.81

Circuit Analysis. Since point A in Fig. 25.80 is at virtual ground, the *virtual-ground
equivalent circuit of operational integrator will be as shown in Fig. 25.81. Because of virtual
ground and infinite impedance of the OP-amp, all of the input current i flows through the capacitor
iei=i.

No P (i)
W R R
Also voltage across capacitor is V, = 0 — v, = -V,
Cav, dv,
= =_C2o
I @t qt (1)

*  Recall that virtual ground means that point A is OV but it is not mechanically grounded. Therefore, no
current flows from point A to ground.
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Vv dv

F . (i) and (i <L = -C==2
rom egs. (i) and (ii), R Gt
dv, _ __1
or i RCV‘ {n)
To find the output voltage, we integrate both sides of eq. (iii) to get,
1 [t .
Vo = “Rel VY dt (V)

Eq. (iv) shows that the output is the integral of the input with an inversion and scale multiplier
of 1/RC.

Output voltage. If a fixed voltage is applied to the input of an integrator, eq. (iv) shows that
the output voltage grows over a period of time, providing a ramp voltage. Eq. (iv) also shows that
the output voltage ramp (for a fixed input voltage) is opposite in polarity to the input voltage and is
multiplied by the factor 1/RC. As an example, consider an input voltage v, = 1V to the integrator
circuit of Fig. 25.82 (i). The scale factor of 1/RC is

L _
RC  (IMQ)(uF)
so that the output is a negative ramp voltage as shown in Fig. 25.82 (ii).
C=1ypF
I({
1t
ov ov
v (t)—\/\/\R/\/\ - <—L—— 1> <—L—— 1o>
1 RC ~ RC ~
=1V 1MQ Op-amp ——Vo(t)
+
-1V -10V
T (i) (i) (iii)
Fig. 25.82
If the scale factor is changed by making R= 100 k€, then,
R S
RC (100k€2) (1uF)

and output is then a steeper ramp voltage as shown in Fig. 25.82 (iii).

25.36 Critical Frequency of Integrators

The integrator shown in Fig. 25.80 (Refer back) has
no feedback at 0 Hz. This is a serious disadvantage
in low-frequency applications. By connecting a
feedback resistor R; in parallel with the capacitor,
precise closed-loop voltage gain is possible. The
circuit shown in Fig. 25.83 is an integrator with a
feedback resistor R; to provide increased stability.
All integrators have a critical frequency f_ below
which they do not perform proper integration. If the
input frequency is less than f_, the circuit behaves like
a simple inverting amplifier and no integration
occurs. The following equation is used to calculate Fig. 25.83
the critical frequency of an integrator:

—_0

o =

<

5

u|||_o
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fo= 1
¢ 2nR; C

Example 25.50. Fig. 25.84 (i) shows the OP-amp integrator and the sguare wave input. Find
the output voltage.

Vo(V)
v, R=100ko C=104F
o128 4 g
Vo -1
() (i)

Fig. 25.84

Solution. The output voltage of this circuit is given by;

t
1
o
0

(100 kQ) (10 uF) = (100 x 103Q) (10x 10 °F) = 1s
t
Vo =~ I vt
0
When we integrate a constant, we get a straight line. In other words, when input voltage to an
integrator is constant, the output is a linear ramp. Therefore, the integration of the square wave
results in the triangular wave as shown in Fig. 25.84 (ii). Since the input to the integrator is applied
to the inverting input, the output of the circuit will be 180° out of phase with the input. Thus, when
the input goes positive, the output will be a negative ramp. When the input is negative, the output
will be a positive ramp. Fig. 25.84 (ii) shows this relationship.
Example 25.51. Determine the lower frequency limit (critical frequency) for the integrator
circuit shown in Fig. 25.85.

Now RC

——O
—T_" out

Fig. 25.85
Solution. The critical frequency for the integrator circuit shown in Fig. 25.85 is given by;
1

fC 27'CRfC
Here R = 100 kQ = 10°Q ; C=0.01 uF = 0.01 x 10°° F
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f = — — =150 Hz
2mx (10%) % (0.01x10°°)

Example 25.52. (i) Determine the rate of change of the output voltage in response to a single
pulse input to the integrator circuit shown in Fig. 25.86 (i).

