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OPERATIONAL AMPLIFIER

Linear integrated circuits are being used in a number of electronic applications such as in fields
like audio and radio communication, medical electronics, instrumentation control, etc. An
important linear IC is operational amplifier which will be discussed in this chapter.

The operational amplifier (commonly referred to as op-amp) is a multi-terminal device which
internally is quite complex. Fortunately, for the ordinary user, it is not necessary to know about
the op-amp’s internal make-up. The manufacturers have done their job so well that op-amp’s
performance can be completely described by its terminal characteristics and those of external
components that are connected to it. However, for the designer’s interest, the electronics of
op-amp is described where the various stages of op-amp are discussed. Then some of the FET

op-amps are described. The dc and ac characteristics with compensating techniques and the
various applications of op-amp are taken up later.
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BASICINFORMATION OF OP-AMP .

EPSSPCHPIN e

Circuit Symbol Inverting input
The circuit schematic of an op-amp is a tri- terminal 1™
angle as shown in Fig. 2.1. It has two input Output
terminals and one output terminal. The ter- . " terminal
minal with a (-) sign is called Non-inverting

" inverting input terminal and the terminal input terminal
with (+) sign is called the non-inverting input Fig. 2.1 Op-amp circuit symbol
terminal.
Packages

There are three popular packages available:
1. The metal can (TO) package y
2. The dual-in-line package (DIP)
3. The flat package or flat pack
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Op-amp packages may contain single, two (dual) or four (quad) op-amps. Typical packageé'}{
have 8 terminals (the can and the DIP or MINI DIP), 10 terminals (flatpacks and some Cans): 1
and 14 terminals (the DIP and the flat pack). The widely used very popular type, for examp]e'_'. -3
WAT41 is a single op-amp and is available as an 8-pin can, an 8-pin DIP, a 10-pin flatpack o -
a 14-pin DIP. The pA747 is a dual 741 and comes in either a 10-pin can or a 14-pin DIP. Figure
2.2 shows the various IC packages along with the top view of connection diagram. ]

Op-Amp Terminals 4
Op-amps have five basic terminals, that is, two input terminals, one output terminal and twg
power supply terminals. The significance of other terminals varies with the type of the op-amp,

Refer to the top view of a metal can package (uA741) in Fig. 2.2 (a). The metal can has eight
pins with pin number 8 identified by a tab. The other pins are numbered counter-clockwise from
pin 8, beginning with pin 1. Pin 2 is called the inverting input terminal and pin 3 is the non-
inverting input terminal, pin 6 is the output terminal and pins 7 and 4 are the power supply ' |
terminals labelled as V* and V- respectively. Terminals 1 and 5 are used for dc offset. The pin_
8 marked NC indicates ‘No Connection’. In case of DIP package of 741 as in Fig. 2.2 (b, ¢), thé‘
top pin on the left of the notch locates pin 1, and the flat pack of Fig. 2.2 (d) has a dot oniit
for identification. The other pins are numbered counter-clockwise from pin 1. The pin numbers
have been illustrated only for some popular op-amps and the user should consult the manufacturer’s

data sheet before connecting a given op-amp into a circuit.

Power Supply Connections 1 &
The V* and V- power supply terminals are connected to two dc voltage sources. The v* pin”‘

TO-5 style package
with straight leads

Tab locates
pin 8

Offset
Null

Inverting
input l:
Non-inverting

input

V-

(b) 8-pin Mini DIP
(a) 8-pin Metal can

(Fig. 2.2 Contd)" [
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Dual-in-line welded-seal
ceramic package

Ceramic flat package

- A
NC[]1 14 ] NC. ‘:
Nec[ ]2 13 ] NC. N.C.[]1 10[_JN.C. k2
L Offsetnull[_|3 12[ |NC. Offset null [_|2 ol _JN.C. f%
~Inverting input + o
i ateu] nlv Inverting input [ b gl Jv* S/
Non-inverting[: ] Output ; ‘
input 10—, Offset Non-inverting[ |4 " Output
v [: 6 gj null input E :l P
NC.[]7 vls | ] Offset
sl N.C. [] ot
(c) 14 pin dual in-line package (d) 10 pin flat pack

Fig. 2.2 (a, b, ¢, d) Various IC packages of uA4741 op-amp along
with connection diagrams (top view)

15 connected to the positive terminal of one source and the V™ pin is connected to the negative
" terminal of the other source as illustrated in Fig. 2.3 (a) where the two sources are 15 V

(o} V'
v I
, =15V 9
g—y:4 ; l, o y:4
- =15V
L = v \

(a) (b)

(Iig. 2.3 Contd.)
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(c) V= —\75 12 (d) V=-Vy
D1
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. LT V=42

e

D,
A _|— —» V= —Vs 12
(e)

Fig. 2.3 (a) Power supply connections, (b) Circuit symbol showing power supply

terminals (c, d, e) Different circuits for obtaining positive

and negative supply voltages for op-amp
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supplies, one can use a single power supply to obtain V* and V~ as shown in circuits of
Fig. 2.3 (c, d. e). In Fig. 2.3 (c), resistor R should be greater than 10 kQ so that it does not
draw more current from the supply V,. The two capacitors provide decoupling of the power
supply and range in value from 0.01 to 10 uF. In the circuit of Fig. 2.3 (d), zener diodes are
used to give symmetrical supply voltages. The value of the resistor R, is chosen such that it
supplies sufficient current for the zener diodes to operate in the avalanche mode. In Fig. 2.3 (),
potentiometer is used to get equal values of V' and V. Diodes D, and D, protect the IC if the :
positive and negative leads of the supply voltage V; are accidentally reversed. These diodes can

also be connected 1n the circuits of Fig. 2.3 (c) and 2.3 (d).

Manufacturer’s Designation for Linear ICs
Each manufacturer uses a specific code and assigns a specific type aumber to the ICs produced.

For example, 741 an internally compensated op-amp originally manufactured by Fairchild is
sold as pA741. Here pA represents the identifying initials used by Fairchild. The codes used by

some of the well-known manufacturers of linear ICs are:

1. Fairchild HA, pAF
2. National Semiconductor LM, LH, LF, TBA
3. Motorola MC, MFC
4. RCA CA, CD
5. Texas Instruments SN
6. Signetics N/S, NE/SE
BB

7. Burr-Brown
popular ICs of the other manufacturers. For easy |

A number of manufacturers also produce
ber of the IC alongwith their identifying

use, they usually retain the original type num

T,

‘r‘,»'.u..m
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f ?lh For example, Fairchild’s oviginal HAT741 is also manufactured by other manufacturers
» T0110wWs:

,,,,,,,

1. National Semiconductor LM741

Motorola MC1741
RCA CA3741
Texas Instruments SN52741
Signetics N5741

t may be noted that the last three digits in each manufacturer’s designation are 741. All
) se op-amps have the same specifications. Since a number of manufacturers produce the same
: G, one can refer to such ICs by their type number only and delete manufacturer’s identifying
1n tlals For example, pA741 or MC1741 may simple be referred as 741.

Some linear ICs are available in different classes such as A, C, E, S and SC. For example

41 7414, 741C, T41E, 7418 and 741SC are different versions of the same op-amp. The main

difi fference of these Op-amps are:
A
")

?41 Military grade op-amp (Operating temperature range —55° to 125°C)
41C Commercial grade op-amp (Operating temperate range 0° to 70°/75°C)

: ;_,.j' Improved version of 741 Better electrical
?‘ ‘41E Improved version of 741C specifications
:418 Military grade op-amp with higher slew-rate
¥ 41SC Commercial grade op-amp with higher slew-rate
XN THE IDEAL OPERATIONAL AMPLIFIER = =~ " = 0 =]

| 1 e schematlc symbol of an op-amp is shown in Fig. 2.4 (a). It has two input terminals and
' output terminal. Other terminals have not been shown for simplicity. The — and + symbols
w" ,the input refer to inverting and non-inverting input terminals respectively, i.e. if v, = 0, output
8 180° out of phase with input signal v,. And, when v, = 0, output v, will be in phase with-

- i~
; |
N i,=0 '
ey 2 V2 1
18y g VZG y = |
=5 _ I
| A0 " Vo Voo i
=8 1O I |

' el ¢ V1

|1—0 :

o) (a) -

(c)

Fig. 2.4 (a) Ideal op-amp, (b) Equivalent circuit of an op-amp (c) Open loop circuit

Chapter 2
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¢ mput signal applied at vy, This op-amp 18 said to be ideal ilit has the following character.

stics.

Open loop voltage gain, Ao, = =
Input impedance, R, = =
Qutput impedance R, = 0
Bandwidth BW - e

Zero offset. i.e. v, = 0 when v, = vy = 0.

It can be seen that

(@ an ideal op-amp draws no current at both the input terminals i.e., i; = i, = 0. Because
of infinite input impedance, any signal source can drive it and there is no loading on the
preceding driver stage. |

() Since gain is =, the voltage between the inverting and non-inverting terminals, i.e.,

i differential input voltage vy = (v, — vy) is essentially zero for finite output voltage v,.

" (1) The output voltage v, is independent of the current drawn from the output as R, = 0. The

B output thus can drive an infinite number of other devices.

~ The above properties can never be realized in practice. However, the use of such an ‘Ideal

 op-amp’ model simplifies the mathematics involved in op-amp circuits. There are practical op-

i ‘amps that can be made to approximate some of these characteristics.

A physical amplifier is not an ideal one. So, the equivalent circuit of an op-amp may be shown

" in Fig. 2.4 (b) where Ay # =, R; # « and R, # 0. It can be seen that op-amp is a voltage

: 'j%bntro]led voltage source and Agy, vy is an equivalent Thevenin voltage source and R, is

o %he Thevenin equivalent resistance looking back into the output terminal of an op-amp. The

;;‘E%“equivalent circuit is useful in analyzing the basic operating principles of op-amp. For the circuit

LL ~ ghown in Fig. 2.4 (b), the output voltage is

ETN
AR

L P
i Vo = AoL Vg

R R R e

e

e P = o W]

= Ag (v — vy) 2.1

The equation shows that the op-amp amplifies the difference between the two input voltages.

e e

e i

2.3.1 Open Loop Operation of Op-Amp
The simplest way to use an op-amp is in the open loop mode. Refer to Fig. 2.4 (c) where signals
v, and v, are applied at non-inverting and inverting input terminals respectively. Since the gain -
is infinite, the output voltage v, is either at its positive saturation voltage
(+V,,,) or negative saturation voltage (-V,,) as v, > v, or vy> v, respectively. The output as-:
sumes one of the two possible output states, that is, +V,, or =V, and the amplifier acts as 8 -
switch only. This has a limited number of applications such as voltage comparator, zero
ossing detector etc. which are discussed later. :

cr

2.3.2 Feedback in Ideal Op-Amp |
The utility of an op-amp can be greatly increased by providing negative feedback. The output
iven into saturation and the circuit behaves in a linear manner. 3

in this case 1s not dr
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- There are two basic feedback connections used. In order to understand the operation of these

i circuits, we make two realistic simplifying assumptions discussed earlier also:

1. The current drawn by either of the input terminals (non-inverting and inverting) is
neghgible.

2. The differential input voltage v, between non-inverting and inverting input terminals is
essentially zero.

2.3.3 Thelnverting Amplifier

- Fig. 2.5 (a). The output voltage v, is fed back to the inverting input terminal through the
~ R;— R, network where Ry is the feedback resistor. Input signal v; (ac or dc) is applied to the
. Inverting input terminal through R, and non-inverting input terminal of op-amp is grounded.

. Analysis: For simplicity, assume an ideal op-amp. As vy = 0, node ‘a’ is at ground potential
- and the current i, through R, is

. U;

1, ==L ‘ (2.2)
. Also since op-amp draws no current, all the current flowing through R, must flow through
~ R;. The output voltage,

. _ R; ~
Uy S=h R = _Uiﬁl— (2.3)
Hence, the gain of the inverting amplifier (also referred as closed loop gain) is,
v Rf‘ _
Ao, = —+=—-—%" (2.4)
CL v, Rl
Alternatively, the nodal equation at the node ‘a’ in Fig. 2.5 (a) is
Ug =V  Ua—U _ 0 __'l_’ R,
+ —_—
R, R; VWWA
h o Ry |i=0
~ where v, is the voltage at node ‘a’. Since oAt —E
~ node ‘a’ is at virtual ground v, = 0. There- vi v,=0 —
= fore, we get, +
’ i=0 R,
v R,
AcL,= 7 " .
U; 1

Fig. 2.5 (a) Inverting amplifier

. The negative sign indicates a phase shift of 180° between v; and v,. Also since inverting input
; terminal is at virtual ground, the effective input impedance is R|. The value of R, should be
4 kept fairly large to avoid loading effect. This however, limits the gain that can be obtained from

| : this circuit. A load resistor R is usually put at the output in actual practice otherwise, the

Chapter 2



" input impedance of the measuring device such
" calculation of load and output currents is shown in the Example 2.2,

If. however, resistances R, and R in Fig. 2.5
respectively, then the voltage gain, Agy, will be

&y (2.5)

M =,
2
L

g i
i -
N
—

This expression for the voltage gain will be used in op-amp applications, such as integrator,

differentiator etc.

Example 2.1
Design an amplifier with a gain of —10 and input resistance equal to 10 kQ.

~ Solution

- Since the gain of the amplifier is negative, an inverting amplifier has to be made.

it In Fig. 2.5 (a) choose R, = 10 kQ

| Then Ry = —Agy, R, (from Eq. 2.4)
' = —(-10) x 10 kQ = 100 kQ

Example 2.2

In Fig. 2.5 (b), R; = 10 kQ, Ry = 100 kQ, v; = 1 V. A load of 25 kQ is connected to the output
terminal. Calculate (i) i; (i) v, (iii) i;, and (iv) total current Z, into the output pin.

Solution
@ i = %:%:0.1m
i) v, =—%§—vi - —1f§£1V=—1OV
(i) iL=%9I:=515OTVQ—=O.4mA 335\3\,
. (10kQ)

The direction of ij, is shown in Fig. 2.5 (b).
(iv) i, as calculated above is 0.1 mA.

Therefore, total current [, = i) + i, =

0.1 mA + 0.4 mA = 0.5 mA. In an invert-

ing amplifier, for a +ive input, output ‘

:iﬁiwir?nt};‘?:fgi ?,;; HLGEDITEE b 1S Fig. 2.5 (b) Circuit for Example 2.2

Practical Inverting Amplifier

as oscilloscope or DVM acts as the load. The |

(a) are replaced by impedances Z, and Z;

Equation (2.4) is valid only if the op-amp is an ideal one. For a practical op-amp, the expression
for the closed loop voltage gain should be calculated using the low frequency model of Fig. 2.4

(b). The equivalent circuit of a practical inverting amplifier is shown in

Fig. 2.6 (a). This circuit can be simplified by replacing the signal source v; and resistors R, and

R, by Thevenin’s equivalent as shown in Fig. 2.6 (b) which is analysed to calculate the exact =

expression for closed loop gain, Ay, and input impedance Rj;.

IN
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R,
e AAAMA
R,
\ | o +
. R,
Va § Rl 4 Vo
l AoLVq
+ _L B O
(a) T
VN .
. RN=R1”R|E R, | I ok .g'
(]
—T L £
v, O

L gyt
/
3<
T
+
~

— =
|
>
(o]
-
=
[o]
|

Ry
(b)
Ry
AAAA
R
—————’\/\/\/\1/\/\/‘—— — Vg +=
i T R,
C)v,q=vl <— llsc
iz AF
_AOLVd
(C) Rof

Fig. 2.6 (a) Equivalent circuit of a practical op-amp inverting amplifier, (b) Simplified
circuit by using Thevenin’s equivalent (c) Equivalent circuit for computing Ry

he input impedance R; of an op-amp is usually much greater than R,, so one may assume,

(2.6)

eq — 1
rom the output loop in F
v, = ilty + Aoy V4
(2.8)

Also
Putting the value of vy from Eq. (2.6) to Eq. (2.7) and simplifying,
v, (1 + Agp) = iR, — Aoy, 1)




Also the KVL loop equation gives

v, = I-(h\‘ + h\r) 4 v,

8 1o 8\ n ‘ D . . 2 > . '
Putting the value of ¢ from Eq. (2.8) in lq. (2.9) and solving for closed loop gain Acy, = =2, giveg
i ..

4’(‘ = S&‘, = R“ — AQL RI‘ i

AcL @10

S Rt\+Rl'+R1(1+A0L) AV

It can be seen from Eq. (2.10) that if Ag;, >> 1 and Ay, R, >> R, + R,, and neglecting R 1

or -

_. R{' y

Aoyt 1

~ InputResistance Ry
- In Fig. 2.6 (b). it can be seen that

Rifzv_

]
Writing the loop equation and solving for Ry,
vg + i(Rf+Ro) +A0Lvd=0
We obtain
R, = Bt R @11)
1+ AL -‘
Output Resistance Ry

Output impedance R (without load resistance R;) is calculated fro .
voltage v,. and short circuit output circuit i,.. Now consider the circuit shown in Fig.

Under short circuit conditions at output, _
i (2.12)

m the open circuit output -
2.6 ().

P
. R, + R;
e 2OLY 2.13)
and, g = ‘A—(I)%‘—i ( 1
(o) 3
Since, vg = — izl
. _ _Aoniall
So, lg = R,

Solving for i, = ia * ip, We obtain ;
- S (RU_A()LRf) (2_14)'
Le=1p T ip = U Ro(Rl +Rf)

Since,

_ Vo
Rof— .

lSC
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and Ay = Uoc
=
Therefore, Ry= Aoy, v; (2.15)
v [(Rn - Agy, Rly |
i R,(R, + R;)
Putting the value of A, from Eq. (2.10), we obtain
_ R,(R, + Ry)
of — 2.16
R, + Ry + R (1+ Agy) e
- (o
Equation (2.16) may alternatively be written as s
b
R,(R, + R;) %
R, + R, + Ry )
R.= 0 1 2.17
of 1+ RIAOL (-hll) o
R, + R, + Ry

It may be seen that numerator consists of a term R, || (R, + Ry and is therefore smaller
than R,. The output resistance R,; (with feedback) is, therefore always less than R, and for
ACL —3, 69, Rof - 0.

2.3.4 The Non-inverting Amplifier

If a signal (ac or dc) is applied to the non-inverting
input terminal and feedback is given as shown in
Fig. 2.7 (a), the circuit amplifies without inverting the
input signal. Such a circuit is called non-inverting
amplifier. It may be noted that it is also a negative feed-
back system as output is being fed back to the inverting
input terminal.

As the differential voltage vy at the input terminal of Y ?_
op-amp is zero, the voltage at node ‘a’ in Fig. 2.7 (a) bis
v, same as the input voltage applied to non-inverting . - . -
input terminal. Now R; and R, forms a potential di- Fig. 2.7 (a) Non-inverting amplifier

vider. Hence

= =R (2.18)

“iT R +R

as no current flows into the op-amp.
E‘L — R1+Rf =1+_I£[_ ©.19)
Ui Rl R]
Thus, for non-inverting amplifier the voltage gain,
R ) &

Agy = 2 =ltmgs (2.20)

Y 1
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: S !
The gain can be adjusted to unity or more, by proper selection of resistors R and p 1
Compared to the inverting amplifier, the input resistance of the non- -inverting amplifiep § m

extremely large (= ) as the op-amp draws negligible current from the signal source,

Practical Non-inverting Amplifier

The analysis of a practical non-inverting amplifier can be performed by using the equlvalenti‘

circuit shown in Fig. 2.7 (b). Writing KCL at the input node,

W —v Y + Y+ (v —vg — )Y =0
Yf Uo

1l

or, - +Y,+ Yy + (Y + Yy

Fig. 2.7 (b) Equivalent circuit of non-inverting amplifier using low frequency model
Similarly at output node, KCL gives
(Ui — g == UC)Yf + (AOL Uy — UD)YO =0
that iS, — (Yf — AOL Yo) Uq =+ YfUi = (Yf + YO) U,
Now solving Egs. (2.21) and (2.22) for v fv;, we get

Ao, = 2o = AoLY, (Y + Y1) + VY,
v (Aot DY Y+ +Y) (3 + 1)

where all admittances have been taken for simplicity.

If Agp, — <=, Eq. (2.23) reduces to

AoLY, (Y +Yr) Y; +Y, Y,

Acp = =1_"f_314+1
= 1+£ﬁ.
R,

which is the same expression as in Eq. (2.20).

R

%

{

+
! )

221

-
it |

e, X
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~ both in magnitude and phase. In other words, we can also

- say that the output voltage follows the input voltage exactly. =

. Hence. the circuit is called a voltage follower. The use of —2

. the unity gain circuit lies in the fact that its input

~ impedance 1s very high (i.e., MQ order) and output %

. impedance is zero. Therefore, it draws negligible current Y

. from the source. Thus a voltage follower may be used as Vo=

. buffer for impedance matching, that is, to connect a high
impedance source to a low impedance load. Fig. 2.7 (c) Voltage follower

f

Operational Amplifier

2.3.5 Voltage Follower

i In t‘l‘w nn:}-in\'orting amplifier of Fig. 2.7 (a) if Ri=0and R| = », we get the modified circuit
© of Fig. 2.7 (0). From Eq. (2.20) we get,

Uy = b (2.24)

That 1s, the output voltage is equal to input voltage,

|
Chapter 2

Example 2.3

| Design an amplifier with a gain of +5 using one op-amp.

Solution
Since the gain is positive, we have to make a non-inverting amplifier. In Fig. 2.7 (a) select R,

' =10 kQ. Then from Eq. (2.20)

ACL =1+ RPIRI
or, 5=1+ RJ10 kQ
or, Ry = 4 x 10 kQ = 40 kQ

Example 2.4

In the circuit of Fig. 2.7 (a), let R, = 5 kQ, R; = 20 kQ and v; = 1 V. A load resistor of 5 kQ
is connected at the output as in Fig. 2.5 (b). Calculate, (i) v, (i1) Ay, (ii1) the load current i,
(iv) the output current i, indicating proper direction of flow.

Solution

_ R, 20kQ) _
= —— y = 1+ (1V)—5V

oo oo 5

. 5V

(i) Ay = 2o =2Y

) Agy, o 1V

5V

(i) i), = = s=1mA
4 L 5

v) ip= U -L"Y%_02mA
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Therefore, 1, =1y, + i; = 1 mA + 0.2
The op-amp output current i, flows outwar
Example 2.5
In the Fig. 2.7(d), calculate V,, if V,, = 1V.

Solution

The circuit is a non-inverting amplifier. Calcu-
lating the voltage V, at the non-inverting termi-

nal, we get

= 1kQ 1V
1kQ+1kQ
=05V
Thus, output voltage V, is
50kQ
V,= |1
: ( i 101;9) A
=6x05V
=30V

2.3.6 Differential Arhpliﬁer

A circuit that amplifies the difference between two signa

amplifier. This type of the amplifier is very useful in instrumenta
2.8. Since, the differential voltage at t

A typical circuit 18 shown in Fig.
the op-amp 18 Zero, nodes ‘a’ and
equation at ‘a’ 18,

Ug —Uy + Uz — U, — (225)
R, R,
and at ‘b’ i8
e (2.26)
R, R,
Rearranging, we get
( D
,1__+__1_Wvd.__v_2.=_.‘io_ (2.27)
R, Ry) R R,
( 3
Ly -2=0 2.28)
(R, Ry) R,

Subtracting Eq. (2.28) from (2.27) we get,

e
RS

mA = 1.2 mA
ds from the output junction.

50 k
10k
: Va |
Vin 0-—__-W + ‘l
1kQ |
1kQ
Fig. 2.7(d)

ls is called a difference or differential
tion circuits (see section 4.3).
he input terminals of

‘b’ are at the same potential, designated as . The nodal
R
R
Vv, 1 Vs IS
H ¥
vy b__f+ o
R, Vs
R,

Fig. 2.8 A differential amplifier
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| %

[ . 1 v 0

i (v, —Uy) = =2 (2.29)
E‘ 7' 7.“ Rl 1 2 R2

P Therefore

{f e m

k b1 R2

‘ - hR i —(U — U ) (230)
‘ ‘.; 0 Rl 1 2

~ Such a circuit is very useful in detecting very small differences in signals, since the gain R/

B R, can be chosen to be very large. For example, if R, = 100 R, then a small difference v, —
1, is amplified 100 times.

=

'bifference—mode and Common-mode Gains

" In Eq. (2.30) if v; = v, then v, = 0. That is, the signal common to both inputs gets cancelled
o *and produces no output voltage This is true for an ideal op-amp, however, a practical op-amp
E"ihlblts some small response to the common mode component of the input voltages too. For

and case (ii) with v, = 1000 pV and v, = 950 pV, even though the difference signal v, — vy =
50 uV in both the cases. The output voltage depends not only upon the difference signal vy at
the input, but is also effected by the average voltage of the input signals, called the common-
‘mode signal vgy defined as,
Uy + Uy

2
| ; For differential amplifier, though the circuit is symmetric, but because of the mismatch, the

é gain at the output with respect to the positive terminal is slightly different in magnitude to that
of the negative terminal. So, even with the same voltage applied to both inputs, the output is

not zero. The output, therefore, must be expressed as,

U, = Ay t Aguy (2.31)
;ﬁhere, A, (A,) is the voltage amplification from input 1 (2) to the output with input 2(1) grounded.
| Since vey = (v) + vp)/2 and Uy = (vy — Vo),

I I

UcMm —

= Py, D
il Y

kL 1
| v =Ucm +§Ud (2.32)
B 1
B and Ug =VUcMm ~ '2‘Ud (2.33)
. Substituting the value of v, and v, in Eq. (2.31), we get
- v, = Apy Vg T Acum Vem (2.34)
|
£ 1
£ where, Apm = ) (A - Az) (2.35)
il

Acy=A; + Ay (2.36)

. The voltage gain for the difference signal is Ay and that for the common-mode signal is Ay,
B
B

“
R
&

[

: ‘*example the output v, will have different value for case (i) with v; = 100 uV and v, = 50 pV

' Chaptér 2
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2.3.7 Common-mode Rejection Ratio

The relative sensitivity of an op-amp to a difference signal as compared to a common-mode
signal is called common-mode rejection ratio (CMRR) and gives the figure of merit p for the
differential amplifier. So, CMRR is given by:

= | Aom

Acy
and is usually expressed in decibels (dB). For example, the pA741 op-amp has a minimum
CMRR of 70 dB whereas a precision op-amp such as pA725A has a minimum CMRR of 120 dB.
Clearly. we should have Apy large Ay should be zero ideally. So, higher the value of CMRR,
better 1= the op-amp.

p (2.37)

Example 2.6
In Fig. 2.9 is shown a differential amplifier using ideal op-amp. R
(@) Find the output voltage v,. AN
(b) Show that the output corresponding to R
common-mode voltage V, 0—AAAMNA = k
_ (v +u,) . R _R ;
Ucm = _1?L is zero if R R V4 - :
Find v, in this case. R
2

(© Find CMRR of the amplifier if %¢%—.
1

llll

Solution Fig. 2.9 Circuit of Example 2.6

. R : . iy
The voltage at the non-inverting input terminal is 7 +2R v;. Using principle of superposition
1+ 1L

and Egs. (2.4) and (2.20), we have

R R+R\( R, s
(a) U(;:__R_U2+[ 7 )(R1+R201J (2.38)

Ve =l(v +v,) and vy = (V) — Us)
(b) oM = 5t
U4 _ U4
— ” e v‘ — —
SO, U] = UcMm +—'2 and Uy CM 2

v, from Eq. (2.38) is,

_ K vg |, B2 R+R’( +UAJ
U"——R(UCMdZJJrR R+ Ry \ M7 2

(R, R+R R\, +(E+&M).‘i 2.39)
“\RR+rR, R)™ \R R R+R)2
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Now, if R _ —Ii-l :
R Rl) we get,
R’ R
+1==2
R R, +1

R'+R _R+R
R R,

or,

So, from Eq. (2.39) the term corresponding to ugy is zero, and

R Rp)va _[Ry b
v, =|—+—|—=|—= L
0 (R RlJ 9 (Rl)vd (2.40) ;ﬁ.
2
210 B
A t":
(c) CMEBR =DM
Acm

From Eg. (2.39), find (i) Apy =v,/v4 by putting vey = 0
and (ii) Agy = Uo/Ucum by putting vg = 0

R (Ri+R)+R(R+R’) .
R(R+R)-R(R+R) .. 4

' 2.3.8 Differential Amplifier with Two Op-Amps

then we get

CMRR =

Fig 2.10 Differential amplifier with two op-amps

" The circuit shown in Fig 2.10 is a differential amplifier using two op-amps. It consists of a
' non-inverting amplifier formed by op-amp A 1" ’I‘}Ixe.output V,, goes to op-amp A, working as a
' differential amplifier. The advantage of this circuit is that the overall gain can be increased and

. the input resistance of such a circuit also increases.
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The output V., of the first stage is given by

R
V., = |1+ ._3_)
ol ( R2

For the op-amp A,, output V, is given by the sum of outpu
non-inverting input Vj; as

t due to inverting input V, aﬁa;

By By
V, = ——LVo, +|1+%~ V-
R, R,
Assuming R; = R, and R, = R, we get
By

Ve = (1+§1‘] (Vig = Vi)

f the two op-amp differential amplifier is given by

The gain o
R
Ap = Yo = (1+—’:)
Via R,
where Vid = V12 = VII

Input Resistance
The input resistance R;of a differential amplifi
non-inverting input terminals with the other in
amplifier and its input resistance is
R, =R; (L +ABy)
where, A — open loop gain of op-amp
R; — open loop resistance of op-amp
_ R
B, R, + R, (2.47)
Similarly, shorting Vj; input to ground, the second stage is also working as a non-inverting

amplifier and its input resistance is given by
Ry = R; (1 + ABy)

er is the resistance looking into either of the two
put grounded. The first stage is a non-inverting

(2.46)

— R, |
where B, R + R (2.49},

= R, and R, = Ry, we find that R,, # R;s. Since R;; # R;, the loading of th’éﬁ
A

Assuming R;
and Vj, will take place and the output signal may be less amplified.

input sources Vi
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| Example 2.7

- In Fig 2.10, given that Ry = Ry = 560 Q, Ri=Ry=5.6k Q, V,, = 2V (peak to peak), Vi, = 1V
. (peak to }_n‘nk) R;=2M Q and open loop gain Ay, = 2 % 10°, Determine (i) Voltage gain, (i1)
- input resistance, and (i) output voltage of the differential amplifier.

© solution

h Using Eq (2.45), the differential voltage gain, Ajp is given by

) Ap= 1+
. = 13-
@) Ap R,
3 o
___1+5.6><10 i A
560 9
(1) Since R;= Ry and R; = R,, the value of input resistance R;; = R;, and is calculated as %
_ i =
Ril = Ri 1+M o
R, + R,
5
= 9x10% |1+ 2 x10° x 560
560 + 5.6 x 10°
= 36.37 GQ
SO, Ril = Ri2 = 36.37 GQ
(1) The output voltage is calculated using Eq (2.45) as
Vo=A4p Viy
142 v, -
= + — =
Rl 02 ol
=112-1)
=11 V (peak to peak)

Example 2.8

For the circuit shown in Fig 2.11, show that the
Input resistance is given by

p = tafly
' Ry -R
Solution
At node ‘a’ of op-amp A, the current J; is given by Fig. 2.11
v.-0 _ VvV, -0
T = R, (2.50)

For op-amp A, with input V' at node ‘b’ the current entering at node ‘¢’ is given by
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V,-0 _ V/'-0
2R, R,
From the above equations, we get
vioY
R, 2R,
or V,=2W

is given by the sum of currents through R, and Rj3 as

S

S

The current I, from source V;

v.-0 V.-V, ‘

[= A — 40 252

R, R, 4

Substituting V, = 2V,, we get i
Ii = _‘i—_zﬂ 4 L §

R, R 'l

_Vi®B-R) 1

R R, !

’ o V. RR i
Hence, the input impedance R; = —- = —1—2- 1
I Ry - R, r‘_éj

%

)

;

FXJ OPERATIONAL’AMPLTFIER TNTERNAL CIRCULT il

Commercial IC op-amps usually consists of four cascaded blocks as shown in Fig. 2.12. The ©
first two stages are cascaded differential amplifiers and are designed to provide high gain and
high input resistance. The third stage acts as a buffer as well as a level shifter. The
buffer is usually an emitter follower whose input impedance is very high so that it prevents
loading of the high gain stage. The level shifter adjusts the d.c. voltages so that output
voltage is zero for zero inputs. The adjustment of d.c. level is required as the gain stages aré
direct coupled. As it is not possible to fabricate large value of capacitors, all IC’s are direct
coupled usually. The output stage is designed to provide a low output impedance as demanded
by the ideal op-amp characteristics. The output voltage should swing symmetrically with
respect to ground. To allow such symmetrical swing, the amplifier is provided with both
positive and negative supply voltages. Power supply voltages of +15 V are common. Additionally,
rally incorporates circuitry to provide drift compensation and frequency

" )

an op-amp gene

compensation which are discussed in Sec. 3.3.3.
Vzg——_‘ Diff. Diff. Buffer and
Amp. Amp. laval (Ztu;pm p—=—0¥;
vy 2.———1 translator ge
:

Fig. 2.12 Block schematic of an op-amp
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Betfore deseribing i o . , ‘
& ore deseribing the detailed 10 cireuit, we shall discuss ench of the blocks in detail.

| 24.1 Differential Amplifier

7“’-::T1W main purpose of the differential amplifier stage is to provide high gain to the difference-
‘v‘l-_modo signal and cancel the common-mode signal. Thus, it is able to suppress any undesired
‘_'-;nm?\o. which 1s common to both of the input terminals. The relative sensitivity of an op-amp to
A difference signal as compared to common-mode signal is called common-mode rejection ratio
' (CMRR) and gives the figure of merit of the differential amplifier. The higher the value of
g CMRR. better is the op-amp. Another requisite of a good op-amp is that it should have high
i mput impedance. In this section, we discuss in detail, the various circuits and then modifications
' to achieve these characteristics of a good op-amp.

“l A cascaded direct coupled amplifier can provide high gain down to zero frequency as it has
i;;no coupling c‘fipacitor. However, such an amplifier suffers from the major problem of drift of the
;Oper:anng point due to temperature dependency of Iy, Vyi and hpg of the transistor. This
| problem can be eliminated by using a balanced or differential amplifier as shown in Fig. 2.13 (a).
{It may be seen that it is essentially an emitter-coupled differential amplifier. This circuit
Ehas low drift on account of symmetrical construction. It can be designed to give high input
;~1'e~1~tance It has two input terminals and it may be seen easily that terminal B, is the
m\ erting input terminal since transistor @, provides a phase shift of 180° for the output taken
fat the collector of @,. Obviously, B, is the non-inverting input terminal. So, a differential
'amphﬁer is well suited to obtain the ideal characteristics of an op-amp as discussed in
| Sec. 2.3.

F A differential amplifier of the type shown in Fig. 2.13 (a) can be used in four different

K

¢ conﬁguratlons depending upon the number of input signals used and the way output is taken.
These four configurations are:

ﬁ
Vee
B
LF
5 .
P Re l Ics lc2 l Re
B
S oV

'ol Re

v ~Vee
Fig. 2.13 (a) The basic differential amplifier

e}

S

T T G

1
i

Chapter 2
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(1‘) Differential-input, differential-output or Dual-input balanced-output (ii) Differential-inpyy
single ended-output (i) Single-input, differential-output (iv) Single-input, single cnded-outpu{

If signal is applied to both the inputs, then it is differential input or Dual input and the'i
difference of signals applied to the two inputs gets amplified. In many applications a single inpyt.
is only used as we shall see later. Similarly, if output voltage is measured between two collectors
then it is a differential output. This is also referred to as a balanced output, as both collectors
are at the same d.c. potential w.r.t. ground. We will come across these various configuration
as we proceed further.

To understand the working of a differential amplifier first consider the case when both the
bases B, and B, are joined together and connected to a voltage vcy called the common-mode
voltage. Thus in Fig. 2.13 (b), v; = Uz = Ucm: As both the transistors @, and @, are forward- |
biased and matched, due to symmetry of the circuit, the current Iq divides equally through
transistors @, and @,, that is, ig; = iggy = Ig/2. The collector currents ig; and icy through the

resistors R is ap Ig/2. The voltage at each of the collectors will be Vgc —OF -2£RC and,

therefore the difference of the voltage between the two collectors (Us; — v,2) Will be zero. Now,
even if the value of ugy is changed, the voltage across the collectors will not change. Thus, the
differential pair does not respond to (or rejects) the common-mode input signals. Now, consider
the case when the voltage vy 1s made zero and voltage v; =1V (say) as shown in Fig. 2.13 (¢}
It can be seen that the transistor @, will conduct and transistor @, will be off. The entire
current Iq will now flow through @,. Since @, is on, the voltage at its emitter will be 0.3 V.
This will make emitter-base junction of @, reverse-biased and thus @, will be off. The collector

voltages will be v,; = Voo — OF I R; and vy = Vee:

T Vec

| I
chl%—% w-fl% Re
I

I
Vo1 =(VCC_ aF_o' R c)o"_ ——0 V2 = (Vee— (lF-z—-Q- Rc)

2
B
0‘—1— Q1 Qz BZ
Vem

_—-’ ‘_'_—
Ieq lg2
|Ql Re
~Vee

Fig. 2.13 (b) The differential pair with a common-mode input signal vy
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BSE |
.
gl
T Re Re
Vor=(Vee— o 1gR¢ ) o——] Vop= Ve
5 '::l‘
D_(—.‘ Q,-ON Q,- OFF _
i V=1V ' : v;=0
v 0.7V : I
g 03V =
ol 3 Re =
b, m
G —Vee A =

A Fig. 2.13 (c) The differential pair with ‘Iarge' differential input signal

r 'If however, v; =—-1V and v, =0V, it can be seen that Ql will be off and the entire current
Wﬂl flow through @,. The voltage at the common emitter point ‘E’ will now be — 0.7 V which .
makes @, off and @, on. The collector voltages will be v,, = Ve and vy = Voo — o IgRc.
“' Thus, we see that the differential pair responds only to the difference mode signals and rejects
mmon—mode signals. In the next section, we discuss the transfer characteristics of the circuit
t 4 ) show that a differential pair can be used either as a switch or a linear amplifier.

;, 4.2 Transfer Characteristics

In Fig. 2.13 (a) collector currents ig, and ig, for transistors @, and @, biased in the forward-
active mode may be given by (neglecting reverse saturation currents of the collector base

junction)
4 iCl = aFIES e”BEl/VT ‘ (2.53)
- ics = Oplgs evBE2/VT 2.54)

Here, I is the reverse saturation current of emitter-base junction and V7 is volts equivalent

f temperature.
From Egs. (2.53) and (2.54), we may write

Ioy - o(VBEL -vpe2)/Vr 2.55)
ez

L A \,.

KVL for the loop containing two emitter-base junctions as
v, =0

- We may also write
vy — Upg1 T UBgz ~
0 Upgr — Ypgz = V1 — V2 T Ud

| here, v, is the difference of two input voltages.
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=y » 1 i
USR8 T

lso in Fig. 2.11 (0)

Is = oy F I .SL. __(.{_.

Q =t e =0
_ lor (1 4 ’_01) o
Oy o1

f ‘:_*,‘_",: Eqs. (2.55) and (2.56) and solving for ig; and icg, gives

ol
iC1= F_UQ/V - »’
1+e 94T

. oglg (
o 1+ /¥t

F . 5. (2.57) and (2.58), the normalised transfer characteristics (i¢/Ig vs. vg/Vr assum ing
a differential amplifier are obtained as shown in Fig. 2.14. o

Dl — _‘_l_- [0

Linear region

4
—

Q
—_
o

h 1 I

9= ; : :

IS h 1 1

£ 08f N

: 3

o v\

..8 0.6 : I :

& A

8 0.4 : :

° , |

S 02 | :

T 2K

E d
=z 0 1 H i A | >

-10 -8 6 4 =2 0 2 4 6 8 10
v
Normalised differential input voltage, (-Vl) (ag=1)
T
i

- g 2.14 Normalised transfer characteristics for the differential pair

'tant points are observed from the transfer characteristics:
4 ' (~100 mV), i¢; = oplg and i, = 0, Hence

= Vee —op InRg

and Uoz = Voo

By prope hoice of R, U; can be made very small.

Vi, iy = 0 and igy = ap Iy, Hence v, = Vg and V,, is negligible. Thus, ! "f':
—4V,, we can say that a dlfferentlal amplifier can be made to function & 'f
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4. DA can function as an automatic gain control (AGC) by varying 1.
[ B P (e =} y 3 " . .
5. Between the values -2V, < v, < 2V, DA functions as a linear amplifier.

2.4.3 Low Frequency Small Signal Analysis of Differential Amplifier
An ideal dual-input balanced-output differential amplifier as shown in Fig. 2.13 (a), should
amplify only the differential signal at the two inputs and reject the signal common to these
inputs. As transistors @, and @, are a matched pair of transistors, thus any unwanted signal,
such as noise or hum pick up which is common to both the inputs would get rejected. However
in a practical case transistors @, and @, are not equally matched and output does appear even
when same voltage is applied to the two input terminals. In this section, we will discuss how
to compute the small signal differential mode gain, Apy and common-mode gain Acyy. These
expressions help in finding the figure of merit CMRR of the differential amplifier and hence the
ways to improve it.

The a.c. analysis of the differential amplifier can be performed either by using hybrid-n model
or h-parameter model. Both the approaches have been dealt with.

Chapter 2

Differential-mode Gain, Apy

In Fig. 2.13 (a) for v; = v,, the current I divides equally into the two transistors @, and @,
because of the symmetry of the circuit. However, if v, is now increased by an incremental
voltage (small signal) vy/2 and v, is decreased by v4/2, it can be seen that the differential
amplifier is being fed by differential small signal vg. The common mode small signal is
naturally zero. The collector current is, will now increase
by an incremental current i, and ic, will decrease by an
equal amount. The sum of total currents in transistors @,
and @, however remains constant as constrained by the
constant current I,. As there 1s no change of current
through Ry, the voltage Vj at the common emitter point
‘E’ remains constant. Thus, for small signal analysis, the
common emitter point ‘E’ can be considered to be at ground
potential. Figure 2.15 (a) shows the small signal equivalent
circuit of the differential amplifier under the differential
input signal conditions described above. It may be noted
that for differential amplifier to behave as a linear amplifier, Fig. 2.15 (a) Differential amplifier with
the differential signal vy < 2V (that s, vy should be smaller differential input signal v

than about 50 mV) as discussed in the transfer

characteristics (Section 2.4.2).

Analysis

(i) Using Hybrid-r Model
Since the performance of two sides of the differential amplifier is identical, we need to analyze
only one side of the differential amplifier called differential-half circuit. Figure 2.15 (b) shows a

single stage CE transistor amplifier fed by a small signal voltage vy/2 and it’s a.c. equivalent
circuit using hybrid-n model is shown in Fig. 2.15 (c).
From Fig. 2.15 (c),
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vnl
i
Va/2

= —ng(‘.

Ual 1
= _"2‘ Jm RC

U4

olll
||||

(b)

Fig. 2.15 (b) Differential mode half circuit (c) ac-equivalent circuit using hybrid-r model

Similarly, it can be seen that

Y2 _ 1
vy —ngRC

(2.59)

(2.60)

The output voltage signal of a differential amplifier can be taken either differentially (i.e.,

between the two collectors) or single-ended (i.e., between one collector and ground). If the output
is taken differentially, then the differential-mode gain, Apy is given by

Up1 — Vo2

Apm
Uq

ground), then the differential-mode gain Apy is given by

and

In the above analysis, we have not included the output resistance r, of the transistor. Ifs
r, 18 included, Eq. (2.61) will modify to

1
Ua
Yoz _ 1
- 2ngc

Apy = —8&m (Bclir,)

(i) Using 'h’ Parameters
The a.c. equivalent circuit for Fig. 2.15 (b) using approximate h-parameter model is shown in

Fig. 2.15 (d).

= o1~ 02 __ o R (differential-input, differential-output)

- l) . . «
- Apy = —ol = -3 gnEc (differential-input, single-ended output)

(2.61)

On the other hand, if output is single-ended, (say between collector of transistor @, and
(2.62 (a)

(2.62 (b)




Operational Amplifier
iy
.—.-...._._b ‘
Vd
—2—- h'° % hlo lb

Fig. 2.15 (d) Small signal equivalent circuit of differential half circuit
using /7-parameter model

O

From Fig. 2.15 (d),
Upl = -icRC = _hfe ib RC

v y
—zd— = 1 hye
Therefore, differential mode gain, Apy; is given by
Apy = 2t =1 p(Single-ended 2
DM =- c gle-ended output) (2.63 (a))
U4 ie

Similarly, we may write

Appg = Yoz _ 1 Preflc (Single-ended output) (2.63 (b))
U4 2 hie

If the output is taken differentially between the two collectors, then

v Vo __ et
vd hie

In the above analysis, the source resistan

Apy = (differential-output) (2.63 (c)

ce R, has not been taken into account.

' Common-mode gain, Acu
" Now, consider the case when v; and vy

' differential signal vy now is zero and common-m

~ and i, will increase by an incremental current . .
" 2{ _The voltage, Vg at emitter node 18 now increased by 2i, Ry and no longer constant. In order
.%o c" ’

" to draw the common mode half circuit, replace resistance Ry by 2 Ry as §hown il‘.l Fig. 2.16 (a).
B The common-mode gain, Acy 18 calculated from the small-signal hybrid-r equivalent model

shown in Fig. 2.16 (b). It can be seen,
| - Ao o 2.61 (a))

both are increased by an incremental voltage v.. The
ode signal is v;. Both the collector currents oy
The current through R now increases by

CM v, U, 7 +2(1+B0 )RE
For BO >> 1:

. By is the small signal CE current gain and 1s same as hy,.

~.
i
)}
o
Q.
4]
=
O
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gll"lvﬂ T

@ (b)
; " Fig. 2.16 (a) Common-mode half circuit (b) a.c. equivalent circuit using hybrid-r model

— _ —&m RC RC d

AM = 1 0g Ry 2Ry (2.64 )

It can be seen that, if the output is taken differentially, then the output voltage vy, — vy, will

be zero and the common-mode gain will be zero. In this analysis, we have assumed that the

circuit is perfectly symmetrical. However, in practical circuits, it will not be so, and the

differential output voltage will not be exactly zero. If the output is taken single ended, the

common-mode gain will be finite and given by Eqgs. (2.64 (a)) and (2.64 (b)). ]
The common mode gain, Agyy, using h-parameter model can be easily computed as

Vo1 _hfe RC
ACM - -
)

n

’I

(2.65)

v, h + 1+ hg)2Rg
4

The common-mode rejection ratio (CMRR) is defined as
2

CMRR = [4ou] |

| Acu |
For differential-input, differential-output, using Eqgs. (2.61) and (2.64 b), we obtain ,E}
cMRR  &nFc(1+28x Ry)
ngC ,
=1+2g,Rg (2.66).
=2 g, Ry .

" Output for Arbitrary Signals
In the previous analysis, we have assumed that either common mode signals (v,) or a differ-:

v

ential mode signals — | are applied to the two input terminals. However, in a praCtical-'
2

~ situation it will not be so. If, say, any arbitrary signals v, and v, are applied at the
inputs of transistors @, and @, in Fig. 2.11 (a), then we can represent these signals by the sum
and difference of common mode component vey (= vy and differential mode component:
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hl — U(‘-M 4 UI)M

. and O

2 = Vom = Upy
~ such that,
s = DTl
DMT T (2.67 (a))
s = U HUy
oM S T (2.67 (b))
TI t 7 < 3 3 e
'f give&eb}czu put voltage v,, and U2 at the output of transistor @, and @, in Fig. 2.11 (a) are
Uo1 = Apnm Upm + Acm Uem (2.68 (2))
© and Uoz = —Apm Upm + Agym Vo (2.68 (b))
. Example2.9

. Differential amplifier shown in Fig. 2.11 (a) uses a transistor with B = 200 and is biased at Ioq

© =100 pA. Determine the value of R; and Ry if |Apy| = 500 and CMRR = 80 dB.

Solution
" Given Ioq = 100 pA

Ioq _ 100x10°°

We know that = == =
i Vo 25x107

B =4 m0 [for Vy =25 mV]
Using Eq. (2.50),
Apm = —EmEc [For differential output]

Rc = _Aow o 900 a5 ko Ans.

B 4m0O

As CMRR = 80 dB,

80
CMRR = log™! (-23) = 10*

Using Eq. (2.66),
CMRR:1+2ngE=1+2X4xRE

Solving for Ry, we get
Ry = 1.25 MQ Ans.