(ii) Draw the output waveform.

c + 5V
I
I\ 0
. 0.01 pF Vin {4—100ps—Pi€— 100ps -
+5V 0 I I
— WM\ - I
Vin 0 J_u 10 kQ >—° Vout Vout :
+
Vout(max) = * 10V _BY-———————=" !
0] - (i)
Fig. 25.86
Solution.
t
) 1 d
0} Output voltage, v, = ~Rc JYUn™
0
Therefore, the rate of change of output voltage is
AVout _ _h:_—sv _ —
& ~ RC _(10kQ)©01pF) — S0kVis=-50mVius

(if) The rate of change of output voltage is — 50 mV/us. When the input is at + 5 'V, the output

is a negative-going ramp. When the input is at 0 V, the output is a constant level. In 100 us, the
output voltage decreases.

AV, 50 mV
AV, = d‘;”txdtz— s x100us =— 5V

Therefore, the negative-going ramp reaches — 5 V at the end of the pulse (i.e. after 100 us from

the initial condition). The output voltage then remains constant at — 5 V for the time the input is
zero. Fig. 25.86 (ii) shows the output waveform.

Example 25.53. For the integrator circuit shown in Fig. 25.87 (i), how long does it take for
the output to reach saturation ?

0.2 yF

| A

) +13V—
+15V

10 kQ
rw_‘ 2.6
Vout I »
——V
Vin I 10 mV out Ysec)
T 5 -15V
- 13V
4
0] (i

Fig. 25.87
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Solution. i
1
Output voltage, Vo, = ~Re '[Vin dt
0
Since the input voltage v, (= 10 mV) is constant,
| VIS SR
Vou = ~RE =T qoke) 0z pF) 10 MIX
or Vo = — Stvolts
Now  Saturation voltage, Vg = — Vg +2=-15+2=-13V
. . Vg 13
Time required, t = 5T 5 2.6 seconds

Fig. 25.87 (ii) shows the output waveform.
25.37 OP-Amp Differentiator

A differentiator is a circuit that performs differentiation of the input signal. In other words, a
differentiator produces an output voltage that is proportional to the rate of change of the input
voltage. Its important application is to produce a rectangular output from a ramp input. Fig. 25.88
shows the circuit of OP-amp differentiator. It consists of an OP-amp, an input capacitor C and
feedback resistor R. Note how the placement of the capacitor and resistor differs from the
integrator. The capacitor is now the input element.

—>i i i
: =4 ey
i R

N +

v, o—H = QID v,
C A Op-amp —V, -

+ v _

Fig. 25.88 Fig. 25.89

Circuit analysis. Since point Ain Fig. 25.88 is at virtual ground, the virtual-ground equivalent
circuit of the operational differentiator will be as shown in Fig. 25.89. Because of virtual ground and
infinite impedance of OP-amp, all the input current i, flows through the feedback resistor Ri.e. i =iy

. 0-vy Vy
g = R ~~Rr and V. =vVv-0=yV,
Lo v, dy
Also I Gt =C a0t
v, dv; S
_EO = d_t' ( IRZI(‘)
dv, .
or v, = —RCd—t' ()

Eq. (i) shows that output is the differentiation of the input with an inversion and scale multiplier of
RC. If we examine eq. (i), we see that if the input voltage is constant, dv;/dt is zero and the output
voltage is zero. The faster the input voltage changes, the larger the magnitude of the output voltage.

Example 25.54. Fig. 25.90 (i) shows the square wave input to a differentiator circuit. Find the
output voltage if input goes from 0V to 5V in 0.1 ms.
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1kQ
A
5V 0.1 uF I oV
ov t I - ov t
l_f n L 5V
0 = -V (i)
Fig. 25.90
Solution. Output voltage, v, = - RC%
Now, RC = (1kQ)x (0.1 uF)=(10°Q)(0.1x 10 °F)=0.1x10"s
Also, % - 0.51\;;5 X1§4V =5%10* V/s

. v, = —(0.1x107)(5x10%)=-5V
The signal quickly returns to zero as the input signal becomes constant. The output will be as
shown in Fig. 25.90 (ii).

Example 25.55. For the differentiator circuit shown in Fig. 25.91, determine the output
voltage if the input goes from OV to 10V in 0.4s. Assume the input voltage changes at constant rate.

A
Volts 10 - 10 KQ
W
57 +V
2.2 uF
0 L L > (| =
0.2 0.4 t(sec) ——
.
A N -V
| Fig. 25.91
Solution. Output voltage, v, = —-RC %
Now, RC = (10kQ) x 22 uF)=(10"Q) 22x10°F)=22x10"s
v, _ (10-0V _10V _
Also, @ T 0ds 04 PVs

- V, = —(22x10%)x25=-055V
The output voltage stays constant at — 0.55 V.