Example 2.10
" In the basic differential amplifier of Fig. 2.11 (a), Given: K¢ =2 ks Ry = 4.3 k2, Voo = | Vigg |

=5V; B, =200, Vyp =0.7 V.
| Determine: ' _
3 — 0. that is for both the inputs grounded, the values of quiescent currents

i) For V, =V,
and voltages, IBQ, ]CQ: Vol' Vo2’ VC]‘:Q'

(ll) ADM’ ACM and CMRR.

iy

NP—
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Solution '
@ For V, =V, = 0, applying KVL for the base emitter loop, we may write,

Vg + 21 + Bo)pq By — Vi = 0

o b Vep—Vas o _5V-07V
BT 9014, Ry  21+200)4.3kQ

= 0024 mA =24 pA
Ioq = 200 X Iyq = 0.48 mA

V, =V,=5V-2kQx 048 mA (due to symmetry)
=5V -.96V =404V E |
Vegq= Ve - Vi

=V, — Vgp) = Vo1 + Vi
=404 V+07V=474V

Isg 0.48mA
. - fca _ ~.01920 =19.2m0
o) &2 " Vv, T 25mv

p = Bo 200 _40.4x0

"7 g, 192m0
Using Eq. (2.61),
. ADM = —£n RC

. - _19.2 mOU X 2 kQ = -38.4
From Eq. (2.64a)

_ﬁ R
Aon = 20t ;3(:, Ry

—200x2kQ
T 10.4kQ + 2(1+200)4.3kQ

Apy  —BB4
Agy -0.23

=-0.23

CMRR = = 166.9 = 44.4 dB

le2.11
:ifferential amplifier designed in Example 2.6, the following inputs are applied: v
v, = 15 sin 2r (60)¢ + 5 sin 2 (1000)¢ mV 1
vy = 15 sin 21 (60)t — 5 sin 2x (1000)t mV

¥ re, the signal at 60 Hz is the interference signal and the signal to be processed is &8
kHz. Determine the output voltages v,, and v, i
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Solution

We know from Example 2.g

8n = 4 mU. RC= 125 kQ, RE= 1.25 kQ

and ry = _B_o_ = _.2_00 —
gn dmy 0K
Given, Apy = =500,

We compute Aqy from Eq. (2.53 (a))

Amy= —PoXBe  _ ~200x125 kQ .
20+B)Rg +1r, ~ 2(1+200)1250kQ+50kQ

From Eqgs. (2.67 (a)) and (2.67 (b))

Uy —v
! 3 2 =5 sin 2r (1000)t

Upm =

Uy —v
and Upar'= 12 2= 15 sin 27 (60)t

From Egs. (2.57 (a)) and (2.57 (b)), we get

Up1 = —500[5 sin 2r (1000)¢] — 0.05[15 sin 2n (60)¢]
= —2500 sin 2r (1000)¢ — 0.75 sin 2r (60)t mV.

and Usz = —(=500)[5 sin 21 (1000)¢] — 0.05[15 sin 2% (60)t]
= +2500 sin 2r (1000)t — 0.75 sin 2n (60)t mV

Example 2.12

For the differential amplifier shown in Fig. (i) find the differential voltage gain. Given
By, = 100

+10V +10V
Rc $(100Q)
Vo
v, Q, Q,
Re Re
(150 Q) A (150 )
MV =
I/2 lo/2

Fig. (i) Circuit for Example 2.12

Chapter 2
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Solution
J N A YOIt Yo . i) (. . .

Note that the circuit is a differential amplifier with single ended output taken at the collect,
of @,. Also there is a 150 Q resistor between emitter and terminal A.

IOQ - 9

Fig. (ii) Equivalent drcuit

b sndt _ B _ _
. == g T 1/100

The differential mode gain for a single stage 1s found from the equivalent circuit shown in

Fig. (ii) and can be written as

F
Pofic J [Eq. 2.51 (b) modified on account of Rg]

1
2 _rn +(1+B0)RE

Apm =

1[  100x10 kQ
= 2|10 k£2+101x150£2] =40 VR

Note that the sign of Apy 1s positive because the output is taken at the collector of €

whereas input is applied at the base of @,.

2.4.4 Circuits for Improving CMRR
Agy should be as small as possible. From Eq. (2.65
however, practical limitations on the magnitude of Rg

t. If Ry is made large, the emitter supply Vi will also have
the proper quiescent current. And if the operating currents
will decrease, thereby decreasing hg, too. Ths

), it can be seen that

For CMRR to be large,
because

Aoy — 0 as Rg — . There are,
* of the quiescent dc voltage across i
to be increased 1n order to maintain
| of the traneistors are allowed to decrease, then A,

' too will decrease the common mode rejection ratio.
The use of a constant current bias in place of Ry; is found to be a practical solution to the

roblem discussed above. In Fig. 2.17, Ry; is replaced by a constant current transistor circuit

" in which 2, 1, and [ty can be adjusted to give the same quiescent conditions for the tran&.‘ist.ol's
@, and @, as i1 the original circuit of Fig. 2.13 (a). The modified circuit presents a very high

 effective emitter resistance I, even for very small values of Ry. Typically, Ry; 18 hundreds 0!

kQ even if I, is as gmall as 1 k.
" Let us calculate the current [ and verify that the emitter circuit really behaves as &
nt current source. Writing KVL for the base circuit of Q,, we get

consta
| =Vp + (Vg — V1) " 2.69)
VBE3 + I.'jlelj - rD EE D Rl +RZ
Here Vp represents the drop across the diode D. If the base current is neglected, then

- L




% 1 ( ViR Vi IR
1+ e [: = — | —BE} ol " (2.70
BT R [R\ VR, R 4Ry V'“’"'} /

i o e . . .
- By proper choice of resistors R, and R,, it is possible to set,

4
A VbR, . .
: R+ Ry = Vi (2.71)
; -
b 1 ( ViR
1 Then, I 68— _—EE"'2
101 Q R, [R1 N Rz) (2.72)

up o>
ISRt

. So. it can be seen that the current Iq will be essentially constant as it does not depend upon
- signal voltages v, and v,.
i What is the use of the diode D in this circuit?
- The diode D makes I independent of temperature.
, \\ e know that Vg3 decreases approximately by 2.5
~ mV/°C and the diode D also has the same
\temperature dependence. Hence, the two variations
umcel each other and I, becomes independent of
~ temperature. It is usually difficult to satisfy
- Eq. (2.71) with a single diode D in the circuit of Fig.
217 as V}) and Vgg; have almost the same value.
Hence two diodes are normally used for V7.
- With I, constant, it can be shown that the
mmon-mode gain is zero, so that the circuit pro-

(no ac signal) the current I gets divided equally in
";d__enhcal transistors @, and Qs and Iy =1y =1g.
Now if the same signal (v; = v,) is applied to both
the inputs, there will still be no change in the col-
ector currents ic, and ic, as I is constant. Thus
e small signal current i, flowing through the load
resistor R is zero resulting in zero output voltage.
us we can state that a diff-amp, if supplied by a constant current bias gives very high CMRR.
e constant current circuit of the type shown in Fig. 2.17 is used in Motorola MC1530 (Fig.
23). A more commonly used IC op-amp pA 741 uses a different type of constant current source
hich is very simple and uses less number of components. This circuit is called current mirror
d offers extremely large resistance under a.c. conditions, thereby providing a high value of

0 —Vee

Fig. 2.17 Differential amplifier using constant
current bias

Constant Current Source (Current Mirror)

‘chnology It may be noted that bases and emltter of @, and @, are tied together and thus
2 ."the same V. In addition, transistor @, is connected as a diode by shorting its collector

Chapter 2
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The input current I, flows through the diode- Vee
connected transistor @, and thus establishes a volt-
age across @,. This voltage in turn appears between bt lgﬂf be /|
the base and emitter of @,. Since @, is identical to biased | =
Q,. the emitter current of @, will be equal to emitter ley l ley Y,
current of @, which is approximately equal to Jry. a 3,
Thus, we can say that as long as @, 18 maintained J/j -— ——t
in the active region, its collector current 3\1, /\, =
Ics = I, will be approximately equal to I Since the v—— ¢ oez
output current I, is a reflection or mirror of the
reference current I the circuit is often referred to _L

as a current mirror.
This mirror effect is however, valid only for large Fig. 2.18 The basic BIT current mi

values of B. To study the effect of B on the operation
of the current mirror circuit, we analyze it further.

Analysis :
The collector currents Ic, and Ig, for transistors @, and @, can be approximaté'
expressed as |

ICl = aFIES eVBElIVT

Icg = aFIES eVBm,VT

From Egs. (2.73) and (2.74), we may write
Ico — (VB2 ~Vee)Vr

Iy
Since Vge1 = Vage, We obtain

Iy =1Ic,=Ic =1,
Also since both the transistors are identical, B; = B, = B.

KCL at the collector of @, gives
It =Ic) + Ip, + Ipy

Ioy I 2
= I+ 8 +-82 = | (1+—)
R B U B

} Solving Eq. (2.77), I may be expressed as

B.
Iy=.=t—
. B+21"”

ere I, from Fig. 2.16 can be seen to be

_ Yoo —Vie _ Veo
1= T I(;:‘ (as Vg = 0.7 V is small)

pm Eq. (2.78), ﬁ?f B >> 1, Br@ + 2) is almost unity and the output current I, is equal-gg
: rg;;g current, I, .r which for a given R, is constant. Typically I, varies by about 3% ‘é

amd iis 'the arge signal (G wurront gain.



Operational Amplifier

It - :lt];T:;:?;‘l‘:“l::fl;:‘;‘li“t;’“ﬂ‘&ng j.;'ansfer ratio other than unity simply by controlling the area
|« -base junction of the transisto i
| s 4 times that of Q,, then r Q,. For example, if the area of EBJ of Q,

IO =4 Iref

The output resistance of the current source is the output resistance, r, of @,,

Va _Va
I, 1

The circuit however operates as a constant curr
active region. From the volt-ampere characteristic
. that for Vegs < 0.3 V, @, is saturated. For Vegs
. region and I, is essentially constant. The slight
r 1/slope of the curve in this region gives the outp

all practical purposes, early voltage may be ass
1s constant.

R, =rgy = [V4 is the Early voltage]

ref

ent source as long as @, remains in the
s of @, shown in Fig. 2.19, it can be seen
> 0.3 V, transistor operates in the active
increase in I, is due to Early effect. The
ut resistance r, of the current source. For
umed to be infinite, so that r, — e and I,

Chapter 2

e
i
H
i
3

v

Veezeay= 0.3V

Fig. 2.19 Volt-ampere characteristics for transistor @,

Example 2.13

The current mirror of Fig. 2.18 is to provide a 1.0 mA current with Viz = 10 V. Assume
B =125 and Vig = 0.7 V. Determine (a) the value of R, (b) value of R, for I = 10 pA.

Solution
(@) From Eq. (2.78), we have

125 10V-0.7V
125 + 2 R,

1.0 mA =

R, = 9.15 kQ
(b) Again using Eq. (2.78), the value of R, is found to be
R, = 915 kQ
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+sW_[§larCurrent Source

SIS NS

gﬁ'EaSIC current mirror of Mg, 2.18 has a limitation,
. Whenever, we need low value eurrent source as in
"ngample 2.6 part (b). the value of the resistance R,
_f'quired 1= sufficiently high and ean not be fabricated
‘economically in 1C circuits. In Fig. 2.20 is shown a
i‘ﬁ\Yidlar current source which is particularly suitable
for low value of currents. The circuit differs from the
' basic current mirror only in the resistance Ry; that is
~included in the emitter lead of ®,. It can be seen that
- due to Ry the base-emitter voltage Vigo is less than
F Vge1 and consequently current I, is smaller than I,.
I The ratio of collector currents I, and Iy using
. Egs. (2.73) and (2.74) is given by

I
Q1L _ e'VBE1 —VBR2)/Vp
Icy

Taking natural logarithm of both sides, we get

ViE1 — Vigs = Vi hl[Iﬂ)
c2

Writing KVL for the emitter base loop

Vie1 = Vpge + (Ipy + IRy

or Vee1 — Vage = (1B + 1) IRy
From Egs. (2.81) and (2.83), we obtain

[l + 1)IC2RE = VT lnicl

B Ico
or RE = VlT ln ;Cl
[1 + E}I(w G

IBZ

% b5
R

VBE 1 VBEZ____’-

RE %l (Igz+ ICZ]

I

Fig. 2.20 Widlar current source

2.80)

2.81)

2.82)
2.89)

(2.89)

2.89)

A relation between I, and the reference current I,.¢ is obtained by writing KCL at the

collector point of @, (node ‘a’)
Log = Iy + Iy + I,

oy

(Assuming B, = B, = B for identical transistors)

(2.86)

(287
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~In the Widlar current source Iy, << I, therefore the term fo/fp may be neglected in
E Lq. (2.87).

Thus, Lo = I, (1 + Il%) (2.88)
i or ICI = T ) (2.89)
| where L= Vee - Vae (2.90)
¢ R, P
B>>1, Iy = I @9 |
B The de-qgn and advantages of Widlar current source are illustrated in the following example: o
fExampIe 2.14 | ..é_
: Deqcn a Widlar current source for generating a constant current I,=10 pA. Assume V=10V, 5

\‘ £ =07V, B =125. Use Vy = 25 mV.

e
|

I For the Widlar current source of Fig. 2.20, we must first decide a suitable value for I, If we
fC choose I, = 1 mA, then, R, is given by

».f _10V-0.7V _

j R, _T_QBRQ

i’: The value of Ry is determined from Eq. (2.85)

3 0.025 1mA

i In = 11.

‘ [10 HA] 11.5 kQ

RE =
(1 ES —1—] 10x1078
125

It is clearly seen that Widlar circuit allows the generation of small currents using rela-
- tively small resistors.

Sometimes, it is convenient to use emitter resistances in both the transistors @, and @,
- as shown in Fig. 2.21. If R, = R, the currents I; = I,. The same circuit can also be used to

i ) prov1de different currents in Q1 and Q2, as we shall now see.

. e

Y
. Analysis -

Rewriting Eq. (2.75) as let | SRy B
L I le2= 1
i Vigs = Vpgy = VrIn—22 (2.92) |

Icy o}
i - Writing KVL in the base-emitter loop (3:/1 f \ Q,

o Vigs — Vegr = IeiBy — Icofty e Veer Ve

o (Neglecting base current) (2.93) R .
T 2
From Egs. (2.92) and (2.93)
IClR] - ICZRZ = VT In -I'Gl (29‘1) ¢
Iy

Fig. 2.21 A current mirror with
magnification (/o,/ I, = R/ R,)
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Io By oy Vo, e

Loy By I By o
Igg = B {1 L _I_C_Z.J
Iom Ry IRy ey :

For the range 0.1 < Loy < 10, we can assume LQ—gi Thus even large ratlos” 'r
Ior I R 7.

. (say 10) is easily obtained by the modified circuit.

Current Repeaters 4
. The basic current mirror of Fig. 2.18 can be used to source current to more than one 10 d

Such a circuit is called current repeater and is shown in Fig. 2.22. If all the transmtors are

Fig. 2.22 A current repeater to source current to & transistors @, @, ... ... G

an seen from Fig. 2.22 at node ‘@’
I =1, + Iz + NIy (Assuming identical transistors) _i{-
=Ic+—(1+N)IC ' 1_7
p
1+N ‘ [
= Ic( ( )] | e
B B
I = I L P‘{) |
C refB+1+N (
i . . i
g possible to achieve different value of Ig), Ig,, ... ... Ioy by scaling the emitter area, of
{5 @n. The same can also be achleved by using emitter resistance a8

idlar current source.
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Example 2.15

N S O1CT a 3 AN ¥
For the circuit shown in Fig. 2.23 determine Ioy, 1o, and Iy, Assume f§ = 125

O

neglected
1.94 kQ

Fig. 2.23 Circuit for Example 2.15

Solution
o= 9V -0.7V

= = 0.277 mA
ref 30kQ

Also at node ‘a’
I, = I + 31y (Assume Iz of Widlar source negligible)

i)

Ic = Lt [EE—BJ

Putting the values and solving, we get
ICl =ICZ = 0.271 mA.
Calculate I3, using Eq. (2.85) gives

0.025 0.271
In

1 Ics
Ics (1 + 125)

Solving the transcendental equation by trial and error, we obtain
Iy = 0.0287 mA

1.94 =

Improved Current Source Circuits
A good current source must meet two requirements. The first is that the output current, I,
should not be dependent upon B and secondly the output resistance of the current source

should be very high. The need for high output resistance current source can be seen because

the common-mode gain of the differential amplifier (used as basic building block in op-amps)

can only be reduced by using high
Invariably use current source as
resistance load is required. Now, W
B or increased output resistance.

resistance current sources. Also, all differential amplifiers
a load. Thus to obtain high voltage gain a large output
e discuss two circuits that exhibit reduced dependence on

™~
=
o))
)
=
o
—
-




A Current Source with Gain '[Vcc

The circuit shown in Fig. 2.24 includes a tran-
sistor @; whose emitter current supplies the
base currents of @, and Q,. The expression for |,,,,l éR,
the source current I, = I, can be derived by 4 : K. |
writing KCL at node ‘&’ a "
D B

IC1l IB:! l' I
- + . E3 -

Log = Iy + Ipg o, &

; e 3
= Iy +—E2 (2.100) E

1+p = T

Fig. 2.24 A current source with gain

(l

Also Igg =1Igy + Igo = 2Iy ~ (since €, and @, are identical) 3
Thus,
2r 2.101)

Lot = Iy + =2 e

21 ( _2_] R

=+ —2 = I~|1+ i

°Tpa+p - U BaA+p) ]

BA+B) =

o I — IC ref BZ " B +2 [ICI — Icg = IO] (2-1
where ‘:
7 = Yoo —2Vee

L ref Rl L

It is easily seen from Eq. (2.102) that the output current is essentially independent of p. Th
. output resistance of the current source is only r,. It can however be increased by using emltte
" resistances in @, and @, as is done in the modified Widlar source circuit 1
‘Fig. 2.21. The two emitter resistors can also be used to make I, different from I,

_llson Current Source
Vee1 = Vigs
IC] - 102 and IBl = IB2 = IB

e
2 103)
Ty =20y + Toy= (B+1J Loa | )(2.1.9; :

EEL




N/

Fig. 2.25 A Wilson current source

I is also equal to
1
Igs = Iz + Ipg = Ig (1 # E)

From Eqgs. (2.103) and (2.104), we obtain

Ics (1+f13-) = I (1+1§-]

Since, ICI — IC2

At node ‘a’
B+1, I, p*+2B+2
:7 or Io B2+2B+2 ref
where I = Vee =2V
R
2

The difference I, — I,

7
i

e s

Chapter 2

2.104)

(2.105)

(2.106)

(2.107)

(2.108)

(2.109)

|

| |
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. mirror is substantially greater (5 B-E-) than simple current mirror or Widlar current m.:..

' More Solved Examples
Example 2.16

For the circuit shown in Fig. 2.26, determine the value of I, for B = 100. Assume Vg = 0

o V=5V (o]

4 ] l'

X/
o\

loop 1 |,e,l 10 kQ

S5V 1
Fig. 2.26 Circuit for Example 2.16 |
Solution
Writing KVL for the indicated loop 1
5V — Vg — 10kQ I ¢ + 5V =0

10V -0.7V B
L=/~ T 008 A |

At emitter node ‘E’

I =2Ig (Assuming identical transistors)

= ol + I) = 2Ig [1 + %J

Then Ic= —lef = 0.46 mA

Due to mirror effect I, =1g, = Ic = 0.46 mA | |
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¥ . . +12V
the circuit shown in Fig. 2.27. T
(@) Determine I, and Iy
(b) Find R so that V,=6YV. Assume B = 200. 15 mél . Re l'cz
' ution a
&) I ls lg Ve,
12V -07V e
Lt = Eio -075mA s
,$ 2.8kQ
0.7V
and I = =0.
At node ‘a’ Fig. 2.27 Circuit for Example 2.17 -g
L =1Ic, +2I+ I =
9 =
= ICl 1 + E‘ + Il

I, = 0.495 mA = 0.5 mA

_ Iy =1, (due to mirror effect)
(b) From the outer loop
. 12V =IRc + V,

_ 12V -6V

= =12 kQ
Re 0.5 mA

: ') +10V
¥rom Fig. 2.26 at node ‘a
! I=Ig + 1, =1 +1Ip + 1) l'
(oX]
Lo
vy A N 10 Q,
I 4.7 kQ * lcy l’m o2 l'sz
T Q;—J Q;‘V llu

J’—10 \
Fig. 2.28 Circuit of Example 2.18
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1

or, 1= Im(l-l-t—}-) + 1 = Iy +1; (a8 >>1)

Also at node ‘b’

4 . . 1
I, =lgy + Iy = Iy + Iy + Ipg = Iy (1+B]+IBB = Jog + Iy,

Putting the value of Il', we get
I=1Io +Igp+ Ipg =21 + Ips [as Ic; = e = Ic]

1
o~ IC [2"‘6) o~ 2IC

The current I is given by,

7210-075_ 9256 _ g0
47kQ  4.7kQ

The collector current of Qs is equal to the collector current of @, and @, due to mirror
action. Therefore, the emitter current

Ty = Iog = I = é = 0.98 mA

2.4.5 Input Resistance

The resistance offered by the differential amplifier of Fig. 2.29 to the differential input signal

~ (v; — vy) is called differential input resistance Rjy. The emitters of @, and @, are floating as
| Ry is replaced by a constant current source, therefore Rjq = hjo; + hjey = 2 hje. If input 2 is
. grounded, then input 1 is loaded by 2 h;,. The value of &;, can be increased by reducing the
" biasing currents for @, and @, and input resistance of the order of 500 kQ can be obtained.

~ Higher values of input resistance can
. be obtained by using a Darlington pair in
. place of transistor @, and @, of Fig. 2.29
. as shown in Fig. 2.30. One drawback of
' the Darlington differential amplifier is the
'31"'5’,‘fhigher offset voltage V,,, (due to cascaded
‘ stages) which is about 2 times larger than
. the ordinary two transistor differential
amplifier. '

i:prrent gain 1s
B Io _ Igy+1g

[j:
Iy Iy
=da . dop
IBI I.Bl

Fig. 2.29 Differential amplifier
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Vee = Ve + Vaesz
B2

.
Ll

Fig. 2.30 Differential amplifier using Darlington pair

= ICl + ICZ % IB2

in

I;; Ipp  Ip
Ipo =1
=B, + B B + D l: B2 = Bl } B2B,
=Ig; +1p

ngton circuit will be of the order of 10,000 if the
bout 100. Another method to get higher input
he input stage with the rest of the stages
Q is possible with such JFET inputs. A

So, the overall current gain B of the Darli
current gain of the individual transistor 1s a
resistance is to fabricate a FET differential pair as t
made of BJTs. Input resistance of the order of 10"
number of such op-amps are described in Sec. 2.6.

2.4.6 Active Load

The open circuit voltage gain of an op-amp should be as large as possible and this 1s achieved
by cascading gain stages. However, this increases the phase shift too and amplifier becomes

more susceptible to breaking out into oscillations. One can think of .increasing gain by using
oportional to load resistor R;. However, there

large collector resistance values as gain is pr :
are limitations to the maximum value of R to be used due to the following two reasons:
(i) A large value of resistance requires a large chip area. |
(i) For large R quiescent drop across .t increases and hence a large power supply will be
required to maintain a given quiescent collector current. These difficulties are circum-

vented by using a current source of the type shown in Fig. 2.18 as load in the place

Of Rc.
The current mirror discussed earlier has a dc resistance of the order of few kilohms, as
the quiescent voltage across it is a fraction of the supply voltage and the current is in
s a constant current source, 1ts dynamic resistance (ac)

milliamperes. However, since it acts a ; LCe
active load for an amplifier to

is very high. Hence, a current mirror can also be used as an ‘ .
obtain a very large voltage gain. Figure 9.31 (a) shows a diff-amp with an active load. The

current mirror uses pnp transistors @, and Q4. The constant current I may also be obtained
from a current mirror. The operation of the circuit in Fig. 2.31 (a) 1s as follows:

-
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Fig. 2.31 (a) A differential amplifier with an active load @G-,

Under the quiescent conditions, v; = vy = 0. From symmetry of @, and @, I; = I,=1I/2
where base currents are assumed to be neglected. Since @; and @, form a current mirror,
I =1, = L. The load current I}, entering the next stage is

I,=I-1,=0 (2.110)

However, when v, is increased over v,, I; increases whereas I, decreases, since I; + I, = I
(constant). Also the current I always remains equal to I; due to the current mirror. The load
current is given by

L=I-L=1I-1I,

=8mV1 — BmV2 = &m (Ul - UZ)
= gnUq (@.111)

The circuit thus behaves as a transconductance amplifier.

A popular op-amp (LA741) by Fairchild uses an alternate active load as shown in Fig. 2.31 (b
The transistors §,—@; and @,—Q, are in cascode configuration (CE-CB) with input signal as t
(v5). The transistors @5, @ and Q; form the active load of the type shown in Fig. 2.24. The
transistors @4 and @, form the current mirror to provide the constant current IQ required for
high CMRR of the diff-amp. If base currents are neglected, then Iq = I3. The arrangement Quo
and @, is another current mirror where I << I, due to 5 kQ emitter resistor. Consequently
Ip=1is small (of the order of pA) giving a very high input resistance.

Under the quiescent conditions, I} = I, = Io/2. Since I is always equal to I, the load
current Iy, = I, — I = I, — I, = 0. Now if v, is increased and v, is decreased, I, rises and I3
falls from the quiescent value of I/2. With this excitation, I}, = I, — I, changes from zero ¥
a negative value. Thus the circuit behaves as a transconductance amplifier because I, 1
proportional to v; — vy.
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m:;m_{\)(} e l 39 kO
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Q, |\9

e

%sm

Active load E 5V

Fig. 2.31 (b) Active load (Qs—Qs—@) of a low current
differential amplifier pA741

24.7 Level Translator

There are two good reasons for using a level shifter in an IC op-amp. As we want an op-amp
to operate down to de, no coupling capacitor is used. Because of direct coupling, the dc level
rises from stage to stage. The increase in de level tends to shift the operating point of the
next stage. This, in turn, limits the output voltage swing and may even distort the output
signal. It, therefore, becomes essential that the quiescent voltage of one stage is shifted
before it is applied to the next stage. Another requirement to be satisfied is that the output
should have quiescent voltage level of OV for zero input signal.

The simplest type of a level shifter is shown in Fig. 2.32 (a). It may be nqted that this is
basically an emitter follower. Hence the level shifter also acts as a buffer to isolate the high

gain stages from the output stage. The amount of shift obtained

V,-V,=—Vgg = -0.7V (2.112)
tput can be taken at the junction of two resistors R, and
hift is now increased by the drop across R,. However,

ge that signal voltage also gets attenuated by
ted if R, is replaced by a current mirror I as shown

If this shift is insufficient, the ou
Ry, as shown in Fig. 2.32 (b). The voltage 8
thig arrangement has the disadvanta
Ry(r, + R,). This can be easily circumven
In Fig. 2.32 (c).

Chapter 2



(b) (c)
Fig. 2.32 (a)c) Level shifters using emitter follower buffer

g

The ?;rm level now is
A V,-Vi==(Vpgt1 R)) (2.113)
18 NO ac attenuation due to high resistance of the current source.
'} +VCC
ther voltage source commonly used in nA741 op-amp is D
in Fig . 2.32 (d). It can be seen that if base current is J,IQ
com .ared to the current in R; and R, then the circuit =t
s a Vg multiplier as,
R3§
BV R
'_EE(Ra +R4)=VBE 1+"_3‘ (2.114) + Vv
R4 R4 y
: R Vee
source can also be used to replace R; in ¢
v _
J

Fig. 2.32 (d) A voltage source V
which is a multiple of Vee

 for the level shifter shown in Fig. 2.33. Assume identical silico
; pd very large values of f3.

n transisto

nd @, form a current mirror.
Iey =Icp =1

_15-0.7
J=10-0.7_
10 1.43 mA
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10 kQ |

-|||}—

Fig. 2.33 Circuit of Example 2.19

Vl = V2 = VBE3 + ICZ X b kQ = 0.7V + 143 X 5 kQ = 7.85V.

- 2,4.8 Output Stage

. The function of the last stage, that is, the output stage in an op-amp is to supply the load
. current and provide a low impedance output. It should also provide a large output voltage
. saving. ideally the total supply voltage i.e., Voo + Vgg. A simple output stage consists of two
. complimentary transistors @, (npn) and @, (pnp) connected as emitter followers as shown in
. Fig. 2.34 (a). It can be seen that for v, positive, transistor @, is on and supplies current to load
| R,. And, if v; is negative, €, is cut off and @, acts as a sink to remove current from the load
" R, There is, however, a limitation in this circuit. The output voltage v, remains zero until the

+Vee

_VEE
(b)
ry emitter follower output stage (b) Output stage of nA741

(a)
Fig. 2.34 (a) A complementa

o
&5
[«))}
e
o
[{*}
L=
(&)
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Iy

input v; exceeds Vi (cut in) = 0.6 V. This is called cross-over distortion. It can be eliminatgg |
by applying a bias voltage V slightly greater than 2 Vig g in) = 1 V between the two baseg, ¢
that & small current flows in the transistors even in the quiescent gtate. '
~ The output stage of uA741 op-amp is shown in Fig. 2.34 (b). The block marked V is the V.
multiplier of the type shown in Fig. 2.32 (d). It 18 designed to supply a voltage of about 1y
~ between the bases of the complementary pair of transistors @4 and @;5. The small emitte
~ resistors (25 Q) stabilize the quiescent base current.

WPLES OF IC OP-AMPS £

i *JWeére now in a position to analyse the complete circuit of commercially available op-amps. Twg
" such IC op-amps discussed are Motorola MC 1530 and Fairchild pA741.

..
21l
Ve

| 251 Motorola MC1530 Op-Amp

The circuit of MC 1530 is shown in Fig. 2.35. It is easily seen that the circuit consists of four
stages. Transistors @, and @; form the first diff-amp stage driven by the constant current
source @,. The output of the first diff.-amp drives the second diff.-amp formed by @, and ;.
The single ended output of the second diff-amp drives the level shifter @4 (emitter follower). @;
and diode D; forms another constant current source of the type shown in Fig. 2.17. The diode
connected transistor @, of Fig. 2.17 is shown by diode D; here. The output stage of MC1530 uses
Qg @ and @, where @, and @, are in totem-pole configuration.

6 ‘[Vcc(“s V)
Il | |Re (Ra |csl R, Ry
(7.75 kQ) §
lea lé(m @ ], §(3 k) sk §
C4
NV Vv
Non-inverting Ve Ves | = Q, Q,
terminal (6 k€2) (30 kQ2)
1

(22kQ) &
AR T 5(1.5;@)

j«—-—-ﬁ 1st diff. amp. «— 2nfi  —|—»le—Level _ _Output _
243 >| diff. amp. *i shifter >| |<stage ’i
3o o4

~Vee(-6V)

Fig. 2.35 Internal circuit of Motorola MC 1530
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pxample 2.20
com the circuit of Fig. 2.35 calculate:
@ 1 he collector current 1 each transistor and the output voltage under quiescent con-

ditions.
@ The open loop voltage gain.

Assume Ag = 100 and Vg = Vp = 0.7V,

}‘\

Solution
() The dc analysis 1s performed'by assuming that both the inverting and non-inverting
terminals are at ground potential. To determine the collector current in @; and @,, first

calculatevthe constant current IQ. If the base current of @, is neglected, then Iy = I;. The
voltage Vpx at the base of transistor @, with respect to ground N is written using voltage
divider rule as,
Viny = [-VEg +Vp + Vbl Rs
Ry +Rs
(-6 V+14V)(3.2kQ)
- Tskarszke oY
I, = Vee + Va1 —VBE1 _ 6V-313V-07V =(0.986 mA
R, 2.2kQ

So, I, = 0.986 mA

Under dc conditions, half of the I, flows through each of transistors @, and @;. Therefore,
Ioy = Iy = Igy = 0.493 mA. The voltage at the collector of @; and @3 is,

VCZ = VCB = VCC = R2IC2 =6V - (775 kQ) (0493 mA) =218V
and @ is 2.18 V. The dc voltage at the emitter of @, 1s,

So the voltage at the base of @,
=218V -07V =148 V.

Vis = Voo — VBE4

Vg, 148V
= == =0.987 mA.
= ;=g ~15kQ

ly in transistors @, and @, so that

This current divides equal

I
By = fg = =004 mA

Ve = Ve — IosRy =6V — (0.494 m&) 3 kQ) = 4.52 V
= 452V 0.7V =382V

Vs = Vos — ViEs
t mirror of the type shown in Fig. 2.15.

Transistor @, along with diode Dy forms a curren
Hence,

o =1 = Yen—VDs 166 mA.
er— 8 3.4
first calculate the voltage at the base of @,

To calculate the current I,
— Vg =07V + 07V-6V=-460V

Vg = Virs + V1

Chapter 2
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Femm: i W 9 Q¢ 4.6
In _ ‘Nﬁ ‘]m _ 382V +46V = 1.40 mA

Ry 6 kQ
Lo = oz = 1y = 1.66 mA — 140 mA = 0.16 mA

Th \‘oltau V) at the output terminal is,

TN

, ‘ = 1‘01?10 + ‘lm = (0 16 lnA) (30 ]{Q) — 4.60 V 0.20 \%
e = 0V (as expected)

@) In order to calculate the overall voltage gain, we first calculate the voltage gain of th
srential amplifier stages. For this we must know the ac emitter resistance A;, of th

. = ,l-fe VT
| 1e IICI
where 17 is the volt equivalent of temperature = 26 mV at room temperature.

I02 = IC3 = IC4 = IC5 =~ (.5 mA

» %:“:—l

!"“ ' E >
1_ e L

e e (100) (26 mV)
1.

. = =5.2kQ
0.5 mA

effective load of @, and @ is

Ry, = R 53 = 7.75kQ||5. 2kQ = 3.12 kQ
‘lh‘r.; utput of the first stage is double ended, its differential gain is given by Eq. (2. 53)

'r

Vs —Ucp _ he, R, _100x3.12 kQ 60
vy h; 5.2 kQ

1e

lie emitter follower QG) The output of the second stage is single ended, so 1tS
eT) tlal gain is,

;-".-,‘ ves 1 heR;, 100 x 3kQ
B . Ay, = —=—— = - = = .
B V2T v 2 by Bk o

S e s R

1s1stor used. ‘ iy |

it s a ZT ke o

*ip

S b el R

e emitter of @,—Q; is at ground potential under ac operation the input resistance h;,
, and @ is effectively in parallel to collector circuit load (R, and Ry) of first diff. am;a.l

-

e

od

s
T

i S R S,

R

bt ]

=

.-i*:_a:..nm_-e,

R
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i 252 7410p-Amp

741 Op-amp has become an industry standard to- .
: ;' dav. The pin configuration and the complete sche- Dual-in-hgpackage
~ qmatic circwit diagram for 741 op-amp 18 shown in Offsot null —- e
~ Fig. 2,56 () and (b) respectively. Since this circuit 2

B ' ) Inverting input —= -y
| iz quite complex compared to MC1530, only the (1 741 v
- qualitative analysis is taken up. Non-inverting input —3- -6 output
q P p
In understanding an op-amp circui
g p-amp circuit as complex T Offset null

~ as this (24 transistors), first we identify the stages
. which provide signal gain. The input stage diff-
. amp consists of transistors @,-Q; and Q,—Q,.
¢ Transistors @, and @, provide the second stage voltage gain. Transistors @,@; and @,Q, are
" in cascode (CE-CB) configuration. Two transistors in series (@, feeds @;) provide high gain per
stage needed to achieve the adequate open-loop gain in a two stage amplifier. The transistors
. Q.. Q; and @; form the active load for @; and @,. Transistors @; and @ also function as a
| differential amplifier for the external offset nulling signal. The emitter current of transistors Q;
and @, can be controlled by varying a 10 kQ potentiometer that is externally connected between
. offzet null terminals as shown by dotted line in Fig. 2.36 (b). Bias currents for the input stage
are provided by a complicated arrangement of current mirror pairs. @, generates a current in
@,,. This current is reflected over to @, (though reduced because of the emitter feedback due
" 10 R,). This, in turn, generates a series current in @, which is reflected across another mirror
. pair to Q. The bias current of @3 and @, is effectively driven by the mirror pair @,; and @,;.
. The output of the first diff-amp is taken at the junction of @, and @ (point X) which acts as
a complementary symmetry amplifier. The output at this point is proportional to the differential
* input signal. The output is now amplified by the second stage consisting of transistor @,¢ and
 @,- in Darlington connection.
. The output of common-collector-amplifier formed by @, and Ry drives th(.e CE-_ampljﬁer
. composed of @5, Rg and a constant current load Q3. The output of CE-gmph’ﬁer is a bias source
b for transistors @5 and @,y. Transistors Q). and @3 form a cur.rent mirror and supply current
. totransistors @, @5 and Q. The network consisting of transistors @z, ng and R, is a fixed
' voltage level shifter shifting the voltage output of @7 by a fixed amount on its way to the output
8 complementary stage formed by @4 and @,. The level shifter network is designed to bias the
- output stage in the linear region. The transistors @4 and @, also separate the bases of_ Q@4
- and (), by two diode drops and thus temperature compensate currents in @, and Q.. ’I‘raqsxstor
- @, performs two functions. It serves as a buffer between Q7 ;md Q.,, and also provides a
. negative feedback to @, The final output is‘taken at the junction of R; and R,;. The output
complementary pair operates so that depen_dmg upon th_e sign gf the output, qnly one of the
* transistors @, or @y i8 conducting at any tn.ne.. With no input signal, both devices are turned
- off, resulting in a low quiescent current drain in _the output stage. N l
Transistors Q@ and Q.3 protect the circut ﬁby 11'11;.}‘t;}1g' Lu}uentlt‘tc: tdx.e O‘u‘tPtlE
complementary stage. If the output (load) current exce.edb‘the safe limit, the vo 1%,‘e drop across
It and R- increases. This turns on Q,; and @y, Whl.(,‘h In turn makea_% (5 on. lhl§ however
shorts out, that is turns off the amplifier Q,6-@,7- This reduces the emitter current in @, and
~ Inturn current in @,g and Q. The reduction in the currents of Qs and Q lowers. the currents
. InQ, and Q,,. The diode-connected transistor @ is a temperature compensating diode for

Fig. 2.36 (a) Pin configuration

Chapter 2
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~ transistor Qyg. Finally the internal 30-pF capac i i
© ctabilize the circuit. PI* capacitor provides the high frequency roll-off to
Y Exan"p[e 5 M |

. For the op-amp circuit shown in Fig. 2.3 - _
. () Perform the dc analysis. N 8. 2.97, assume hy, = 100, Vgg = 0.7V.
' s1s. Note that the transistor @; has four times the areas of transistors

Q; and Q@y.
() Compute the overall voltage gain.

? Ve +15V

Chapter 2

2.0 mA
07V Q

15.7 kQ ov

|/07(4X) m} 3kQ
5

N

le— 1st differential stage —fe— —>L—2nd differentiaH level [« emitter-»|

stage translator follower
Ve =-15V

Fig. 2.37 Circuit for Example 2.21

.~ Solution
It can be seen that the circuit has the following four stages:
(i) Dual-input, differential-output
(ﬁ) Dual-input, single-ended output
(l'ii) Level translator
(iv) Emitter follower.
() For dc analysis, assume that the input terminals are shorted to ground.
The reference current I of the current minor @5—@Q, is obtained as

7= Yer=Vom _ 18V-0TV _q5mp

R 28.6 kQ
Due to current mirror action,
Icqs=1=05 mA

and Icqr = Teqz = Ioad/2 = 0.25 mA

Thus, each of @, and @, are biased at 0.25 mA. The collector voltages for @, and @, are
Voqr = Veqe = Voo — Ioifici =16V~ 0.25 mA X 20 kQ = + 10V
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Vigs = Viige = 10V =07V =93V

Now, proceeding to the next differential stage, voltage at the emitter of @ and €, will b;%
e differential pair Q;— Q) is biased by the current mirror transistor . Since the arg %

' —- Q- is 4 times that of @, and @, the transistor @, supplies a current 4 x 0.5
| ' mA
- Thus, collector currents of @; and @ are

& 3’

b I .
% _ _ Q7 _
E Ioqs = Ioqs = 5 =1 mA g

Hence. collector voltage of Qg 1s
: Veqs = Voo — JeqsRos = 15V — 1mA x 3kQ =12V
4 is causes a voltage at the emitter of pnp transistor Qg at
Vigs = 129 ¥

'%'é emitter current of Qg is

. 15V -12.7V
- L QST 7o 3k0
voltage V, at the collector of @ or the base of Qg is
: V——15V+1mAX157kQ 0.7V
Since e the emitter of @y will be 0.7 V below the base terminal, the voltage at the outpu
terminal 6 is 0 V as is expected. The emitter current of @ is

R

=1mA

R

o

i) :h’.‘.‘:v nalysis. The ac emitter resistance of the transistor @,—@; is I
: .
I h V. 100 x 2 -]
. ‘} hie f; T= 0 ;5 lflzv =10kQ b
p— (Qi—Qz I C I ' _#
The ac emitter resistance of transistor Q5—@) is ﬁ}
; .
e = P
B hie = 100; ,f,f;mv =2.5kQ ;-
‘, (Q,-Qy) ; -g

Since emitter of (@;—@)) is at ground potential under ac conditions, the effective load f01-"

Ry, = Ry, = 20kQ| |25kQ = 2.2 kQ Al

Voltag gain of the first differential stage is {
hRyy 100 x2.2kQ

A = Het*l2 _ =22 kO i

| DM e, 10kQ < i
e gain of second stage which is differential input, single-ended is i
¢ .;:
1 AR b

A - _ = "Me'l8 ry -
oMz = Ty I

g no loading effect on this stage due to level translator stage, L‘,

| 1_100x3kQ A

A = —— X ——— = - D

. 4Apmz 9 25 kQ 60 ke 4 fb‘
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The gam of the level translator stage is

A= = _15.7kQ

Ry 25kn 082 k2

The last stage is emitter follower, so its voltage gain Ay, = 1.
So. the overall voltage gain is

Ay = (22) (-60) (~=6.82) (1) = 9002

. Pl FET OPERATIONAL AMPLIFIER =~ |

- The op-anmp cirguits discussed so far are bipolar op-amps. Op-amps using field transistors €N
~ (FET®) 1 the input stage offer some very significant advantages over bipolar op-amps, =
- especially in areas as input impedance, input bias and offset currents and slewing rate as shown =4
~ in Table 2.1. : =
) i =
Table 2.1 o
Parameter BIT JFET MOSFET

Input resistance kQ 10° Q (giga-ohms) 102 Q (tera-ohms)

Input gate current pA 1 nA 1 pA

Input offset current 20 nA 2 pA 0.5 pA

Slewing rate 1 V/us 3 V/ps 10 V/us

FET Differential Amplifier

The circuit of a basic source-coupled differential amplifier using MOSFET is shown in

' Fig. 2.38. The analysis for finding Apy and Agy is similar to what has been done for BJT
. differential amplifiers.

+Voo

[

v,
\,'o 1 02

v1c>————|EQ1 02:“_0"2

SO

R _VDD

Fig. 2.38 A MOSFET differential amplifier
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(a) (b) "

Fig. 2.39 a.c. equivalent circuit for (a) Differential-mode (b) Common-mode signals ,:

The differential mode gain, Apy, and common-mode gain, Acy, can be obtained from the ac.
equivalent circuits shown in Fig. 2.39 (a) and (b) respectively as X

KR
A =
DM ra +RD (2‘115)
and = _ Ky i
Ao = Ry +a(l+ ks 23
CMRR = | Apm | _Ta +Ep +2(1+WRs _ o 2(1+WRg (211:'
| Acm | ra +Ep ra+E&p ‘
For rq >> Rp and p >> 1, Equation reduces to 3
CMRR = 1 + 2 g, Rs i
= 2 Em RS (?"HSJ

It ie now possible to fabricate JFET/MOSFET and BJTs on the same chip using iol
implantation techniques. Op-amps which use FET input stages and BJT for the remaining
stages are termed as BIFET/BIMOS. By the mid 1980s, BIMOS circuits were produce%

commercially. Some of the FET IC op-amps available are discussed here briefly. 3

.
3P,

JFET Op-amps |
An example of a FET input hybrid op-amp is the LH0022/42/52 (National semiconductor) Seri‘?f??"
Thie op-amyp uses a pair of JFET transistors only for the input-stage differential amplifier a1%
the rest of the circuit uses bipolar transistors. A simplified diagram of this op-amp is show!
in Fig. 2.40. The input-stage differential amplifier consists of @, through @, in which @, a0%
@, are n-channel J FETs operating in a common-drain or source-follower configuration. These

JFETs drive @, and €4 which operate in the common-base configuration. Thus the djfferenﬂ,_;; i
amplifier uses a com pound JFET/bipolar transistor configuration. This provides very high mpul 5
resistance and very low input current characteristics of JFETs and high-voltage gain that &

obtainable from bipolar transistors. This compound differential amplifier drives an active .10_5{

consisting of @ through @, operating as a current mirror. The rest of this op-amp % o
conventional design as discussed for pA741. Here diodes D, and D, are used to prO‘-fide apr-g",
bias across @4 and Qg 0 minimize cross-over distortion.
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V+

l v+
Qu

Qs 27Q

—0

Q,, 22 Q

Qo
V—

Fig. 2.40 Hybrid JFET-input op-amp LHOO 22/42/52 series (National Semiconductor)

CMOS Op-amps .

The bipolar op-amp IC 741 is capable of sourcing and sinking large load currents. This is
' facilitated by the emitter-follower output stage which achieves very low output resistance, and
this characteristic was used in IC 741 for minimizing the loading effects.

) On the other hand, the CMOS op-amps are normally designed for particular applica-
tions, wherein only a few picofarads of capacitive loads are required to be driven. Therefore,
- most of the CMOS op-amps do not require a low resistance output stage. When the op-amp input
terminals are not connected directly to the IC external terminals, they do not need electrostatic
_input protection devices also. The folded cascade op-amp using a current mirror CMOS is

~ discussed.

"":'Description of the Circuit

o

~ Figure 2.41 shows a simplified circuit diagram of an all-CMOS op-amp MC14573. The PMOS
 transistors @, and @, form the input diffential pair, and the NMOS transistors @4 and @, form
the active load of the differential pair. The differential amplifier input stage is biased by the
* transistors (), and @ which form a current mirror. The reference current for the current
" mirror is determined by an external resistor, R,.

: The second stage acting as the output stage consists of the common-source connected
* transistor ();. The transistor Qg provides the bias current acting as the active load for the

2 ) )
" transistor @, . An internal compensation capacitor C, is connected between the drain and gate
©  of transistor @ to provide stability.

o~
L
[
it
=%
1"
=
O



Linear Integrated Circuits 2

Sl
T
i
P

ol

_VSS

Fig. 2.41 Simplified circuit of CMOS op-amp MC 14573

The pin diagram of the quad low-power op-amp is shown in Fig 2.42.

s Nt
Output A | 1 1 6| OutputD
= —15]
Inputs A{E - + }Inputs D
Voo [4] Mc14573 Ves
Inputs B { * b * E} Inputs C
6l= =11
Output B [7 : 10/ OutputC ﬂ
I.AB [0] 1,CD g
i3 ‘
Fig. 2.42 Pin diagram of quad op-amp MC14573 o

s in a monolithic structuré: +=
ted at pin 9 and it is set by ¥
. pins 8 and 9. This makes H
d slew rate chm'acterls_:
-amp pair of the compa=

onsists of four op-amps configured using CMOs device
g current is programmable using the resistor connec
l?s connected between V,, and any one or both of the I
‘tﬂe for m_aking a trade-off between the power dissipation an
amps are internally compensated. The set current for each op

= v _Vsu—]"sv i s
= & where R, represents the single programming r981§t
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When two programming resistors are employed, the set currents are given by [, =
“.\»\ 3= "\g - lﬁ‘f rl\l . . s . ) .
—sn . The total device current is typically thirteen times that of 1,,, per pair when

et Per pair when the outputs are in high
state. When the op-amps are employed in the linear region, the device current is set between
the values of five and thirteen times I,,.

While using a single op-amp, the I, terminal for the pair is normally tied to Vpp for
achieving minimum power consumption. For minimizing the power consumption of the unused
pair of comparators, it is preferable to use a high value set resistor Rg with the inputs connected
to a voltage that will force the output to V. It is to be noted that increasing the value of I,
for comparators will decrease the propagation delay. The normally obtainable maximum output

voltage Vg for a given value of load resistor R with respect to Vg is given by
Vou =4 X I, x R, — 0.05V.

The typical op-amp slow rate (SR) value that can be obtained by MC14573 is given by
SR =041 L.

The MC14574 and MC14575 also fall in the family of quad op-amps and comparators. These
ICs are excellent building blocks for consumer, industrial, automotive and instrumentation
applications. Some applications of these ICs are in active filters, voltage reference circuits,
waveform generator circuits, ADCs and comparator circuits. These ICs are usable in both line

and battery operated applications.

the outputs arve in low state, whereas it is five times [/

BiFET and BiMOS CIRCUITS

The fabrication technologies employing ion implantation techniques permit the fabrication of
JFETs, MOSFETs and BJTs on the same substrate as a single chip. The terminologies BiFET
and BiMOS normally refer to the ICs fabricated by this process. All of the BiFET and BiMOS
op-amps use the FET as the input stage followed by the BJTs for the internal gain stages and
output stages. Therefore, they achieve the advantages of both the bipolar and MOSFET devices
for the same circuit. The main advantage of MOSFETs is their very high input impedance.
Hence, when the MOSFETs form the input differential pair of an op-amp, the input bias
currents achieved are extremely small. However, the equivalent noise of the input stage may
be greater than that of an all-BJT op-amp.