Example 25.56. For the differentiator circuit shown in Fig. 25.92(i), determine (i) the
expression for the output voltage (ii) the output voltage for the given input.

v(v) o

10 pF 100 kQ 0.2

Vi.—| 0 - > 1(s)
| R
>
0 -5
0.2 t
© (i) = v (i)

Fig. 25.92
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Solution.
(i) For the differentiator shown in Fig. 25.92 (i), the output voltage is given by;

- v _ v
Vo = ~RC - == (100kQ)x (10 uF)

3 6 dv,  dy
= —(100x10"Q)x (10x 10 °F) == — 4~
(ii) Since the input voltage is a straight line between 0 and 0.2s, the output voltage is
_dv (-0 _
= _1__\v Y =_ V
Yo dt 02 >

Therefore, between 0 to 0.2s, the output voltage is constant at — 5 V. For t > 0.2s, the input is
constant so that output voltage is zero. Fig. 25.92 (ii) shows the output waveform.

25.38. Comparators

Often we want to compare one voltage to another to see which is larger. In this situation, a
comparator may be used. A comparator isan OP-amp circuit without negative feedback and takes
advantage of very high open-loop voltage gain of OP-amp. A comparator has two input voltages
(noninverting and inverting) and one output voltage. Because of the high open-loop voltage gain of
an OP-amp, a very small difference voltage between the two inputs drives the amplifier to
saturation. For example, consider an OP-amp having Ay = 100,000. A voltage difference of only
0.25 mV between the inputs will produce an output voltage of (0.25 mV) (100,000) = 25V.
However, most of OP-amps have output voltages of less than = 15V because of their d.c. supply
voltages. Therefore, a very small differential input voltage will drive the OP-amp to saturation. This
is the key point in the working of comparator.

Fig. 25.93 illustrates the action of a comparator. The input
voltages are Vv, (signal) and v, (*reference voltage). If the
differential input is positive, the circuit is driven to saturation and
output goes to maximum positive value (**+Vg, =+ 13V). Reverse
happens when the differential input goes negative i.e. now output is
maximum negative (- Vg = — 13V). This circuit is called
comparator because it compares V, to V, to produce a saturated
positive or negative output voltage. Note that output voltage
rapidly changes from — 13V to + 13V and vice-versa.

25.39 Comparator Circuits
A comparator circuit has the following two
characteristics :

(i) Tt uses no feedback so that the voltage gain is
equal to the open-loop voltage gain (A ) of
OP-amp.

(if) Tt is operated in a non-linear mode.

These properties of a comparator permit it to

perform many useful functions. : AL
Two comparator integrated circuits.

*  If this terminal is grounded, v, = OV.
**  Since in our case supply voltages are £ 15V,

+ Vg = +Vgpy—2=15-2=+13V
~Vgg = ~Vgpy*2=-15+2=-13V
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1. Asasqguarewave generator. A comparator can be used to produce a square wave output
from a sine wave input. Fig. 25.94 shows the circuit of a comparator to produce square wave output.
Note that inverting terminal (-) is grounded and signal (V;,)) is applied to the noninverting terminal
(+). Since the gain of a comparator is equal to A , virtually any difference voltage at the inputs will
cause the output to go to one of the voltage extremes (+ Vg, or — V) and stay there until the voltage
difference is removed. The polarity of the input difference voltage will determine to which extreme
(+Vg or — V) the output of the comparator goes.

+15V
l_— +13V + Vg
= 0 t
_ —-13V
’QUQU— Vin Ve

Fig. 25.94

When the input signal goes positive, the output jumps to about + 13 V. When the input goes
negative, the output jumps to about — 13 V. The output changes rapidly from — 13 Vto+ 13 V and
vice-versa. This change is so rapid that we get a square wave output for a sine wave input.

2. Asa zero-crossing detector. When one input of a comparator is connected to ground, it is
known as zero-crossing detector because the output changes when the input crosses 0 V. The zero-
crossing circuit is shown in Fig. 25.95. The input and output waveforms are also shown. When the
input signal is positive-going, the output is driven to positive maximum value (i.e. + Vg =+ 13 V).
When the input crosses the zero axis and begins to go negative, the output is driven to negative
maximum value (i.e. — Vg =—13 V).