The amplifiers with FET input stages evolved in the 1970s and by the next decade commer-
cial ICs were commonly available in the market. This is due to the advantageous and onerous
features shown by the FET differential input stages, namely, the higher differential mode input
esistance, lower input current, reduced input offset currents and higher slew rates to name a
few. The higher input resistance of a FET is due to the very high gate to source resistance,
which ig nearly an open circuit as against the r;; of the bipolar transistor. It is normally four
orders of magnitude larger than that of the BJTs. The input bias current of the FET is the
reverse saturation current I of the gate of channel junctions in reverse biased condition. This
% normally much smaller than the base current of a BJT while assuming equal values of
collector and drain currents({o = I)g) for the two types of transistors. Since the Input current
k.= ligs is very small, the offset current that is generated due to device mismatches 1s also
very small than those arising in BJT based circuits. The MOSFET differential stages augment
n furthep reducing these quantities, since the leakage current through the gate oxide is still

Chapter 2
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value of g, of a FET j5

S) N N
maller than I;gg of the JFETs. For equal values of /g and I, the
an increased slew rat,

§maller than that of a BJT. Hence, the smaller value of g, results in
in a FET. On the other hand, the lower value of g,, makes the diffential mode gain Apy of FETy
Jess than that of BJT circuits. This limitation is overcome in the BiFET and BiMOS op-ampg
designs by incorporating three stage architectures as made available in ADG611 type of ICg
Finally, the additional advantage of FET input stage is the lower noise effects, which makej"
the FETs configuring lower noise, low voltage and low power devices as compared to BJTs,

A

Three Stage Op-Amp

Most of the high frequency and the BiFET (BiMOS) op-amp normally constitute three gaiﬁ':
stages. Viz, a differential amplifier input stage, two gain stages incorporated with the level-
shifter stages and an output stage, which is normally an emitter-follower stage. The architec.
ture of a tvpical three stage op-amp is shown in Fig. 2.4.3. Since the use of the three stages
facilitate higher open-loop gain, the g, of the differential stage can be reduced, which resmg;f"_‘

in improved slew rate as given by
SR = 8nVr fr
where Vp is volts equivalent of temperature

fr is unity gain bandwidth ' ¥l
Moreover, the three-stage architecture with feedback can be designed to have higher value§‘;'

of the gain-crossover frequency fr than are commonly obtainable in two-stage op-amps.

Therefore, both the slew-rate and uni ’

A A—‘*S:S‘cr-":%'

i

ty gain bandwidth performance characteristics of thé

* &

op-amp are increased. ]
Feedback é’
Network [€— ol
f, i
Feedback B
Network |4 g
f, ™
+ Y v QOutput , 4{'{
Differential First gain Second stage with X
U| input . s stage H> L > galn Stage > |eve|-Shlﬂlng —O vo ' }L
— - stage A, . A and gain = 1 a(
i
Feed- 2

forward

Network

Fig 2.43 Three stage Op-amp architecture

| =5 P SRR A,

] r a dominant pole in the open-loop amplifier ¥
abilization and compensation become more difficult. Therefore, feedback network circuits 8%

éi,tated for achieving frequency compensation in the amplifier. Typically, each of the
s is formed by RC networks rather than the single capacitor. This overall feedback 190,
d both the gain stages 18 used to obtain a dominant pole in the openloop trans
" The inner feedback loop f, is designed to malke the pole of second gain stage the n%%

in nt pole of the amplifier. A zero in the amplifier transfer function 1s introduced by ¥
se maf,_;"

'ﬁ'ard network. The positive phase shift produced by this zero improves the pha
tage and it also helps in stabilizing the amplifier. In addition, the positive P 2

Since each of the stages contribute fo

Ra%

&

b‘ —
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, ;l;:i;l‘:::s;“ﬁt; ;Ell:ecrsizzl:g the gain-crossover frequency f; The LM118 from National Semi
i S - -a . a i '. [ -
d S0 Vs, p-amp with a unity gain bandwidth of 15 MHz and a slew rate of
. The following section discusses the CA i

] . 3 . i
S st i e homea B AT 140 BiCMOS op-amp. Many of the features of this

. Circuit Description

A Figure 2.f44 shows the basic equivalent circuit of the CA3140 op-amp. The op-amp consists of
tl'n-ee- basic stages, namely, the input differential stage, the gain stage and the outpf:t stage. The
- circuit also co_ns1sts of thc_a bias circuit that establishes the dc bias currents in the ogp-'amp
1‘171151—3 ci};n%mlc current sink. Typical supply voltages used for the IC are V *=15V and
R Input differential amplifier The input differential pair consists of P-channel MOS tran-
- sistors Mgand M, and transistors @, and @, from the active load for the diff-amp. A single-

sided output at the collector of @, acts as the input to the next gain stage. Two offset null

" terminals are also provided for offset null facility.

Q,j‘%l § Q,

Inverting
input terminal
+

3
Noninverting
input
terminal

Offset null ! © 8 Strobe ;
5¢erminal 1. Second: : Dynamic
Output stage ! current sink

Bias circuit Input stage ! Stage i ¢ |

Fig. 2.44 CA3140 BICMOS op-amp equivalent circuit

o electrostatic charges. For example, electrostatic
ate of a MOSFET even during routine handling.
breakdown in the gate oxide, thus destroying the
ainst electrostatic damage is provided by

. The MOS transtors are very susceptible t
~ voltage can be accidentally induced on the g
These voltages may be large enough to 1nduce_
device. Therefore, necessary protection of the input ag
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the. Zener diodes Dy D, and Dy When the gate voltage becomes sufficiently high, the diode‘%
facilitate a discharge path for the electrostatic charge, thereby protecting the gate oxide fr 4
breakdown. b
Bias circuit The de current biasing is provided by the bias circuit and quiescent Cul'reﬁg%
in all stages. (except the dynamic current sink) of the CA3140 is dependent upon bias currepg
flow in R,. The function of the bias current is establishing and maintaining a constant current
flow through D,. Qs Mg and Dy. Here D, and D, are diode connected transistors. D 1 connecteq
in parallel with the base-emitter junctions of @, @, and Q. D, may be considered as a current
sampling diode that senses the emitter current of @ and it automatically adjusts the bage
current of @, (via @,) to maintain a constant current through @, My and D,. The base Currenf}{’
in @. and Q; are also determined by constant current flow through D,. Furthermore, currept
in diode connected transistor @, establishes the currents in transistors Q4 and Q.. Thel
combination of @; and Q- pair makes the bias current independent of the power supply voltages,
Diodes D, and D, are diode-connected transistors. The transistors @, and diode D, being
matched devices make the currents in the two branches of the bias circuit equal, and the value
of current is set by @-, R, and Mj. .ﬁ
Gain stage Most of the voltage gain in the CA3140 is provided by the second amplitier stag &

consisting of bipolar transistor @, and its cascade-connected load resistance provided by bipolag

transistors @; and @,. On-chip phase compensation is provided by C,, which is found sufficient
for 2 majority of the applications. Additional Miller-Effect compensation can be accomplished by
introducing a small capacitor between Terminals 1 and 8. Terminal 8 is also used to strobe the
output stage into quiescence condition. When Terminal 8 is tied to the negative supply poin:E.'
at Terminal 4. the output Terminal 6 swings low, i.e. approximately to Terminal 4 potential.
Output stage The CA3140 series circuits employ a broadband output stage that can sink
loads to the negative supply to complement the capability of the PMOS input stage whilgj
operating near the negative rail. Quescent current in the emitter-follower cascade circui%
. (Q,-.Qyy) is established by transistors (@;4,&,5) whose base currents are mirrored to current
. flowing through diode D, in the bias circuit section. When CA3140 operates such that the outplig‘
. terminal 6 is sourcing current, the transistor @, functions as an emitter-follower for sourcing
current from the positive supply (V' at terminal 7) via D;,Rq and R,;. Under these conditiong:
the collector potential of @, is sufficiently high to permit the necessary flow of base current t0
" emitter follower @, which, in turn drives @,g. g
- When CA3140 operates such that the output terminal 6 is sinking current to the negative
supply (V) bus, the transistor @,; acts as the current sinking element. Transistor Qi s
mirror-connected to 1), R- with current fed by way of My}, R,5 and @, The transistor intwfh
ased by current flow through R,,, zener Dg and R,,. The dynamic current sink is controllf?
oltage level sensing. The output terminal 6 is quiescently established at the potentidd
oint between the V* and V- supply rails. When output current-sinking mode operatiOT_lﬁf
red, the collector potential of transistor @4 is driven below its quiescent level, thus causing
¢ to decrease the output voltage of terminal 6. Therefore, the gate terminal of PMO@
x @, is displaced towards the negative supply, thereby reducing the channel resistal®
8 a consequence, there is rise in the current flow through Qu, Rys, Quy, Dg Bn 855
f Q. As a result, @, sinks current from terminal 6 in response to the increment
output voltage caused by @4 This sink current flows regardless of load, and al
rrent is internally supplied by the emitter-follower formed by 5. Short circuit P
fi e output circuit is provided by @, that is driven into conduction by the high VOM%‘.-
ped across £}, under output short-circuit conditions. Then, the collector of R
rent from @, thereby reducing the base current drive from @,; and limiting currés
g to the short circuited load terminal. '
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pC Analysis

The basic bias circuit of 01}31‘10 BiCMOS op-amp is shown in FFig 2.45. The current mirror
formed by the matched devices @, and Dy ensures that the two branch currents /, and /, are
equal. The P-Chfu_mel MOSFET My is to operate in saturation region. Hence, it is necessary to
«atisfy the condition
From Fig. 2.45, we find

Vs = Vsp + | Vpl

ie. Vsp = Vgg — | Vpl (2.120)
From the above two equations, we have

Vsg— Vp > Vg — | Vipy, | (2.121)

This indicates that | Vi, | >V}, Here, for M to remain biased
in the saturation region, the magnitude of the threshold voltage
must be greater than the diode voltage.

From the left side of the bias current, the current is expressed
by

Ve =V
L=Iy = —SG " BE7 (2.122

R,

and from the right side of the circuit, we have

2 ) Fig. 2.45 Bias circuit of CA3140
L=k, Vsg = |V (2.123) BICMOS op-amp
Hence Egs.(2.122) and (2.123) develop the currents and voltages in this bias circuit.
Transistors @, through @, along with diode D, of Fig 2.45 are all matched devices. Hence,
It = Icy. The current in D, sets the diode voltage, which also biased D, and D,

Small-singal Analysis

The small-signal voltage gain of the CA3140 op-amp can be analyzed as follows.
Input stage The small-signal differential voltage gain for the CMOS op-amp is given by

Ay = \IkaIQs (ro10 1| Raetr Il Bip) (2.129)

}Vhere 15 is the bias current supplied by @, and @j, g 1s the output resistance seen looking
lniio the drain of M,,, R, is the active load resistance and R;, is the input resistance of the
gain stage,

Gain stage The small-signal voltage gain for the second stage is given by

|Av2| = Ema (g | Boq 1| Big) (2.125)

where R, is the input resistance of the output stage and R, is the output resistance of @5 and

1 ¢ascode configuration. The transistor @, at the input of the output stage is connected as
4n emitter-follower which means that R4 is typically in the range of megohms. The output
resistance R, of the cascode configuration is also typically in the megohm range.

Chapter 2
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The voltage gain of the second stage is defined by

|Av2| = 8m13 b1s
Overall Gain The overall voltage gain of the IC is the product of the values of individual

factors as given by
Av = AdAv2Av3 (21 )
where A, is the voltage gain of the output stage. Assuming A= 1 for the emitter-follow,
output stage, then the typical value of the gain of CA3140 op-amp is around 100,000.
Frequency response The IC CA3140 op-amp 18 internally compensated using Miller com-
pensation technique by introducing a dominant pole as in the case of IC 741 op-amp. Tt

feedback capacitor C; of 12pF is connected between the collector and base of @,5 as shown iy
pacitance of the second stage is given by

Fig 2.45. Using Miller’s theorem, the effective input ca
G =0C (|1+Av2|) g

The low-frequency dominant pole is

(212

1

= 2!

fep = 3 nR,.C; (
node of second stage and groun

where R, 18 the equivalent resistance seen between the input
This resistance 1s dominated by the input resistance to @3, so that
Req = Rip = Tns

Specifications of IC CA3140

- MOSFET input stage
- Very high input impedance-1.5TQ (Typ)

. Very low input current-10pA (Typ) at +15V
.+ Wide common mode input voltage range
.« Output swing complements input common mode range

. Directly replaces industry type 741 in most applications

dpplications
- Ground-referenced single supply amplifiers in automobile and portable instrumentatiOﬂ,
. Sample-and-Hold Amplifiers g
"+ Long duration timers/multivibrators
I8 Photocurrent Instrumentation Ca3140 (PDIP, SOIC)
»* Peak detectors TOP VIEW
s Active filters

Offset null

i

V TTL Systems and other Low Inv. Input [2]
Non-inv. Input @

ion generators v [a]
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« Portable mstruments

4 + Intrusion alarm systems

The pin-out dingram of 1C CA3140 is shown in Ifig 2.46
1??::1??3:?;::1:2 11;:‘(1)\::1:;(;;(:5\{)(]30(131{\{1lt.l() with wide dyr[;un.)i(;.mnge of input and output charac-
‘-\. the use of its uniqu'c-: design bnsczs :)rllntll)ll(lat[;R/lI%eSd ‘113?;212};?‘12)%?;:“:]'08 atre e o votiage
range and output swing c.apabilities are complementary allowi;l ng uerczftmmon';r}lloss VO!M%‘?
‘:upp‘l}' down to 4V. Tlile wide dynamic range of these par'ameters ilsg mea:zz ::11 t th'e jmg :
s smta_ble for many single supply applications, where one input is driven belowih y teev;l'ci
o ten_nmal 4 and the? phase sense of the input signal must be maintained, which 1 e ?tl}fl

‘most important consideration in cimparator applications. ’ ponee

) Ouf}’“f cire uit c onsiderat_ions Excellent interfacing with TTL circuitry is easily achiev-
" able .\\'lth a single 6.2V Zener diode connected to terminal 8. This connection assures that the

‘maximum Qutput signal swing will not go more positive than the Zener voltage minus two

Pals;-t.o-emltter voltage drops within CA3140. These voltages are independent of the supply

voltage. ,

. Offset voltage nulling The input offset voltage can be nulled TY

by connecting a 10 kQ potentiometer between terminals 1 and 5 o7

gnd connecting its wiper arm to terminal 4 as shown in Fig 2.47. 2 o___\

v The specifications of BiCMOS op-amp CA3140 is shown in Table. CA3140 >——=6

, o
+ 04

Table: Specifications of BiCMOS op-amp

Parameter Minimum Typical ~ Maximum Units

Input bias current — 10 - pA R

Open-loop gain 20000 100000 50 V/A

Unity-gain frequency 4.5 - = MHz ) Sy-

Fig. 2.47 Offset voltage nulling

. An op-amp is available in three types of IC packages: metal can, dual-in-line and flat

pack. .
_ There are five basic terminals: two input terminals, one output terminal and two supply

terminals. ; .
ut of the op-amp is at positive or negative saturation level. It

. In open loop mode, the outp
does not operate linearly in
. Negative feedback stabilizes t
and non-inverting amplifier. _
. A special case of non-inverting amplifier is the
. A differential amplifier amplifies the difference

; e i led high g
. An operational amplifier 18 8 direct coup
diffefential amplifiers, followed by a level translator and an output stage.

. For proper operation of the differential amplifier, matched components must be used. The

diff amp. can be biased by using emitter bias (a combination of Ry and Vgg), a constant

current bias or a current mirror.

this mode.

he gain. Two feedb plifier

ack connections used are: inverting am

voltage follower.

between two input signals.
ain amplifier consisting of one or more
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< &
10.

1.
12.
13.
14.

15.
16.

” If the open loop gain of an op-amp is very larg
. the external components or the op-amp?
), What is a practical op-amp? Draw its equival

12. Explain

_ What is an op-amp?
9 A 741 op-amp is available in a 14-pins dua

1. Explain with figures how two supp

f]
&R |
oy

as high ac resistance, .

A current mirror can be used as an active load because it h
MOSFET op-amps offer very high input resistance (10'% Q), low input current (~1 pA) and .
high slewing rate (~10 V/us). '
CMOS op-amps are usually designed for particular on-

load is required to be driven.
MC 14573 consists of four op-amps configured using CMOS devices as a monolithic I'é '

Bi FET and BiMOS op-amps use FET as input stage to obtain very high input imPEdaﬁcé,
Bi FET (Bi MOS) op-amps usually consist of three gain stages, 1.e. differential amplj_ﬁéi
input stage, two gain stages with the level shifters and an emitter follower output stage
Typical value of gain for CA3140 IC is around 1,00,000. o
Typical applications of CA 3140 are:

(i) Sample and hold amplifier

(ii)) Long duration timers/multibrators

(iii) Photo current instrumentation

(iv) Peak detectors and comparators

(v) Active-filters

(vi) Function generators

(vii)Intrusion alarm systems

REVIEW QUESTIONS

chip applications where a Capadﬁ“ ‘
s

What are the different linear IC packages?
l-in-line package. What is the terminal number

for (i) inverting input (ii) non-inverting input (iii) output?

ly voltages V' and V- are obtained from a singlé
supply. ‘
List six characteristics of an ideal op-amp.
Explain the meaning of open loop and close
Name the type of the feedback used if an external component is connecte
output terminal and the inverting input.

What is the input impedance of a non-inverting op-amp amplifier?
e, does the closed loop gain

d loop operation of an op-amp. !
d between the

depend upd

ent circuit.

Define common mode rejection ratio.

‘ why CMRR — o for an emitter coup
nstant current bias circuit in a diff.-amp.?

n of all the basic building blocks of an op-amp.
he input resistance of an op-amp.

stant current bias and current mirror.

led differential amplifier when Rg — °°

hy is g replaced by a co
3t and explain the functio
slain methods for increasing t
ain the difference between con
in why active load is used?

is a Vpg multiplier?
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~ What is cross-over distortion and how it is climinated?

 Why cascade configuration is used in an op-amp?

~Why are FET op-amps better than BJ op-amps?

What is meant by a BiMOS or BilFlST amplifier?

what are the advantages of CMOS op-amps over BJ'T op-amps

" List the features of 1IC MC 14573, '
What ave the important stages of CMOS 1C.

¢ Perform the de and ac analysis of IC MC14573.

Explain the three stage architecture of a BIMOS op-amp with neat diagram.

~ List some applications of IC CA 3140.

 PROBLEMS

5 1. In an op-amp of Fig. 2.4 (a), v, = 0. What must be the voltage at v, to give an output

| ST S B

!-.4
n

| 5]

(S (o'

. For the circuit shown in Fig. P. 2.6, calculate the

of 5 V if Agy, = 500007

Design a non-inverting amplifier with a gain of 10.

For the circuit shown in Fig. P. 2.4, calculate the
range of gain and input impedance.

Calculate the exact closed loop gain of the inverting
amplifier of Fig. 2.5 (b) if Ag;, = 200,000, R; = 2 MQ
and R, = 75Q.

. Explain the active load used for the input differential amplifier stages of IC CA 3140.

Chapter 2

Design an inverting amplifier with a gain of —5 and an input resistance of 10 k€.

+9V

expression of v,/v;.

Fig. P. 2.6

27. In the circuit of Fig. P. 2.7 if R; = o show that the output admittance Y is given by

1 R 1
Yor = E_(I_AOLR+R']+R+R’

0
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R R’
AAAA e AAA A1 ¥,
; 4
- 4—-—0\10 ’
L ] ‘
= Rof :
Fig. P. 2.7 E
5 3 Show that the input impedance for the non-inverting amplifier of Fig. P. 2.8 13
z 4
R.=R [1+——.4A 3
u 1 [ Zy +Zg V]
where R, the input resistance of op-amp is large and R, =0 and A, is the gain WL;
feedback. _'
. _f-
vo———T "
i

e
Ry Z 4

Z, o
o
: §
< -
" Fig. P. 2.8 a
. 2.9. Refer to Fig. P. 2.9
",
R, k.
10 kQ2 ;-
r——WVM‘——'- §
R,=1kQ
v,= 1.0V (ms) ———WWW -
at 1 kHz o—— L ov,
. ) +
1 R,
10 kQ
5

Fig. P. 2.9
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g (@) le‘ind v, if CMRR = 100 dB at 1kHz.
®) Lind v, resulting from 1% mismatches between the two It resistors.

; © _Fin(ll o rcsultipg from 1% mismatch between two It, resistors
§ 2.10. Derive the expression for the output voltage v, for the circuit shown in Fig. P. 2.10.

R3
——AMAAA—

R1
VAV
VAA A +
R2
v

Ll

il
Chapter 2

Fig. P. 2.10

211. Calculate the output voltage of the circuit in Fig. P. 9.11 if the input signal is a

5.5 mA current.

470 kQ
+9V
22 kQ
: | 22 kQ L oV,
Isign;.ll .
22 kQ 6
470 kQ

“ Fig. P. 2.11
. e o A
9 12. What is the voltage at point A and B for the circuit shown 1n Fig. P. 2.12if v; =3
and v, = 5.1 V?
100 kQ 100 kQ

100 kQ

Fig. P. 2.12
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2.13. For op-amp, CMRR = 10% and differential gain Apy = 10", Calceulate the common Mo,
gain Ay of the op-amp.

2.14. The CMRR of an op-amp is 10*. Two scts of signals are applied to it. Iirst set ig v, .
+20 uV and Vi, = —20 uV and second set is V, = 540 pV and V, = 500 pV. Calculate the
per cent difference in output voltage for the two sets of signals.

_ For the current mirror shown in Fig. P. 2.15, determine R so that I, = 100 pA,

T15V

et
Lﬁm, $

Fig. P. 2.15

2.16. In the circuit of Fig. P. 2.16, Iy = 50 pA, what is the ratio R,/R, needed for I, =
100 pA?
T15 v

[&U]
st
1]

I |
R
4— 9

Fig. P. 2.16

Design a current source for generating I, = 25 pA. Assume : Voo = 15 V, B = 100.
For a modified current mirror shown in Fig. P. 2.18, calculate (i) the current through the
. collector resistor R; and (ii) the collector current in each transistor. Assumé
Vg = 0.7V and B = 100.
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+15V
RC
1kQ

y N\
J
o\

. 015V

Fig. P. 2.18

2.19. For the circuit of Fig. P. 2.19, show that
Vo, =(Vz + Vgg) 1 + R/R,).

VCC

z

<
[o}

Fig. P. 2.19

2.20, Py the simple op-amp shown in Fig. P. 2.20, all npn transistors have p = 200 and all
i pnp transistors have p = 50. Verify that v, = 0 for v; = v, = 0. The current sources shown

are realized by pnp current sources.

Chapter 2




Linear Integrated Circuits

Fig. P. 2.20

<!

2 91. For the cascaded differential amplifier shown in Fig. P. 2.21 (i) perform the dc _;4!15
and (ii) calculate the overall voltage gain. Assume he =100 Vg = Vp=07V. =

T+10 VvV
2.7 kQ 2.7kQ
l -10V
Fig. P. 2.21
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EXPERIMENT

\ struct and verify experi .
;lot; t;t}’:: ft'(lwllowing: fy experimentally the theoretical closed loop voltage gain using 741 op-amp
@ Inverting amplifier
) Non-inverting amplifier
@) Voltage follower

PROCEDURE
1. Connect the op-amp as an inverting amplifier as shown in Fig. E. 2.1(a).
(o
i
[«)]
dd
o
(]
=
v, o
2 cH,
Scope
) CH,

Signal generator

Fig. E. 2.1 (a) Inverting amplifier

simultaneously view v, and v;. Adjust the signal generator

Connect a dual channel scope to
the peak value

to give 200 mV peak to peak sine wave at 100 Hz. Then measure and record
of v, for Ry 1kQ, 10 kQ, 33 kQ and 100 kQ. Note the phase of v, with respect to v;.

3. Calculate the theoretical closed loop gain = R{R, for each value of R; and compare it with

ro

the experimental value of vy/v;.
4. Now connect the op-amp as a non-inverting amplifier as shown in Fig. E. 2.1 (b).
5. Repeat step 2.
6. Calculate the theoretical gain =1+ R{/R, for each value of R; and compare it with the
experimental value of v /u;.
t as shown in Fig. E. 2.1. (¢).

7. Next make a voltage follower circui

) Fig. E. 2.1 (c) Voltage follower
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) Measure and record the output voltage v, for different, input settings: 23V, pea
100 Hz. 1V peak at 500 Hz and 6 V peak nl | kHz Note the phase of v, with re "‘i".

to v, in each case.
@ V enﬁ\ that the voltage gain of the voltage

o
2

follower is always equal to 1.

COMPUTER ANALYSIS

Program 2.1
Inverting Op-amp Amplifier i
Figure C. 2.1 (2) shows an inverting op-amp amplifier with various terminals numbered »

writing the PSPICE program. The PSPICE description is provided in program 2.1 listing, (,7
circuit values of R, = 1 kQ, R¢ =10 kQ, the gain of the inverting amplifier is k

AV =—%=—10
1

oV,
b
.
= © . _‘,‘
Fig. C. 2.1 (a) Circuit for program 2.1 t
D.C. Analysis ':'

For input V; =1V, the output voltage V, should V, = -10 (1 V) = -10 V.

From the result file, it can be s
B or or 0.02% only. een that the output V, at node 5 is ~9.998 V which glves n

: “T’ nsient Analysis : |

A sine wave signal :
an be seen g'r(l)?n (I)Tf;ga %Pl;t‘lld(i)ot-}ll V and frequency 1 kHz is applied at the input termlll il
at the output is a sine wave of amplitude 1V, 1 kHz. Th®

"fj-._g- t wavef 1 °
velorm 15 180° out of the phase with the input waveform as expected. k-
am 2,1: Listing
Ampli
ng Amplifier: DC and Transient (Output Voltage vs Time) Analysis




Operational Amplifier

R1 121K
RE 2 5 10K
*  Op Amp Analysis
X1 02345 nA 741
_ LIB EVAL. LIB
*  power Supplies
VCC 3 0 DC 12V
VEE 0 4 DC 12V
+  Input Signal Source
vi 10 DC 1V SIN(0 0.1V 1KHZ)

*  Qutput
bCcvl 1 11
TRAN . 5pus 5ms Oms .01 ms
.PROBE
.PRINT DC V(5) V(1)
END

x X X X
DC Transfer Curves Temperature = 27.000 DEG C
***********************************************x*#*

* X% X
Vi V(5) V(1) '
1.000E+00 ~9.998E+00  1.000E+00

Os 1.0ms !
Time

r: Transient analysis (output voltage Vs time)

Fig. C. 2.1 (b) Inverting amplifie

Program 2.2
Non-inverting Op-amp Amplifier

The circuit of a non inverting op-amp 2 er for writing the PSPICE program is shown n
ircul - |

mplifi
— 9 kQ, the voltage gain 18

Fig. C. 2.2 (a).
For the circuit values, Ity = 1 kQ and Ry
L =1+91-‘9—=+10 =10

Ay =1+p """ 1kQ

Chapter 2
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N |
= VSW |9 =

100 kQ ™ ®
© | i

Fig. C. 2.2 (a) Circuit for program 2.2

D.C. Analysis
For input voltage V; = 1V, the output voltage at node 5, V(5) = 10V ,
3 !

Transient Analysis
For input voltage source of amplitude 0.1 V and frequency 1 kHz, the output voltage has an

amplitude 1 V at 1 kHz as shown in Fig. C. 2.2 (b). It may be noted that there is no phase ]
shift for a non-inverting amplifier. h

Time

Fig. C. 2.2 (b) Non-inverting amplifier: Transient analysis (Output voltage vs time) d

Program 2.2 Listing
Non-inverting Amplifier: DC and Transient (Output Voltage vs Time) Analysis

* * x * Cjrcuit Description

% ok Kk k kK Kk K K K K K K K ok k k ok ok K K K K K K K K k K Kk Kk k K K K K Kk k ok ok k Kk K K Kk K k k ¥ Kk K ¥
LR

e
. Ty

* X X
R1 0 2 IK
RF 2 5 9K

* Op Amp Analysis
xf12345uA741

!
A
W
o =
{*ay
=St
i
L
P )
P
i 7
5
A
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. LB EVAL.LIB

pPower Supplies

cC 3 0 DC 12v

EE 0 4 DC 12v

nput Signal  Source

1 1 0 DC 1V SIN (0 0.1V 1KH2)

DC Transfer Curves Temperature = 27.000 DEG C

® % %k R K K Kk k ok ok kK X X K ok Kk %k k k k k k k Kk k k ok k k %k k k k Kk k K k Kk K K K K K X k X X

! V1 V(5) V(1)
~ 1.000E+00 1.000E+01 1.000E+00

Chapter 2

- gram 2.3 Voltage Follower
,': e circuit diagram of a voltage follower and its @ \ '

PICE description are shown in Fig. C. 2.3 (a) and ®
program 2.3 listing respectively. o e
):;The voltage gain for both d.c. and a.c. input is D ' /

’u to be unity and without change in phase as »

:.a hected. The transient analysis is shown in "

1g C 2.3 (b). It may be noted that waveforms at +©

de 1 and 5 overlap each other indistinguishably. Fig. C. 2.3 (a) Circuit for program 2.3

V(5)V(1)

—100mMV L e G NIl i
m ‘ 20ms 3.0ms 40ms 50ms

Fig. C. 2.3 (b) Transient response of voltage follower

{ ogram 2.3 Listing

Voltage Follower
¥ * * * Circuit Description



X X X

RF 2 5 IM

Op Amp Analysis

X1 1 2 3 4 5 pA/41
. LIB EVALLUB

Power Supplies

VvVCC 3 0 DC 12V

VEE 0 4 DC 12V
Input Signal Source

Vi 1 0 DC 2v SIN(0 0.1V 1KHZ)
Output

*DpC VI 2 2 2

* TRAN 0.5ps 5ms Oms 0.01 ms
= PRINT DC V(5) V(@)

* PROBE
AT % DC Transfer Curves Temperature
*******************************
* X
Vi V(5)
2.000E+00 2.000E+01

= 27.000 DEG C

V(1)
2.000E + 00

*******************t‘

"y
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OPERATIONAL AMPLIFIER
CHARACTERISTICS

EEW INTRODUCTION | | .« ‘ool o e i
Earlier we have used an ideal op-amp, and assumed that the op-amp responds equally well to
both ac and dc input voltages. However, a practical op-amp does not behave this way. A
practical op-amp has some de voltage at the output even with both the inputs grounded. The
factors responsible for this and the suitable compensating techniques are discussed. Also,
under ac conditions the characteristics of an op-amp are frequency dependent. The limitations
of an op-amp under ac conditions and methods of compensation are discussed.

and its response is also independent of
k this way. Current is taken from the
Also the two inputs respond differently to current and voltage
op-amp also shifts its operation with temperature.
dd error components to the dc output voltage are:

ER1 DC CHARACTERISTICS
ws no current from the source
a real op-amp does not wor

An ideal op-amp dra
temperature. However,
source into the op-amp Inputs.
due to mismatch in transistors. A real
These non-ideal de characteristics that a

Input bias current

Input offset current

Input offset voltage

Thermal drift.

3.2.1 Input Bias Current
The op-amp’s input is a differential amplifier, which may be made of BJT or R, In et
case, the input transistors must be biased into their linear region by supplying currents into

the bases by the external circuit. In an ideal op-amp, we assumed that no current is drawn

from the input terminals. However, practically, input terminals do conduct a small value of
de current to bias the input transistors. The base currents entering into the inverting and

non-inverting terminals are shown as I, and I;, respectively in I'ig. 3.1 (a). Even though
both the transistors are identical, Ig and I}, are not exactly equal due to internal imbalances
btjtween the two inputs. Manufacturers gpecify input bias current I, as the average value
of the base currents entering into the terminals of an op-amp.

e S et S B [ B L P

e ey
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—%

o—___ -—
X v,

fo—————— +

i T v
(@) (b)
Fig. 3.1 (a) Input bias currents (b) Inverting amplifier with bias currents
I+ Ig :

So. L=-B_—-E 61

2
For 741, a bipolar op-amp, the bias current is 500 nA or less. The FET input op-amp wj]
have bias currents as low as 50 pA at room temperature. _
Consider the basic inverting amplifier of Fig. 3.1 (b). If input voltage V] is set to zero volt
the output voltage V, should also be zero volt. Instead, we find that the output voltage js
offset by,

Vo= p) R; (32)
For a 741 op-amp, with a 1 MQ feedback resistor,
V,= 500 nA x 1 MQ = 500 mV

The output is driven to 500 mV with zero input because of the bias currents. In applications
where signal levels are measured in millivolts, this is totally unacceptable. This effect can
be compensated for as shown in Fig. 3.1 (c) where a compensation resistor R, has been

added between the non-inverting input terminal and ground. Current I}, flowing through the

compensating resistor R, develops a voltage V, across it. Then, by KVL, we get,
-Vi+0+V,-V, =0

or V,=V, -V, (33)

v | o KT
—WZ’VT, ov _If: >——«:V,,
imp

Fig. 3.1 (c) Bias current compensation in an inverting amplifier

By selecting proper value of R V, can be cancelled with V, and the output V, wﬂl be
zero. The value of R, is derived as v
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" = In.R

comp

Is ::_.E.__ 3.4
B R (3.4)

comp

The node "2 1s at voltage (- V), because the voltage at the non-inverting input terminal is

~Vp. So, w ith V| = 0, we get,
\%
L=t (3.5)
Ry
v
Also. Ig = _R_z_ (3.6)

For compensation, V, should be zero for V; = 0, that is, from Eq. (3.3) Vo=V,
So that, ==L (3.7

KCL at node ‘a’ gives,

Vi Vi_y Ri+R)

= = L4 L= X3
B R Ry RyR¢

(3.9)

Chapter 3

Assuming Iy = Ig and using Egs. (3.4) and (3.8) we get,

(R1+Rf) — Vl

Vi
R,R; R

comp

RR;

comp — 121__1_1{); =R, ”Rf (3.9)

or, R

that is, to compensate for bias currents, the compensat-
ing resistor R.,mp should be equal to the parallel combi-
-natlon of resistors tied to the inverting input terminal.
The effect of input bias current in a non-inverting |
ﬁmphf]er can also be compensated by placing a com- .. .
_pensatmg resistor, R, in series with the input signal l ———o0
V. as shown i in Fig. 3.1 (d).

- The value of R is again equal to

] Rcomp —Rl I Rf

6 the Cl!‘CUlt& for mvertmg amphﬁer and non-invert-

comp

Fig. 3.1 (d) Bias current compensation in
a non-inverting amplifier
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3.2.2 Input Offset Current

Bias current compensation will work if both bias currents Iy and Ij; are equal. Since the inp,

transistors cannot be made identical, there will always be some small difference between Iy and
I . This difference is called the offset current I,, and can be written as

ol =I5 1 a1y
The absolute value sign indicates that there is no way to predict which of the bias current,
will be larger.
Offset current I for BJT op-amp is 200 nA and that for FET op-amp is 10 pA. Even wity
bias current compensation, offset current will produce an output voltage when the inpyt
voltage V) is zero. Referring to Fig. 3.1 (o),

1f.
Vl = IE Rcomp (3.11)
7 — -1 3.
1T R, (3.12)

KCL at node ‘a’ gives,

= - + Rcomp
I,=(Ig -5)=1Ig—|1Ip (3.13)
; R, ‘
¢ Again

V,=LR; -V, = LR; — I Reomp
= - + Rcomp + 14
- IB—IB R Rf_'IBRcomp (3.19

1

Substituting Eq. (3.9) and after algebraic manipulation,

k. V, = Rl - I] (3.19)
& So, V, = R;I,, (3.16
So even with bias current compensation and with the feedback resistor of 1 MQ, a 741
T op-amp has an output offset voltage

V=1 MQ x 200 nA = 200 mV R,

ézero input voltage. It can be seen from Eq. :“";M"'R"":
) that the effect of offsct current can be mini- }\ i A ," 4]
, d by keeping feedback resistance small. Un- . e l|e
fortunately, to obtain high input impedance, R, '?;P Rf;!"i:"f 4
t»be kept large. With I?| large, the feedback i R P \} :
stor It must also be high so as to obtain rea- i
el

able gain.

' The T-feedback network in Fig. 3.1 (e) is a good
lution. This will allow large feedback resistance,
hile keeping the resistance to ground (scen by
e inverting input) low as shown in the dotted
twork. The T-network provides a feedback sig-
] as if the network were a single feedback resis-

r. By T to n conversion,

comp

Fig. 3.1 (e) Inverting amplifier with ‘ﬁ
T-feedback network W

“ 3

Fo]

v
S
Byl
¥

|
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4 R, = __u_'g_ﬁd_fﬁ (3.17)

| 8
o O Y q " ‘. OIS i 1
q. design a T-network, first pick

Ry
} R, << 5 (3.18)
R 2
‘Then calculate R, = i
a *" R;-2R, (d.19)

3
fie

Bample 3.1

'z.':"t gn an inverting amplifier of the type shown in F1g 3.1 (e) using 741 op-amp to get a gain
:_‘s?l_ 10 and an input impedance of 10 MQ. That i 1s, calculate R,, R, and R,.

[3! %g 3.1 (e), to set input impedance R, = 10 MQ, pick R, = 10 MQ
o

i‘ 'oe ACL = _&
e
___i?refore, Ry = Ag R, = (10) (10 M Q) = 100 MQ o
;coql g
R, =47 kQ ‘e
R2 2 £e
P LI . ST S

R;-2R, 100MQ -2(47kQ)

,.

e
:
i

3 Input Offset Voltage

In 1te of the use of the above compensatlng techmques it is found that the output voltage

age zero. This voltage is called input offset voltage
This is the voltage required to be applied at the
!;for making output voltage to zero volts as shown
L Fig. 3.2. (a).

L et us now examine the effect of Vi, on the output
on-inverting and inverting op-amp amplifier as
1 in Fig. 3.2 (b, c). If V, is set to zero, the circuits
- 3.2 (b and ¢) become the same as in Fig. 3.2 (d). Fig. 3.2 (a) Op-amp showing input
oltage V, at the (-) input terminal is given by offset voltage

R, A4
‘} —_— — v g
- (Rl +Rf) . o203
R, + R; R,
— —e — 1 P &
v, ( l )Vz ( 4 1 V, (3.21)

Vie = | Vi — Vol and V; =0,
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R
R, \
‘M“
R, Ry
v — +
+ ’ Vi
3 _
Vl() T
Y ) ¥ r; i

Fig. 3.2 (b) Non-inverting amplifier

Fig. 3.2 (d) Equivalent circuit for ¥ = 0

Vigs =[0-Va|= V2 (323

‘ R Ly
or, v, = [1 +R_:JV“’S (

Thus, the output offset voltage of an op-amp in closed-loop configuration (inverting of
inverting) is given by Eq. (3.23).

3.2.4 Total Output Offset Voltage %

The total output offset voltage V; could be either more or less than the offset volta j

produced at the output due to input bias current or input offset voltage alone. This is becaus
input offset voltage V;,, and input bias current I could be either positive or negatiVe§~
respect to ground. Therefore, the maximum offset voltage at the output of an inverting: d
non-inverting amplifier of Fig. 3.2 (b, ¢) without any compensating technique used, 18 givel
by Ay
_ R g ¥

Vu’l‘ - [1 + R—fJ ‘/1-03 + Rfln (3,

1

Vo = ( 1+ %J Vies + eI, (3
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Many op-amps provide offset compensation pins to nullify the offset voltage. So one must refer
' to the manufacturer’s specifications while using the offset null connections, Figure 3.3 (a) gives
_ the connections for the 741 op-amp. The manufacturers recommend that a 10 k€2 potentiometer
~ pe placed across offset null pins 1 and 5 and the wiper be connected to the negative supply pin
4. The position of the wiper is adjusted to nullify the output offsct voltage. However, when the

Figures 3.3 (b, ¢) show the balancing circuits used for inverting and non-inverting operational
S amplifiers.

. RZ R2
".L: VWV
" Y
.R. v Vio AWMA >
; - —oV,
N .
VR,
" _,
vV 50 kQ - Vos® FRIR,
g | “Pot 200 kQ ™M
1 o i R, e
-V 100 Q _ 3
H = o
5 5 1 a
* e
(b) 1)
RZ
+V VVIAA—
R, R,
50 kQ -
Pot 200 kQ L —O0V,
+
R
-V 4 VR,
100 Q Reoms Vos=* R+ R,
= Vi
=
(c)
Fig. 3.3 (a) Offset null pin connection for uA741. Balan'cing circuit for
(b) Inverting amplifier (c) Non-inverting amplifier
. Example 3.2

(b), R, = 1 kQ and R; = 10 kQ. Calculate the

a) I 4 ting amplifier of Fig. 3.2 ; )
(a) For the non-inverting amp and I. The op-amp is LM 307 with V, =

maximum output offset voltage due to Vi,
10 mV and I, = 300 nA, I, = 50 nA.

(b) Calculate the value of Reypyp, needed to reduce the effect of Iy | |

(¢) Calculate the maximum output offset voltage if Ry, as calculated in (b) is connected

in the circuit.
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Solution

2 R;
(a) ‘,OT =]14+— ] jos + ’\’ !n
Wt

= [1+ llokk?) (10 mV) + (10 k) (300 nA) = 110 mV + 3 mV =113 mV_
[ 1k

() The value of R, needed 1s,

R__ = 1kQ|10kQ = 990 Q

comp

(© With R, in the circuit,

‘oT = (1+§ )‘/ms +Rros =110 mV + 0.5 mV = 110.5 mV
1

It can be seen from this example that it is the input offset voltage which is more respor nsible
for producing an output offset voltage compared to input bias current Iy or the mput 0

. current [.

- 3.2.5 Thermal Drift

Bias current, offset current and offset voltage change with temperature. A circuit care “‘1h
nulled at 25°C may not remain so when the temperature rises to 35°C. This is called drift.
Often. offset current drift is expressed in nA/°C and offset voltage drift in mV/°C.
indicate the change in offset for each degree celsius change in temperature. _
There are very few circuit techniques that can be used to minimize the effect of rift.
Careful pnnted circuit board layout must be used to keep op-amps away from source of h

V, =V, X Agy,
=3.75 mV x 100 = 375 mV

] d represent a very major shift in the output voltage.



~small signal sinusoidal (ac) applications, one has to know the ac characteristics such as
quency respouse and slew-rate which will be discussed in this section.

-

T

4 v

3.3.1 Frequency Response
Ideally, an op-amp should have an infinite bandwidth. This means that, if its open-loop gain
is 90 dB with dc signal its gain should remain the same 90 dB through audio and on to high
radio frequencies. The practical op-amp gain, however, decreases (rolls-off) at higher fre-
encies.
What causes the gain of the op-amp to roll-off after a certain frequency is reached?
Obviously, there must be a capacitive component in the equivalent circuit of the op-amp.
g ’"s capacitance is due to the physical characteristics of the device (BJT or FET) used and
* the internal construction of op-amp. For an op-amp with only one break (corner) frequency,
all the capacitor effects can be represented by a single capacitor C as shown in Fig. 3.4 (a).
This figure represents the high frequency model of the op-amp with a single corner frequency.
ﬁlay be observed that the high frequency model of Fig. 3.4 (a) is a modified version of the

low frequency model with a capacitor C at the output. There is one pole due to R,C and

.,
/

V; O—

\
||[|

=
VA
]
PN
N+
=<
,/
Ny
\\l’
|
1
(@]

Fig. 3.4 (a) High frequency model of an op-amp with single corner frequency

e open loop voltage gain of an op-amp with only one corner frequency is obtained from

2. 3.4 (a) as

= e 4 (3.26)
U = . oLYd
? Ro J c
A= Vo _ Aol
vg 1+j2rnfR,.C
A = DL (3.27)
1+ j(f/H)
: (3.28)

h= 2nR,C

{

'L‘
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. ~ | b y ' ] { i )
18 the corner frequency or the upper 3-dB frequency of the op-amp, The magnitude ang the
phase angle of the open loop voltage gain are function of frequency and can be Written a;

\
|A| = 2oL (3,24
L+ (f/f;)2 ’
¢ =-tan™' (fIf}) (@2

The magnitude and phase characteristics from Eqs. (3.29) and (3.30) are shown in Fig, 34

(b, ¢). It can be seen that .
(1) For frequency f << f|, the magnitude of the gain is 20 log Ay, in dB. :
(1) At frequency /= f,, the gain is 3 dB down from the dc value of Agy, in dB. This frequem:y

f1 1s called corner frequency.
(1) For f>> f,, the gain rolls-off at the rate of —20 dB/decade or —6 dB/octave.

A

20log Ay, l T

-20 dB/decade

|A|(dB)

(log scale) f fy (logscale) f

(b) (c)

Fig. 3.4 (b) Open loop magnitude characteristics in semilog paper and (c) Phase characteristics
for an op-amp with single break frequency

Tl el N ———

-

It can further be seen from the phase characteristics that the phase angle is zero at
frequency f = 0. At corner frequency f, the phase angle is —45° (lagging) and at infinite
frequency the phase angle is —90°. This shows that a maximum of 90° phase change can
occur in an op-amp with a single capacitor. It may be mentioned here, that zero frequency
does not occur in log scale. From all practical purposes, zero frequency is taken as one decade

below the corner frequency and infinite frequency is one decade above the corner frequency.
The voltage transfer function is s-domain can be written as

A=_fAo. __ Ag,
L+j(f/fi) 1+ j(o/w,)

= Ao 0y _ Agp,- 0,
JO+o; s+
A practical op-amp, however, has number of stages and each stage produces a capacitiVe
component. Thus due to a number of RC pole pairs, there will be a number of different break
frequencies. The transfer function of an op-amp with three break frequencies can be assumed
as
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= A
f‘ = e /‘ (”:‘ ; ;()‘(/i </:d ,:/:" ("‘.'f;])
A
WU RIU
A= Ao 00,0, -

o, (s + ) (s +my) (s +0y)
with 0 < @ < 0y < .

For a typical op-amp, straight line approximation of open-loop gain vs frequency in
Jogarithmic scale is shown in Fig. 3.5. The open loop frequency response is flat (90 dB) from
Jow frequencies (including dc) to 200 kHz, the first break frequency. From 200 kHz to 2 MHz,
the gain drops from 90 dB to 70 dB which is at a ~20 dB/decade or —6 dBloctave rate. At
frequencies from 2 MHz to 20 MHz, the roll-off rate is —40 dB/decade or —12 dB/octave.
Accordingly, as frequency is increasing, cascading effect of RC pairs (poles) come into effect
and roll-off rate increases successively by -20 dB/decade at each corner frequency. Each RC
pole pair also introduces a lagging phase of maximum up to —90°.

120

T

100
90 20 dB/decade

‘Chapter 3

r

[e]
o
T

—40 dB/decade

Open-loop gain (dB) ——»
B
o
I

—60 dB/decade

N
(=]
1

2 10M f; 100 M

|
I
1
|
I
I 1
| |
I I
| |
I I
I 1
I |
] I
I |
I I
| |
| |
I |
1 1 { 1 :

1k 10 k 100 k f, 1M f
— Frequency (Hz)

Fig. 3.5 Approximation of open loop gain vs frequency curve

3.3.2 Stability of an Op-Amp

Op’amps are rarely used in open loop configuration because of its high gain. Let us now

“nsider the effect of feedback on op-amp frequency response. Consider an op-amp amplifier
T Fig. 3.6 (a). It uses resistor feedback network and may be used as an inverting amplifier

“ Uy = 0 and as non-inverting amplifier for v, = 0.
Tom the negative feedback concepts, we may write the closed loop transfer function as

A -
- — 3‘\3
Act, 17 AP (3.33)
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\}'how A the open loop voltage gain and [ is the
feedback ratio. In Bq. (3.33), if charncteristic equation
Ll + AP) = 0. the circuit will become just unstable, that
18, leads into sustained oscillation,

Rewriting the characteristic equation as, 1 - (=)
= 0 leads to

loop gain, —Ap =1 (3.31)

Since AP is a complex quantity, the magnitude

condition become

_ i Fig. 3.6 (a) Resistive feedback
IA B' =1 (3.35) provided in op-amp

and phase condition 1s
/—-AB =0 (or multiple of 2m)
ZAB == (or odd multiple of ) (3.36)

network is a resistive network, so it does not provide any
de, it provides a phase shift of 180° at

Oor.

In the given circuit, feedback
phase shift. Since op-amp is used in the inverting mo
low frequencies. However, at high frequencies, due to each corner frequency, an additional
<e shift of maximum —90° can take place in open loop gain A. So for two corner frequencies,
ociated with gain A is —180°. Thus at high frequencies,
| it is quite possible that for some value of B, the magnitude of AP becomes unity when A has
" an additional phase shift of 180° which makes the total phase shift equal to zero. In this
" case. there is every possibility that the amplifier may begin to oscillate as both the magnitude
and phase conditions laid down by Egs. (3.35) and (3.36) are satisfied. This may be noted
that oscillation is just the starting point of instability, or, to be more precise, it 1s just at the
verge of instability. The instability means unbounded output; which can arise from Eq.