+15V

|
|
|
|
Vout +13V1

[]
[]

Fig. 25.95

From the input/output waveforms, you can see that every time the input crosses 0 V going
positive, the output jumps to + 13 V. Similarly, every time the input crosses 0 V going negative, the
output jumps to — 13 V. Since the change (+ 13 V or — 13 V) occurs every time the input crosses
0V, we can tell when the input signal has crossed 0 V. Hence the name zero-crossing detector.

3. Asalevel detector. When a comparator is used to compare a signal amplitude to a fixed
d.c. level (reference voltage), the circuit is referred to as a level detector. We can modify zero-
crossing detector circuit to construct level detector. This can be done by connecting a fixed
reference voltage Vi, to the inverting input as shown in Fig. 25.96 (i). A more practical arrangement is shown
in Fig. 25.96 (ii) using a voltage divider to set the reference voltage as follows :

Veer = % (+V)
where + V is the positive OP-amp d.c. supply voltage.



>_q Vout
+ +

Operational Amplifiers ® 721

+V

out(max) I

\

out

-V

out(max)

(iii) Waveforms
Fig. 25.96

The circuit action is as follows. Suppose the input signal v, is a sine wave. When the input
voltage is less than the reference voltage (i.e. V,, < V), the output goes to maximum negative
level. It remains here until V; increases above V. When the input voltage exceeds the reference
voltage (i.e. Vi, > Vgep), the output goes to its maximum positive state. It remains here until V;,
decreases below Viep. Fig. 25.96 (iii) shows the input/output waveforms. Note that this circuit is

used for non zero-level detection.

MULTIPLE-CHOICE QUESTIONS

1. A differential amplifier ...........
(i) isapartof an OP-amp
(ii) has one input and one output
(iii) has two outputs
(iv) answers (i) and (iii)
2. When a differential amplifier is operated
single-ended, ..............
(i) the output is grounded
(ii) one input is grounded and signal is
applied to the other
(iii) both inputs are connected together
(iv) the output is not inverted

3. Indifferential-mode, ..............
(i) opposite polarity signals are applied
to the inputs
(ii) the gain is one
(iii) the outputs are of different amplitudes
(iv) only one supply voltage is used
4. In the common-mode, ..............
(i) both inputs are grounded
(ii) the outputs are connected together
(i) an identical signal appears on both
inputs
(iv) the output signals are in-phase
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5. The common-mode gain is ....
(i) very high

(iii) always unity
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(i) very low
(iv) unpredictable
6. The differential gain is ....
(i) very high
(iii) dependent on input voltage
(iv) about 100
7. If Apy, = 3500 and A, = 0.35, the CMRRis

(i) very low

(i) 1225
(if) 10,000
(iii) 80dB
(iv) answers (ii) and (iii)
8. With zero volts on both inputs, an OP-
amp ideally should have an output ....
(i) equal to the positive supply voltage
(ii) equal to the negative supply voltage
(iii) equal to zero
(iv) equal to the CMRR

9. Of the values listed, the most realistic
value for open-loop voltage gain of an

OP-amp is ....
@i 1 (ii) 2000
(iii) 80 dB (iv) 100,000

10. A certain OP-amp has bias currents of 50
pA and 49.3 pA. The input offset current
is .

(i) 700 nA
(iii) 49.7 pA
11. The output of a particular OP-amp increa-
ses 8 Vin 12 ps. The slew rate is ....
(i) 90 V/us (i) 0.67 V/us
(iii) 1.5 V/us (iv) none of these
12. For an OP-amp with negative feedback,
the output is ....
(i) equal to the input

(i) 99.3 A
(iv) none of these

(ii) increased
(iii) fed back to the inverting input
(iv) fed back to the noninverting input
13. The use of negative feedback ....
(i) reduces the voltage gain of an OP-amp
(ii) makes the OP-amp oscillate
(iii) makes linear operation possible
(iv) answers (i) and (iii)

14. Negative feedback ....

(i) increases the input and output
impedances

(ii) increases the input impedance and
bandwidth

(iii) decreases the output impedance and
bandwidth

(iv) does not affect impedance or
bandwidth

15. A certain noninverting amplifier has R, of
1 kQ and R; of 100 k€. The closed-loop
voltage gain is ....

(i) 100,000 (i) 1000
(iii) 101 (iv) 100

16. If feedback resistor in Q.15 is open, the
voltage gain ...............

(i) increases (ii) decreases
(iii) is not affected (iv) depends on R

17. A certain inverting amplifier has a closed-
loop voltage gain of 25. The OP-amp has
an open-loop voltage gain of 100,000. If
an OP-amp with an open-loop voltage
gain of 200,000 is substituted in the
arrangement, the closed-loop gain ..........