(3.33), when
(1+AB) <1

or AB<0 i.e. negative

loop gain increases and leads to instability. The phase
low frequency, the additional phase
A and the system is stable. But at
ree RC:pole pair, there
ase shift and for which
s further elaborated

pha
'a maximum of phase shift that can be ass

and then A > A, ie. the closed
contribution by the resistive feedback network is zero. At
contribution of A is zero, so AR > 0 and obviously Agy, <
high frequencies, the system A having three corner frequencies or th
is a chance of open loop gain A to contribute a maximum of —270° ph
AB may become negative and instability occurs at high frequencies. This 1
~in Fig. 3.6 (b).
_ Let us say that a closed loop gain of 80 dB (| Agp, | = 10,000) is desired. The projection of
" 80 dB curve to the open loop frequency response curve intersects it at a —20 dB/decade raté
of closure (point A) as shown in Fig. 3.6 (b). The bandwidth is approximately 600 kHz an
‘-.a_maximum of —90° phase shift is added to open loop gain A. The amplifier will remain
. stable.
- Now, if the feedback resistors are so chosen that the op-amp has a closed loop g2
,’;_ﬁ{;_-.,l,OOO’Or 60 dB, the bandwidth is about 3.5 MHz. However, now the 60 dB projection on the
open-loop curve intersects at a —40 dB/decade rate of closure (point B). The maximum phas¢
. shift that may get added to is now (-90° — 90°), that is —180°. This circuit is likely to b

n Of
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/ Open-loop gain
a0 A

80 N A 20 dB/decade

~ Curve for closed loop gain §
Aq = 10,000 or 80 dB
60
@
©
2=
8=
©
)

Curve for closed loop gain A, = 1000 or 60 d
7 —40 dB/decade

Curve for closed loop gain A, = 10 or 20 dB

-60 dB/decade

1 1 |
1k 10k 100 k 1M 10M 100 M
Frequency (Hz) ——»

Fig. 3.6 (b) Effect of feedback on open loop gain vs frequency curve

unstable and should not be used without modification. Similarly, a closed loop gain of 20 dB
causes a —60 dB/decade rate of closure (point C). A maximum —270° phase shift is added to the
open loop gain A to cause unstable operation. Thus, we may conclude that for stable operation,
the rate of closure between the closed loop gain projection and the open-loop curve should not
exceed —20 dB/decade. At higher frequencies for lower closed loop gains, the feedback becomes
significant and regenerative and may result in sustained oscillations.

So far, we have discussed stability of an op-amp qualitatively. To provide a quantitative
discussion about stability, let us rewrite the transfer function of an op-amp characterized by

three poles, as,
3 Agr 0 ¥ W3
(s + o) (s + ©y) (s + ®3)

A= 1 0<w <y <3

e P o e e gy g i

Obviously the poles of the open-loop transfer function are at -,
-0, and —0,. The closed loop poles, that is the poles of Ag, in Eq. (3.33) will be given by

the roots of the characteristic equation

1+ Ap =0
Putting the value of A from Eq. (3.32), we get
W, Wy ®
1% BAOL 1%92 73 =0

(s+m)(s+ wy) (s + ;)

or, (s + ) (s + 0y) (s + w3) B Ap, 0 003 = 0

3, ) + ., (.
or, 3 + 52 () + 0y + 0y) + 8 (0 O + ) 0y T 0y 0y) F O O O

(1+BA)=0 ' (3.37)
The roots of the cubic equation depend upon BAgy, the de loolp gain and therefore, (3Aq;)
r that determines the new pole location. Further, Ay, can take
¢ no feedback (§ = 0) and A, for maximum feedback (B = 1). For
< oo, the root loci is shown in Fig. 3.7. When B, = 0, the
d lie on the negative real axis. For small values of BA,
ne with one real root and two complex conjugate roots

becomes critical paramete
any value between zero fo
Variable f§ in the range 0 < BAoL
roots are at —m,, — @, and — ;3 an
the roots still lie on the left half of s-pla

Chapter 3
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Im

Closad loop pola for g
(”AIIL) > (“Anl. )C ! .I 1

o Q] . w
(A= (2 L Sy

()]
Wy * W, Wy ‘

oy Closod loop pole for
o, W) 7 (A < (A e

B&L=i- |~ BAoL =0 3 E
) —, “-—wz ___________ Re—»
b
'_*
.‘
i

Fig. 3.7 Root loci as a function of BAg, 1‘ 5
lf »‘

: (a a’). If BAg, is increased further beyond a critical value (BAgr)c, the two roots will moy —t‘ '
_ the right half of s-plane causing instability. We will find out that critical value of BApy, forw ch
the closed loop system becomes just unstable. Rewriting Eq. (3.37) as -

| a,s® + a8 +a;s +a,=0 (33
- where, -

az; =1

a, =, + 0, + 0

a; = 0,0, + 0,05 + 0,0,
= 0,0, 03 (1 + BAgy)

 order to find the cr1t1ca1 value of BAgy, apply Routh’s stability criterion to Eq. ( 7..

., nt s = jo in Eq. (3.38)
) as (lw) + a (10)) + a,(jo) + a, = 0
(@, — aw?) + jola; — azn?) = 0
quating real and unaglnary parts to zero, we get
a, — ay0° =0,

al—a3m =0
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Thus. the frequency of oscillation is given by
‘ J

W, =% L s
ay ay (-5.’12}

putting values of coefficients,

a
L = =k
o8 \laa + O 0 + 0 03 + 0y 0 (3.43)

Also from Eq. (3.39), we get,

a, = az
d a3
g or ©,0,03 {1 + (BAgp)ct = (@) + @y + @) (00, + 0,03 + ©, ;)
4 _ 0w 0 O
E or, (BAOL)C—2+—l+—1+—2+—m—2+9§+% (3.44)
| Wy W3 @ W3 O (1))

E Itis obvious that (BApy)c depends upon the ratio of open loop pole locations. The minimum
" value of (BAoL)c will occur when all the poles are located at the same place giving

E B0, = 8.
. As an example, if Agp,
. st a frequency of

=10%° and ©; = 0y, = O3 = 107 rad/s, then the circuit will oscillate

Oosc = 0 /3 =107 Y3 radfs.

On the other hand, if 10000 ®; = @z = @3 the critical loop gain is,

BAoDc = 2% = 20000

20000 _ 20000 _4 9

d =
and, Pe <=4, ~ 100000

In the Fig. 3.6 (a), B = Ry/( + F2)-

FOI‘, B < 0-21

R+R 1 =5
Rl 0.2
or, B >4
- used as an inverting amplifier in Fig. 3.6 @), the inverting

amplifier, the non-

This means that if op-amp 18 ' A

- Bain magnitude f-zh(.)u]dpbe greater than 4. and 1_f usled as 1.1011;11‘1vutmg,

inverting gain should be greater than b for oscillation to sustain.

If it is desired that the amplifier ghould remain stable flm_ mli" :'

0<pB <1, then Ay, must gatisfy the most stringent condition for
Ay ! OL

@2 +_u3£+9.)_3_+9)_3J (3_.15)

esistive network, that 1s,
p = 1, that is,

+—t—
A()L<(2 W, O3 O O Wy

Chapter 3
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3.3.3 Frequency Compensation
In applications where one desires large bandwidth and lower closed loop gain, suitable comp,.
sation techniques are used. Two types of compensating techniques are used (1) Externa] Con,
pensation. (1) Internal Compensation. b
=] &

External Frequency Compensation

Some types of op-amps are made to be used with externally connected compensating mmpoﬁéﬁh
specially if they are to be used for relatively low closed loop gain. The compensating netv}ﬁr}
alters the open-loop gain so that the roll-off rate 1s —20 dB/decade over a wide range of ﬁ'equeﬁiy

The common methods for accomplishing this are: e
Dominant-pole compensation rJn
Pole-zero (lag) compensation 'T».’T
. . I

Dominant-pole Compensation: Sup- 1

‘pose A is the uncompensated transfer e

function of the op-amp in open-loop con-
dition as given by Eq. (3.32). Introduce a b
- dominant pole by adding RC-network in '
) - g 5 3

- series with op-amp as in Fig. 3.8 (a) or by
. connecting a capacitor C from a suitable f,= 1/2rRC I c %Q

‘:' high resistance point to ground. The com-
. pensated transfer function A’ becomes _
Fig. 3.8 (a) Dominant pole compensation

A= ,
Uy .“:
e “’Cj _ Af | (3.46)
R-—— 1+ %+
o C Jf:i
fy=— |
4" oanRC
. (3.31) we get,
A = Aoy,

AR ATA A
(“Jﬂlj(lﬂﬂj[lﬂﬁﬂlﬂﬁ}

h<h<hL</ $

‘:gcitance C is chosen so that the modified loop gain drops to 0 dB with a slopé-‘?ﬁf
ecade at a frequency where the poles of uncompensated transfer function A cont

Agljgible phase shift. Usually f; = oy/2n is selected so that the compensated gransfer
- : A passes through 0 dB at the pole f, of the uncompensated A. The frequency cap
be d graphically by having A" pass through 0 dB at the frequency f, with a slope of-"zu

dB - er decade as shown in the IFig. 3.8 (b). The value of capacitor C now can be calcl-llﬂ_t.‘e
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~
Open loop

gain (dB) fy /

No compoensation

-20 dB/decade

-40 dB/decade

Dominant pole
compensation

—60 dB/decade

= -

B

f(log scale)'

—
=
o
o

Fig. 3.8 (b) Gain vs frequency curve for dominant pole compensation

d uces the open-loop bandwidth drastically. But the noise immunity of the system is improved
since the noise frequency components outside the bandwidth are eliminated.

!‘v-ol’e-:ero Compensation: Here the uncompensated transfer function A is altered by adding
both pole and a zero as shown in Fig. 3.9 (a). The zero should be at higher frequency than pole.
The transfer function of the compensating network alone is,

5
15—
Ug Z1+Z2 R1+R2 1+J-L

(0]

1 1 1
where Z, = R}, Zy = Ry +———, f1 o= 2n(R, +R,)C,y

s J(DCZ 275ch2

" The compensating network is designed to produce a zero at the first corner frequency f,
a _{the uncompensated transfer function A. This zero will cancel the effect of the pole at f;.
The pole of the compensating network at f, = ©/2n is selected so that the compensated
transfer function A’ passes through 0 dB at the second corner frequency f, of the
uncompensated transfer function A in Eq. (3.31). The frequency can be found graphically by
}ring A’ passes through 0 dB at the frequency f, with a slope of 20 dB/decade as shown
in Fig. 3.9 (b). Assuming that the compensating network does not load the amplifier, i.e., R,

(3.47)

21
—
v VWY OV,
i
RZ
4
C?

Fig. 3.9 (a) Pole-zero compensation

Chapter 3
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Iy
@: {a A/Nn ““"":':."fr_"'.l_”_'_‘_* ey
& H -
N Pole-zero \
-ﬁé compensation : \
S ' s~ —40 dB/decade
—20 dB/decade | Y
| \
\ \
[} \\
i «——¢ —60 dB/decade
0dB . A > f
fs ot (Log scale)
(b)
Fig. 3.9 (b) Open loop gain vs frequency for pole-zero compensation
1+ _]L
Ar=Se Pe Vo~ i, Ry h
U; Ug Uy Rl +R2 1+JL
Io
1+
_ Aot R,
R, +R T
[1+Jf)[1+f)[l+_]f) LIS L+
h f2 fs
— Aol

o))

0<fo<fl<f2<f3

:';- that R, >> R, so that B 1
b - R+ R,

‘iwork is equal to the pole at the frequency f, (lowest). If there had been'

he compensating network, the response would have changed to that of the=
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7
e
by

i@ A comparison of dnminmﬂ- pole and pole-zero compenantion technique is shown in Fig. 3.10
* The dominant 1’0}0 18 selected o that the compensated tranafor function goes through U-'df‘% at
e first POI}‘ f1 of the uncompensated system. In pole-zero (:nnlpunm;l‘,inn th;' zlc:m is chosen ;n:
.f}}: 3“4 pole 1s selected so that the modified transfer function goes thmu;;h ():rlli at the gecond
‘ ; 01;;1{,:(flll(l]u:l?:{p:‘;:\tr;\i tl:;rnz‘f‘_,fej Ii;ll;lllctum. The improvement in band width is clearly shown

A
= Pole-zero compensation

% fy f, / No compensation

®

lo)]

(o8

S —-20 dB/decade
S Dominant pole

S| compensation

—40 dB/decade

1
1
1
' ™
i e
; : —60 dB/decade o
EANEEAEA > =
2 1 A ’
f -" Al \ \ \ (Log scale) E
i 3-dB band width improvement S
i Fig. 3.10 Comparison of dominant pole and pole-zero techniques

'f With either type of compensation, the value of the compensating capacitance is too large
to be easily built into standard integrated circuit and as a result, many IC op-amps have
‘Internal connections brought out to allow attachment of an external compensating network.
‘However, recently, several op-amps have become available with built-in lag compensation
hich is accomplished by making use of Miller effect to generate large capacitance needed

" from fixed emall capacitance which can be built into the IC.

A

"hternally Compensated Operational Amplifier

Sometimes, the relatively broad bandwidth of the uncompepsatgd op-amp is not ne:-eded. For
" example, in the instrumentation circuit, the op-amp required is to amplify relatively slow
‘changing signals and therefore it does not require good high-frequency response. In this and
fmilar applications, internally compensated op-amps can be used. They are sometimes called
;vmpensated op-amps. Also they are stable regardless of the value of closed-looP gain and
" Without externally connected compensating components. The type 741 op-amp 15 compen-
“8ated and has an open-loop gain v8 frequency response as shown in Fig. 3.11. The op-amp
- 1C 741 contains a capacitance C, of 30 pl (see Flg. 2.34 (b)) _thut n}temally_ shurl‘lt§ oﬁ signal
!,.}lrrent and thus reduces the available output signal at higher frequencies. lhlS‘ internal
iipacitance, which is an internal compensating compone_nt, gelu}s\es the open-loop gain to roll-
; :‘_ff at —20 dB/decade rate and thus assures for a stable L:ll‘Ctut. lhu_* 741 op-amyp has.u 1 MHz
‘Bain-handwidth product. This means that the product.ot the coordmuteb:, gain and trgqugncy
f any point on the open-loop gain v8 frequency curve 18 about 1 MHz. If 741 op-amp 1s wired

g
55458

igah

k
£
Y
i
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for a closed-loop gain of 10" or 80 dB, its bandwidth is 100 [z as can ‘h(: Keen by pmjecting&)
the right from 10" in the curve of Fig. 8.11. For gain of 10%, the l)tll](lWII(“.h increases to 10 ky,
and for gain 1. the bandwidth is 1 MHz. For 741 op-amp, unity gain-bandwidth produet
speciﬁe:i as 1 MHz in the data sheet. This simply means .LhnL op-amp 741 b,

n in IMig. 3.11. Some internally compensay,

1 MHz bandwidth with unity gain as see 7
op-amps are Fairchild’s pA741, National Semiconductor’s LM741, LM107 and LM112 gy

Motorola's MC1558.

»

Voltage gain

—1 1 1 1 1 1 1

10 10 100 1K 10K 100K 1M __10M

v

Fig. 3.11 Frequency response of pA741 op-amp

‘The rise time of an amplifier is defined as the time the output takes to change from 10t
"‘r,iﬂ_’;;s cent of the final value for a step input and is given as 0.35/BW, where BW is the
ba _jgidth of the amplifier. Ideal response time should be zero second as BW is infinite for
??p-amp, that is, output voltage should respond instantaneously to any change In the
input. Rise time is usually specified for small signals, usually when the peak output voltagt
gﬁﬁn one volt. However, for large signal output (i.e., V,, > 1 volt), the op-amp’s Spe
ited by slew rate, Manufacturers specify slew rate that gives the circuit designer a g
f how quickly a given op-amp responds to changes of input voltage. An op-amp’s sleV
S 1 lated to its frequency response. Usually op-amps with wide bandwidth will hav®
gher (better) slew rates. s
The slew rate is defined as the maximum rate of change of output voltage caused by & step

s

Vut;”g_r'oltage and 1s usually specified in V/ps. For example, a 1V/us slew rate means thﬁt
3 _‘!égggtput rises or falls by 1 V in one microsecond. An ideal’slew rate is infinite which mea®
_Tfap-amp’s output voltage should change instantaneously in response to input step voltagg.
Practical IC op-amps have specified slew rates from 0.1 Vius to well above 1000 V/js. Slew
rate listed in the data sheet is usually specified for unity gain and no load. The slew 12
‘f:pr_oves with higher closed loop gain and dc supply voltage. It is also a function
Eﬁgﬁlperature and generally decreases with an increase in temperature.

%5,
B T
st
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e 1

e 2 oy o m Ny 8 " ' ) P

Vhat causes slew rate? There 1s usually a capacitor within or outside nn op-nmp to prevent
ation. 1t 1= this capacitor which prevents the output voltage from responding immediately

Y Ny v b . . ‘ ‘ L
fast changing mput. The rate at which the voltage ncross the capacitor v, increases 1#

by.

do, _ 1
dt c

ere. ] 1s the maximum current furnished by op-amp to the capacitor C. This means that
for obtaining faster slew rate, op-amp should have either a higher current or a small

mpe ensating capacitor. For the 741 C, the maximum internal capacitor charging current is
te d to about 15 uA. So the slew rate (SR) of 741 C is,

(3.49)

Slew rate limits the response speed of all large signal waveshapes. For a sine wave input,
eﬂ'ect of slew rate limiting can be calculated as follows:
n:1der a voltage follower shown in Fig. 3.12 (a). The input is large amplitude, high

'7 ncy sine wave.
v, =V, sin ot

3&. ‘nﬁ output v, = Vp, sin ot

Chapter 3

,tgu:e 3.12 (b) shows the input-output waveform.
',;! he rate of change of the output is given by,

dv,
dt

=V, o cos ol

£

rm Rl

>
:

.
g
i

:

N
5
-6
ik
|5,

: (a) (b)
Fig. 3.12 (a) Voltage follower (b) Input/output waveform

Maximum rate of change of the output occurs when cos o¢ = 1. That 1s,

SpR=—¢ =0V, (3.50)

: ,,.érefore, Slew Rate = 2nfV,, V/s
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= 28/ Vi V/jis
10°

Where f=1put frequency (Hz),

V., = peak output amplitude

If right hand side of Eq. (3.51) is less than the slew rate of the op-amp, then output Wﬂﬁs
undistorted. 1f frequency or amplitude of input signal is increased to exceed slew rate of op'.'a,‘g‘p-

the output will be distorted.
Thus. the maximum input frequency f,,.. at which we can obtain an undistorted Outpy

voltage of peak value V|, is given by, iy

Slew Rate g |

.« (Hz) = 2=———x 10°

oo (H2) = G o Vi

. This £, is also called the full power response. It is the maximum frequency of a larg
. amplitude sine wave with which op-amp can have without distortion. ~ )

| Example 3.4 _;f?,.{
The output of an op-amp voltage follower is a triangular wave as shown in Fig. 3.13 fora
square wave input of frequency 2 MHz and 8V peak to peak amplitude. What is the slew
rate of the op-amp? o

i

}

it

£

(i}

slew rate is defined as the maximum rate of change of the output, so from Fig. 3.1

:W—;t

. =

(o e

6V . 3 rod

SR :m = 14 V/us

AV,
3V ¢

[adh 4

-3V 0.5 pus

Fig. 3.13 Output waveform of Example 3.4

=
o~
et

deal slew rate causes remarkable distortion for non-sinusoidal waveform
ncies. Fligure 3.14 shows typical waveforms of a voltage follower with square wa
quencies applied as input. The op-amp has a slew rate of 1 V/pus. The output 8
imited slew rate as frequency increases. A 100 Hz square wave input pro us
g output as shown in Fig. 3.14 (b). And, a 10 kHz square wave gets distorte H’
- 3.14 (c). However, due to the limited slew rate, the square wave input 0 1 0
storted into sawtooth as in FFig. 3.14 (d). This has occurred because of the pl’edomm’{gée

ce present in the circuit at higher frequencies, RC pairs are in cascade and the
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gultant output

mst:mts ave high compared to the high frequency square wave input and the re
s obviously a sawtooth waveform of smaller amplitude,
V. A
2V
° m | 2n |3k [4n >
4 2v[-
| (2)
V, 4
G 2V
. —>
10 20 | t
ms ms*
=2V
(b)
d Vo A -
2V c
) . n'
! 0 l \ ’ \ j \ ,
i 0.1 0.2 ¢ 2
f \ ‘ ms ‘ I ms \ ’ \ I o
. 2y
()
VDAL
1V
i 025V |-
G P e N P .
1 g g g ~ A
3 -0.25V 1us 2pus 3ps
-1V (@)

Fig. 3.14 (a) Square wave signal applied to a voltage follower using op-amp
with slew rate 1 V/us (b) Output for input frequency of 100 Hz (c) Output for
input frequency of 100 kHz (d) Output for input frequency of 1 MHz

ample 3.5

A T41C op-amp is used as an inverting amplifier with a gain of 50. The voltage gain vs
frequency curve of 741C is flat upto 90 kHz. What maximum peak to peak input signal can

' applied without distorting the output?
Solution _
f he slew rate for 741C is 0.5 V/us, 80

3 V|
e (21:)(20;)(150 ) (Vi)

maximum output voltage at 20 kHz, is

v, =398 V peak
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or, V. =796 V poak to peak.

0

| Hence, for the output to be undistorted sine wave, the maximum input signal should beIe
than

7.96
50

= 159 mV peak to peak.

Example 3.6

A square wave of peak to peak amplitude of 500 mV has to be amplified to a peak- toPEak
amplitude of 3 volts, with a rise time of 4 ps or less. Can a 741 be used?

Solution
Since. the output has a peak amplitude greater than 1 volt, the slew rate is the limiting facte

Av
' The required slew rate = 77" - From the deﬁmtmn of rise time, the change in the output VO]tage

Av in 4 us is equal to
(09-01)3V=24V

Therefore, SR = 24V _ 0.6 V/us
4 us

Since. the slew rate of 741 is 0.5 V/us, it is too slow and cannot be used.

‘.-'. ANALYSIS OF DATA SHEETS OF AN OP-AMP
«4 he manufacturers supply data sheets for the ICs they produce. These data sheets provide
in nformation regarding pin diagram, absolute maximum ratings, electrical characteristics,
: 'fnvalent circuit of the devices etc. In this section, significance of the electrical parameters
5 j)hed in a typical op-amp data sheet is discussed.

Figure 3.15 gives the data sheet for a Fairchild pA741 op-amp. 741 series are avallable_
odels 741, 741A, 741C and 741E. The schematic diagram and electrical parameters ! fOl‘
“i:!s ese models are the same with only the values of the parameters differing from one.
b “"ﬁ o another. We will consider specifications for 741C op-amp. -4
From the data sheet it can be seen that:
internally frequency compensated op-amp. f

‘a monolithic IC fabricated using planar epitaxial process. 1,_5
zfseful for integrator, summer, voltage follower and other feedback apphcatmns;

80) ute maximum ratings are specified for supply voltage, internal power d1ss1pﬂtmn'
erentlal input voltage, input voltage, storage and operating temperature rang“'
d o,__‘ ring pin temperature and output short circuit duration. : ;f‘
s 41‘18 available in all three packages viz 8-pin metal can, 10-pin flat pack and 8&;
y p1n DIP. The pin diagrams for all these packages are shown in the data sheet. ‘5&5

741C, two sets of electrical spec1f1cat10ns are avallable one set is apphcable at foom-
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8 Pins Mini Matal Can

(top viow)

NC

.