(i) doubles (i) drops to 12.5
(iii) remains at 25 (iv) increases slightly
18. A voltage follower ....
(i) has a voltage gain of 1
(ii) in noninverting
(iii) has no feedback resistor
(iv) has all of these
19. The OP-amp can amplify ....
(i) a.c. signals only
(ii) d.c. signals only
(iii) both a.c. and d.c. signals
(iv) neither d.c. nor a.c. signals
20. The input offset current equals the ....
(i) difference between two base currents
(ii) average of two base currents
(iii) collector current divided by current gain
(iv) none of these

21. The tail current of a differential amplifier
is ...

(i) half of either collector current



(i) equal to either collector current
(iii) two times either collector current
(iv) equal to the difference in base currents

22. The node voltage at the top of the tail
resistor is closest to ....

(M)
(i)
(i)
(iv)
23. The tail current in a differential amplifier
equals ....

0]
(i)
(iii)

collector supply voltage

Zero

emitter supply voltage

tail current times base resistance

difference between two emitter currents

sum of two emitter currents

collector current divided by current

gain

(iv) collector voltage divided by collector

resistance

24. The differential voltage gain of a
differential amplifier is equal to R
divided by ....

@) ry (i) ry2

(iiiy 2rg (iv) Re
25. The input impedance of a differential

amplifier equals r, times ....
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26. A common-mode signal is applied to ....
(i) the noninverting input
(ii) the inverting input
(iii) both inputs
(iv) top of the tail resistor
27. The common-mode voltage gain s ....
0]
(i)
(i)
(iv)
28. The input stage of an OP-amp is usually a ...

smaller than differential voltage gain
equal to differential voltage gain
greater than differential voltage gain
none of the above

(i) differential amplifier
(i) class B push-pull amplifier
(iii) CEamplifier
(iv) swamped amplifier
29. The common-mode voltage gain of a

differential amplifier is equal to R
divided by ....

() re @iy 2y
(iii) ry2 (iv) 2 Rg
30. Current cannot flow to ground through ....
(i) amechanical ground
(ii) an a.c. ground
(iii) a virtual ground

(ON: (i) Re (iv) an ordinary ground
(iii) Re (iv) 2B
Answers to Multiple-Choice Questions
1. (iv) 2. (i) 3. () 4. (i) 5. (i)
6. (i) 7. (iv) 8. (iii) 9. (iv) 10. (i)
11. (i) 12, (iii) 13. (iv) 14. (ii) 15. (iii)
16. (i) 17. (iii) 18. (iv) 19. (iii) 20. (i)
21. (iii) 22. (i) 23. (i) 24. (iii) 25. (iv)
26. (iii) 27. () 28. (i) 29. (iv) 30. (iii)
Chapter Review Topics
1. What is an operational amplifier (OP-amp)?
2. Give the block diagram of an operational amplifier.
3. What is a differential amplifier?
4. Draw the basic circuit of a differential amplifier.
5. Discuss the operation of a differential amplifier.
6. What do you mean by noninverting and inverting input of a differential amplifier?
7. What are common-mode and differential-mode signals?
8. What do you mean by CMRR?
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9.
10.

n.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.

What is the importance of CMRR?
Explain the d.c. analysis of a differential amplifier.

What do you mean by (i) output offset voltage (ii) input offset current?

Derive an expression for differential-mode voltage gain of a differential amplifier.

Derive an expression for the common-mode voltage gian of a differential amplifier.

Draw the schematic symbol of an operational amplifier indicating the various terminals.
What do you-mean by (i) open-loop voltage gain (ii) closed-loop voltage gain of an OP-amp?
Discuss OP-amp input/output polarity relationship.

What do you mean by bandwidth of an OP-amp?

What do you mean by slew rate of an OP-amp?

Discuss the frequency response of an OP-amp.

What is the need of negative feedback in an OP-amp?

Derive an expression for the voltage gain of an inverting amplifier.

Derive an expression for the voltage gain of a noninverting amplifier.

What is a voltage follower?

Draw the circuit of multistage OP-amp.

What is the effect of negative feedback on (i) noninverting amplifier (ii) inverting amplifier ?
Discuss the operation of a summing amplifier.

Discuss two applications of summing amplifiers.

Discuss the operation of an OP-amp integrator.

What is the most important application of an OP-amp integrator?

Discuss the operation of OP-amp differentiator.
Problems

In Fig 25.97, the transistors are identical with B, = 200. What is the output voltage? [7.5V]

+15V

|

200 kQ

out

300 kQ 200 kQ 300 kQ

-15V
Fig. 25.97
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. InFig. 25.97, the left transistor has B, =225 and the right transistor has B, =275. What are the base
voltages? [-0.05V ; —0.0409 V]

. A data sheet gives an input bias current of 20 nA and an input offset current of 3 nA. What are the

base currents? [18.5NnA ; 21.5 nA]

. Find bias voltages and currents for the differential amplifier circuit in Fig. 25.98.

+Vee
+ 9V

Fig. 25.98

[Ve=—0.7V:1z=0332mA ;g =g =0166mA ;I =l =0.166MA ; I, = Iy, = 1.66 pA;

Ve =9V ; Vg, =7.34V]
5. Find the bias voltages and currents for the differential amplifier circuit shown in Fig. 25.99.

—9v
- VEE
Fig. 25.99

[Ve=07V;1-=0332mA ;I =1, =0166 MA ; I, = lc, = 0.166 MA ; I, = I, = 1.66 pA;
Ve, =—9V; Vg, =-734V]

6. For the circuit shown in Fig. 25.100, determine (i) common-mode voltage gain (ii) differential-
mode voltage gain (iii) CMRR. [(i) 0.42 (ii) 90.6 (iii) 216]
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10 kQ
o
47kKQZ R

o+ 12V

Re
AW
50 kO
p=160 f=160 R, +15V
L ska
1V R,
~ = ~15V 10ke
Fig. 25.100 Fig. 25.101

For the circuit shown in Fig. 25.101, find (i) closed-loop voltage gain (ii) the instantaneous voltage
across Rc when the signal voltage is + 1V (iii) the instantaneous voltage on the —terminal when the

signal voltage is + 1V. [(i) 20 (ii) 10 V (iii) O V]
A noninverting amplifier has an R, of 1 kQ and an R; of 100 kQ. Determine (i) V; (ii) feedback
factor if V,, =5 V. [(i) 495 mV ; (i) 9.9 x 107
Determine the closed-loop voltage gain for the circuit shown in Fig. 25.102. [11]
Determine the closed-loop voltage gain for the circuit shown in Fig. 25.103. [101]
R
VW
47kQ 3 R, TMQ

R,

Vi, o—

AL = 100,000

Ao, = 150,000
Vin
Fig. 25.102 Fig. 25.103
11. Find the closed-loop voltage gain for each of the circuits shown in Fig. 25.104. [1;-1]
R
100 kQ
v "
»——o in -
o 100 kO
Vin —0 Vout

Fig. 25.104

12. Determine the approximate values of (i) I, (ii) I (iii) V, (iv) closed-loop voltage gain for the

circuit in Fig. 25.105. [(i) 455 pA (i) 455 pA (iii) — 10V (iv) — 10]
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R
—I> 22 kQ
R f
Vin o -
—
1V 22k oV,
It
Fig. 25.105
13. Calculate the output voltage of the circuit in Fig. 25.106 for R; = 68 kQ. [V,=-3.39V]
R
W
33 kQ
V,=+0.2V
22 kQ
V,=-0.5V
12 kQ
Vy=+0.8V Vo
Fig. 25.106
14. What output voltage results in the circuit of Fig. 25.107 for V, =+ 0.5 V? [V,=05V]
————— VO
A
Fig. 25.107
15. Calculate the output voltages V, and V; in the circuit of Fig. 25.108.

200 kQ
W
20 kQ

[V,=—2V;V,=42V]

V,=02V

200 kQ
VW
%10 kQ

Fig. 25.108
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Discussion Questions

What is the difference between a discrete circuit and an integrated circuit (IC)?

Why are OP-amps produced as IC?

What is the difference between differential amplifier and the conventional amplifier?
What do + and — signs on the symbol of an OP-amp indicate?

Why is OP-amp generally operated with negative feedback?

Why is common-mode gain of a DA very low?

What is the importance of CMRR?

When is OP-amp driven to saturation?

In which circuit we take the advantage of high open-loop voltage gain of an OP-amp?
What is a noninverting amplifier?

Why is the input impedance of an OP-amp very high?

. Why is the open-loop voltage gain of an OP-amp high?

What do you mean by virtual ground?
Why is the output impedance of an OP-amp very low?
What are the advantages of negative feedback in OP-amps?
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