¢AT41C
Internal Power Dissipation
Metal Can 500 m W N 2]
\{olded and Hermetic DIP 670 m W Offset null [3]
\ini DIP 310mW N[
Flatpack 570 m W N[5
Differential Input Voltage +30 V
Input Voltage +15 V v[E]
Operating Temperature Range NC |7
— 55 °C to 125 °C

Military (UAT41A, pAT41)

Commercial (LAT41E, nA7410) 0 °C to 70 °C

10 Pins Flatpak (top view)

8 Pins Mini DIP (top view)
1

" NC [
Offset [ 8|NC Offset |j
null null

: Y —

10
m—

9
|NC

8
—

8] NC

l.s‘b‘;olure Maximum Ratings
10 Pins DIP(top view)

Supply Voltage
(ATA1A, MATL, MAT4IE 199 V
18V NC [IF__k/——_E NC
i3] NC
12] NC
1] v*
E Out

E Offset

null
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-IN|2 T|v
4 7
a3 5 |out #IN | [ Jout
- |4 5 | Offset v 2 Offset
v null null
} =— pA741C
| Electrical Characteristics =215V, Ta = 25°C unless otherwise specified
Characteristics (see definitions) Conditions o e i s
| Input Offset Voltage R, < 10 k@ e 164
Input Offset Current <0 00 nA
g Input Bias Current 5 : I'V?A
- Input Resistance 0.3 2.0 f;
13 Input Capacitance ;tli.‘S‘ mpV
- Offset Voltage Adjustment Range ‘ +13 ¥
- Input Voltage Range 10 70 2 i
Common Mode Rejection Ratio b ig kmn 30 150 WV/V
. Supply Voltage Rejection Ratio Re = 20,000 200,000 :
- Large Singal Voltage Gain ' Bl % ki ' '
: Vo = £10V 0 14 i
- Out R, 2 10k *
1 put Voltage Swing R > 2k2 +10 +13 v
8Utput Resistance ;g m‘;
: S”tDUt Short Circuit Current 17 28 A
] zaplv Current 5;0 85 mw
. TOwer Consumption
G TraDSient V., = 200 mV,
R Time in
. (unity Gain;esponse = R, = 2k Jed s
; Overshoot G, = 100 pE e %

Slew Rate
:"_" /
Sheet of pA741

Fig. 3.15 Data
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o of the parametery “”wd, ;
R I

°C.

~ N 5 2 . ¥
+70°C). As we are interested only in showing the significanc
limit the discussion to only one model, that is T41C at 2D

The various electrical parameters supplied in the data sheet are a8 follows:

Input offset voltage: 1t is the voltage that must be applied between the input termi
an op-amp to nullify the output. Since this voltage could be positive or negative its abggf,
value is listed on the data sheet. For 74 1C, the maximum value is 6 mV. I

Input offset current: The algebraic difference between the currents into the (=) inp
as input offset current. It is 200 nA maximum for 741C.

he currents entering into the () input and (+) lnpm
bias current. Its value is 500 nA for 741C.

(+) input is referred to

Input bias current: The average of t

terminals of an op-amp 18 called input &
differential input resistance as seen at either of them'fm

Input resistance: This is the
terminals with the other termina
1s 2 MQ.

Input capacitance: It is the equivalent capacitance tha
input terminal with the other terminal connected to groun
nge: A special feature of the 741 family Op-amp-fs;;ffm
bility. For this refer to Sec. 3.2.4. For 741C offset volféi}';b

1 connécted to ground. For the 741C, the input resistan

i
i
(i P_ -

t can be measured at either‘%ﬁ
d. A typical value of C;is 14pF,

. Offset voltage adjustment ra
L rovision of offset voltage null capa
adjustment range is +15 mV.

& Input voltage range: This is the common-mode voltage that can be applied to both m';ut
+-rminals without disturbing the performance of an op-amp. For the 741C, the range of Ehe
input common-mode voltage is #13 V. Common-mode configuration is used only fo;;ligst
‘purpose to determine the degree of matching between the inverting and non-invetgng

terminals.
Sec. 2.3.7. For 141G |
t the inpu! .‘:
g betwee? §

| Common-mode rejection ratio: It has been discussed in detail in
RR is typically 90 dB. CMRR is usually measured under the test condition tha
source resistance R, < 10 kQ. The higher the value of CMRR, better is the matchin
the two input terminals and smaller the output common-mode voltage.

‘ ;;pply voltage rejection ratio: The change in an op-amp’s input offset voltage dueto

tions in supply voltage is called the supply voltage rejection ratio (SVRR). Some mg_!}“
ers use terms like power supply rejection ratio (PSRR) or power supply sens_it_}g‘
These terms are expressed in microvolts per volt or in decibels. For 741C, SYiu&

 Obviously, lower the value of SVRR, better the op-amp. =
gnal voltage gain: An op-amp amplifies the difference voltage between thﬁ 3
;nals and, therefore, its voltage gain is defined as, g

output voltage

Voltage gain = — :
differential input voltage
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Sil\\‘k‘ ““‘ :lmplil\ld(‘ Uf t.ho mlllllll. H'“
gain 18 commonly veferred as lavg
ander test conditions, Ry >

o e -

N mlll ' much Inreger than the input signal, the voltage

81 ) 1 \ ' ,

2 kQ) ;"‘“r" voltage gain, 1'or 74 1C, typical value is, 2,00,000

<R&2and Vo =410 v,

ywiput voltage swing: .

( Iti:\i\ ——— “:;:1?‘ IPO output voltage swing indicates the value of positive and

ne :L‘J_HC. .th { Tt h lgt,us ob an op-nmp, and never exceeds the avpply voltage V* sntd ¥

For =i e £ - vollage swing is guarant ' '
= ced to be , 4 _ ~

2 kQ. between +13V and -13V for R, =

Qutput resistance:

R B e = e

| ' Output resistance R, is the resistance measured between the output
terminal of the op-amp and the ground. It is 75 Q for the 741C op-amp

. Output short circuit current: This is the current that may flow if an op-amp gets
shorted accidentally and is generally high. The op-amp must be provided with short circuit
. protection. The short circuit current I, for 741C is 25 mA. This means that the built-in short
. circuit protection is guaranteed to withstand 25 mA of current.

] Supply current: Supply current I is the current drawn by the op-amp from the power
- supply. It is 2.8 mA for 741C.

1 Power consumption: This gives the amount of quiescent power (V; = 0 V) that must be
. consumed by the op-amp so as to operate properly. It is 85 mW for 741C.

Transient response: The rise time and overshoot are the two characteristics of the
transient response of any circuit. These parameters are of importance whenever selecting an
~ op-amp for ac applications. The transient response test circuit is included in the data sheet.
- For 741C, rise time is 0.3 ps and overshoot is 5%.

" Slew rate: This is another parameter of importance whenever selecting an op-amp for
~ high frequency applications. It has been discussed in detail in Sec. 3.3.4. Op-amp 741C has
"2 low slew rate (0.5 V/us) and therefore cannot be used for high frequency applications.

1. A practical op-amp is not ideal and has finite values of input offset voltage, input offset
current and input bias current. These produce a dc offset voltage at the output.

2. Input bhias-current is the dc current necessary to flow into the inputs of op-amp to turn
it on. The effect of input bias currents can be reduced by using compensating resistor

mep'
3. Input offset current results due

a T-network in the feedback path. | - |
4. Input offset voltage can be nulled by using external balancing techniques.

5. The input offset voltage and current drift with the change in temperature, thereby

producing a dc error voltage in the output. , ) )

6. The gain of an op-amp decreases (rolls-off) at high frequencies because of capacitances
within an op-amp.

7. The open-loop gain of the op-am
octave at each break frequency.

to non-identical transistors and is minimized by using

p decreases at the rate of —20 dB/decade or -6 dB/

Chapter 3
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8. An open-loop op-amp gives very small bandwidth, Feedback increases the bfdeidthb
may cause instability. :u :

9. For a stable circuit, the additional phase angle provided by op-amp must be legs 4p,
180° when its magnitude reaches unity. 2

10. Compensating networks are used to control the phase
stability.

shift and hence improye the

done cither by pole compensation or pole-zero compensatj,,

11. External compensation is
12. Internally compensated op-nmps are also available but give smaller bandwidth,
13. Large signal output (>1V) is limited by the speed at which the op-amp can charg,

compensating capacitor. This is called slew rate and is expressed in volts per miey,

second.
14. The manufacturers supply
pin diagrams, equivalent circuits, absolute ma

and tvpical applications of the device.

e REVIEW QUESTIONS

data sheets for the ICs they produce. The data sheet giyg,
ximum ratings, electrical characteristie

1. List the non-ideal dec characteristics of an op-amp.
3.2. Why do we use R, resistor?
3

.3. Why is R, not needed in differential amplifier?

3.4. How is input offset voltage compensated for?
5. What produces more offset voltage at the output: input offset current or input bias

current?

~ 3.6. Define thermal drift.

3.7. List the parameters that are important for ac applications.
3.8 What does the term roll-off mean?

3.9. What is Bode plot?
3.10. What problem can occur with an amplifier with a steep gain roll-off?

F 3.11. Why are low closed loop gains avoided with uncompensated op-amps?
k
[

3.12. If an op-amp is specified as being compensated, what does this mean?
. 3.13. If closed loop gain of an op-amp is increased, what happens to bandwidth?
| 3.14. If the gain-bandwidth product of an op-amp is 2 MHz, what is its bandwidth when

connected as a voltage follower?
_ Define slew rate. What causes the slew rate?

_How is the slew rate measured?
 What is the effect of operation frequency on the maximum unclipped outpu

capability of an op-amp?
_ List and explain the parameters given in manufacturer’s data sheet of an Op'ampjts
100,000. What will be the open loop gain at!

t signal

_ The dc open loop gain of an op-amp is
break frequency? 811
_ The transient response rise time (unity gain) of an op-amp 1s 0.07 ps. Find the 8%

. signal band width.

' )1. What is the difference
9. Does increasing the compe

b}
-amp:
o8 ;dth?

between the open loop and closed loop gain of an

nsating capacitor increase or decrease unity-gain band-W!
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| PROBLEMS

P 3.1 A 7;11 g}ailgp ;; use(% as an inve.rting amplifier shown in Fig. 3.2 (c) with R, = 1 kQ and
Ry=1 . What is the maximum output offset voltage caused by the input offset
voltage V,,.? For 741, V; . = 6 mV.

Repeat Problem 3.1, if op-amp used is LM307 with V,
4.7 kQ.

In an inverting amplifier of the type shown in Fig. 3.2 (¢), R, = 100 kQ, R; = 10 MQ.
Calculate (i) maximum output offset voltage caused by the input offset voltage Vi,
(ii) maximum output offset voltage caused by the input bias current I. The op-amp
& used is 741 with V, , = 6 mV; Iz = 500 nA.

. 3.4 In Problem 3.3, calculate the value of R,,,, needed to eliminate the effect of input bias

=10 mV; R, = 100 Q and R, =

[V}
|8

<o
(V&)

current.
In an inverting amplifier R; = 1 kQ, R; = 100 kQ. The op-amp has the following

specifications:

V.
AYis _ 39 pv/°C max.

Chapter3

Alys = 0.3 nA/°C max.
AT ‘

Assume that the amplifier is nulled at 95°C. Calculate the value of the error voltage
and the output voltage V, at 35°C, if 1) V; =1 mV dc; (i) V; = 5 mV de.

3.6. Repeat Problem 3.5, for a non-inverting amplifier. - . |
3.7. The LM312 op-amp is used as an inverting amplifier with the following specifications:

AVvios — o(. AIos =10 nA/OC
= = 30 pVI°C; T

i ° i £ 10 mV peak amplitude at
A mplifier is nulled at 925°C. A sine wave 0
S t voltage waveform at 25°C and 45°C.

100 Hz is applied. Draw the output e
3.8, 7 for a non-inverting ampi ler. .
e s te of 2 V/ius. What 1s the maximum frequency of an output

3.9, - slew ra . pu

v SAi?u:);)oiadmcﬂ' };an]? value 5 V at which distortion sets in due to the slew rate limi-
tation? '

: () If a sinusoid of 10 V peak 1

3.10. An op-amp has a slew rate of 2V/ps

amplitude resulting from a rectangu

s specified, what is the full power bandwidth?
_TFind the rise time for an output voltage of 10 V

Jar pulse input if the op-amp is slew rate limited.
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EXPERIMENT 3.1

'Iio measure (a) input bias current, (b) input offset curre
given op-amp.

nt and (¢) input offset voltage of i,

PROCEDURE

(2) Set up the circuit shown in Fig. .
and Fig. E. 3.1 (b) to measure I

3.1 (a) to measure I;; (inverting input bias cur;'ent
(non-inverting input bias current). Select a Lary
resistor (in MQ) and measure the output voltage. Calculate Iz = VJ/Rrand If =y}
(b) Offset current may be measured by the circuit shown in Fig. E. 3.1 (c). The use Ofoth:
equal resistors cancel the offect of the bias current. The offset current I,, = V /R,
(¢) To measure input offset voltage, set up the circuit shown in Fig. E. 3.1 (d). The effey
of the bias current 1s compensated by Bcomp: The output voltage is given by, ‘

Vo = (1+'§£J Vios +Iost

1
[0.01 yF
— i
Rf +
VVWVWA— VvV
— 1y
ground % > , OV{ R 741 g 2%
2 +
ov { o Y YAl e 4 bR
T 8 VemR . c v
3
v , . 0.01 uF

=
=

Fig. E. 3.1 (b) Measurement of non-
inverting input bias current

Fig. E. 3.1 (a) Measurement of inverting
input bias current

1

Fig. E. 3.1 (d) Offset voltage measurement

:. ".; \ EF’ 3.1 (c) Offset current measurement
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R
= (1 + }#J Vins

The value of Vi, so obtained gives typically 98 per cent accuracy

| EXPERIMENT 3.2
| To measure the slew rate of the 741C op-amp.

| PROCEDURE

_ Connect the op-amp as shown in Fig. E. 3.2,
Adjust the input sine-wave signal generator so that
the output is 1 V peak sine wave at 1 kHz.
Slowly increase the input signal frequency until
the output gets just distorted.

4. Calculate slew rate, SR = %V/us where
106 i R,
v, o

[ 8]
‘

<3

741 S Y

+

V_ = peak output amplitude in volts and f = fre- 10k
quency in Hz.
5. Now give a square-wave input and repeat step 2.
6. Increase the input frequency slowly until the out-

put is just barely a triangular wave. The slew rate, Fig. E. 3.2 Voltage follower to
measure slew rate

M
i=
-
e
Q.
1]
::
O

Av
2 V/us
o /n

where, Av, = change in the output voltage amplitude in volts.
At = time required for Av, in ps.

SR =




OPERATIONAL AMPLIFIER
APPLICATIONS

[¥Y INTRODUCTION | ‘ |

We have already discussed the electronics of op-amp, its dc and ac characteristics, parameter
Iimitations and various configurations. Now we take a look at the applications of an op-amp.
As we shall see. op-amp has countless applications and forms the basic building block of linear
2nd non-linear analog systems. In linear circuits, the output signal varies with the input signal
in 2 hinear manner. Some of the linear applications discussed in this chapter are: adder.
=ubtractor. voltage to current converter and current to voltage converter, instrumentation
phifier, analog computation, power amplifier etc.

There 1= another class of circuits with highly non-linear input to output characteristics.
Recufier. peak detector, clipper, clamper, sample and hold circuit, log and antilog amplifier,
mulnplier are the various non-linear circuits discussed. These non-linear circuits are very
useful 1n industrial instrumentation, communication and general signal processing.

L

[¥1 BASIC OP-AMP APPLICATIONS o |
Sczle Changer/Inverter

In the basic inverting amplifier of Fig. 4.1, if the

rauo R;/R, = K, where K is a real constant, then R,

the closed loop gain A = —-K. The circuit thus could
be used to multiply by a constant factor if R;and R,
are selected ag precision resistors. For Ry = R, Ay,
= ~1 znd the arcuit is called an inverter, i.e, the Y1~
output is 180° out of phase with respect to mput/"

though the magnitudes are same, / *

summing Amplifier Reamp = Ry IRy
Op-amp may be used to design a circuit whose output

i# the sum of several input signals. Such a circuit g

iz called a summing amplifier or a summer. An _ o an
, ' ‘ e . Fig. 4.1 Scale changer for (R/R\ = o
inverting summer or 4 non-inverting summer may phase Inverter for (R/R, =

be obtained as discussed now.
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paverting Summing Amplifier
A typieal sumnung amphifier with thyee input
ol ‘“‘\\\ \ ‘-_ .‘“\i ‘ zhl\\p ]npu[ lv\l"\h\l S le
H md R t{‘t‘dl‘ lLl\ lt‘\l‘-tl\! [\| 18 \hu\\ nin
. 42 @ The following analysis is carried
ot assuming that the op-amp is an ideal one,
hat 18 Aoy = ~ and R, = ~. Since the input
has current 1s assumed to be zero, there is no .

X =R, IR, |IR
voltage drop across the resistor Rmmp and hence come = Ryl Ry I Ry || Ry
the non-inverting input terminal is at ground
potential.

The voltage at node ‘a’ is zero as the non-
mverting input terminal is grounded. The nodal
equation by KCL at node ‘a’ is

i Vo Vs V
.+_

= —0
R, R, Ry

R R R
V, = -| 2y, + Bey,  Bry -
0 (Rl 1 R2 A +R3 3} (4-1)

oo r)

nll'

Fig. 4.2 (a) Inverting summing amplifier

]

Thus, the output is an inverted, weighted sum of the inputs. In the special case, when
R, =R, = Ry = R, we have

V,=—(Vy + Vo + V) 4.2)
in which case the output V; is the inverted sum of the input signals. We may also set

R, =R, = Ry = 3R;
in which case

‘/0:—

(M) (4.3)

3

Thus, the output 1s the average of the input signals (inverted). In a practical circuit, input

biag cturrent compensating resistor R, should be provided as discussed in Sec. 3.2.1. To find

wmp Make all inputs V, = V, = V, = 0. So the effective input resistance R, = R\ || Ry || Rs.
erefore, R, .= R]IIRf R ||R2||R3||Rf-
Example 4,1
Design ap adder circuit using an op-amp to get the output expression as
V,==(01V, + Vo + 10V
Where v, » V,, and V; are the inputs.
Solution
™he output in Fig. 4.2 (a) is
V, == [(RR) V) + RIR)Vy + (RIRV

|

Chapter 4
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sy R, =10 kQ, By = 100 ke, /2, = 10 ke, ity = 1 kQ

Then the desived output expression is obtained.

Non-inverting Summing Amplifier

A summer that gives a non-inverted sum is the
non-inverting summing amplifier of Fig. 4.2 (b).
Let the voltage at the (=) input terminal be V. The
voltage at (+) input terminal will also be V,. The

nodal equation at node ‘a’ is given by

V-V, Ve-Va VaVa _ g

—_—

R, Ry Ry

Fig. 4.2 (b) Non-inverting summing amplifier

from which we have,

v, ==1 - S (44
=1, 1, 1
R, R, Rj
The op-amp and two resistors B¢ and R constitute a non-inverting amplifier with
v, = [1 ' %J v, (45)
Therefore, the output voltage is,
V, = [1+—f 1 2 -3 (46
R) 1,1 1
R, R, Rg

which is a non-inverted weighted sum of inputs.
let Ry =R, = Ry = R = Ry/2, then V, = V| + V, + V,

Subtractor

A basic differential amplifier can be used as a subtractor
as shown in Iig. 4.3 (a). If all resistors are equal in
value, then the output voltage can be derived by using
superposition principle. To find the output V,, due to Vi
alone, make V, = 0. Then the circuit of Fig. 4.3 (a)
becomes a non-inverting amplifier having input voltage
V,/2 at the non-inverting input terminal and the output

becomes »
Fig. 4.3 (a) Op-amp as subtrac
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2V R
‘,n = “l“ l — | =
! 2[ FleJ“V'

(4.7

SImInALY thf"‘ output Vi, due to Vy, alone (with V, Brounded) can b
inverting amplifier as e

written simply for an

"'n" = —‘/’-)
) ) (4.8)
Thus the output voltage Vo due to both the Inputs can he written ag
Adder-Subtractor
It 1s possible to perform addition ang subtraction simultaneously wj i :
s ¥ with a single op-
circuit shown in Fig. 4.3 (b). 118l¢ Op-amp using the

The output voltage V, can be obtained by using Superposition theorem. To find output voltage
V,1 due to V, alone, make al] other input voltages V,, Visand V

i iges 4 equal to zero. The simplified
- This is the circuit of an inverting amplifier and its output
voltage is,

(by Thevenin’s equivalent circuit at inverting input terminal).
Similarly, the output voltage V_, due to V, alone is,

Vo2 = _VZ

Now, the output voltage V5 due to the input voltage signal
terminal can be found by setting V,, V, and

4.11)

V3 alone applied at the (+) input
V; equal to zero. The circuit now becomes a non-

Inverting amplifier as shown in Fig. 4.3 (d). The voltage V, at the non-inverting terminal is
R/2 ; 112)
L T ¢ G L (4.12
"~ R+Rjz "o/
So, the output voltage V5 due to V; alone is
R _afVs)_ (4.13)
V03 = (1 +}m)Va —3(?)—‘/3 | 9

Similarly, it can be shown that the output voltage V,, due to V, alone is
Voo =V, (4.14)
Thua, the output voltage V, due to all four input voltages is given by
Vo=V + Vg + Vg + Vo
-:—V] —. Vz + V3 + V‘l
=(Vy + Vy = (V, + Vo) (4.15)

So, the circuit is an adder-subtractor.

Chapter 4
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Vo= (Va+ V)= (Vi +V,)

(b)

R/2

V,/2

_<
11

...MN_

—OV 3=V,

(d)

Fig. 4.3 (b) Op-amp adder-subtractor, (¢

) Simplifier circui V= V=
0, (d) Simplified circuit for 1 uit for vy = ¥ = V4

0rV1=V2= |/4=0

xample 4.2
Find V, for the adder-subtractor shown in Fig. 4.4 (a).

Solution

The negative sum is obtained by setting Vy = V, = 0. Thus,
v’ V. ‘

50

50
=l
1795 "2

o

40
=-1.25V, - 2V,
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Now set V) = V5 =0 to find the output voltage due to Vi and V. The voltage V, at the (+)

in}‘ut uxl-“nn;ﬂ dup to ) 3 and ) 1 can be found l)_\' Uusing H“l)(\rl)(m“_i“” theorem na shown in [.'”’,'

14 \lﬂ as
12 ., . 75

= V. +
10+12 " 20+7.5

4 4

V, = 0.545V, + 0.273 V,

T,

The output voltage V" due to Vj and V, now can be determined from the equivalent circuit

of Fig. 4.4 (0) as
o

Here, R’ =50 kQ and R = 40|25 =15.38 kQ
Therefore, V= % (0.545 V5 +0.273V,)

=232 V;+1.16 V,
The total output voltage V, is given by

V,=V +V' =-125V, -20V,+232 V3 + 116 V|
Putting the value of V;, V,, V5 and V,, we get
V,=-125x2-20x3+232%X4+116X5
=-25-6.0+9.28 +580=6.58V

<

40k 50 k =

V,= 2V o——AMA — AMA—— 9

= 5

v 25k E

=3Vo -

2 VIV @]
10k v, -
V,=4V o AWAMA + L

V,=5V O——AMA—

201|130 = 12k

(b)
Fig. 4.4 (a) Circuit for Example 4.2 (b, c) Equivalent circuit

B T e e A et
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PHASE SHIFT CIRCUITS

The phase shift circuits produce phase shifts that depend on the frequency 2nd maie,
constant gain. These arcuits are also called constant-delay filters or all-prazz filters. Tt

delav refers to the fact that the time difference between input zand o
remains constant when frequency is changed over a range of operating frequences. Tr.,
called all-pass because normally a constant gain is maintained for all the frequences wnz- o
operating range. The two types of circuits, for lagging phase angles and leading phaze -2,
are discussed below.

Y

N
= o
b RS F 4

b S

i
> -

-

Phase-Lag Circuit

Fig 4.5 shows a phase-lag circuit using an op-amp. The

: 5 : 2 : 5 =2
input voltage v, drives a simple inverting amplifier with KA
inverting input applied at (=) terminal of op-amp and a

non-inverting amplifier with a low-pass filter. The inverting =3

——AAA

gain 1z —1 and non-inverting gain after the low-pass circuit , i

i
R, L aan i./_—'_'
12 1+— =1+1=2, since R, = R,. R
R, e

C

uil«-—-)'l._.‘

Fig. 4.5 Phase-lag cgrout

OJL
V.| A
2 o
1

> f(log) -180°

—> f(iog)

(a)

(b)

Fig. 4.6 Magnitude and Phase plot

In Fig. 4.6(a) using superpositi T
g superposition theorem, the output V, is given by

. . 1+R
Vo o) ==V, (jo) + ( 4 ! 418
‘ R, 1+ijCVi(Jm) .

Therefore, V, o) =V, (jo) (-—l +2 .l ] = V.(jw) 1-joRC
1+ JoORC t 1+ JoRC
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AN AL

The relationship between output and input can be expressed by

V,Uo) _ (1= joRC
V, (Jw) 1+ joRC

(4.17)

gince the numerator and denominator are complex conjugates, their magnitudes are identical.
The phase angle is given by
= tan‘l ((URC‘) = tan—l (Q)I{C) =:9 tan..] (U)RC') {11%)
For @ = 0, the phase angle approaches zero. When w = e, the phase angle approaches ~180°.
Equation (4.18) can be written as

6 =— 2 tan™ (f/f,) (4.19)

where the frequency f 1s given by
= — (4.20
° 2rnRC 20)

It can be seen that for f = f, in the phase angle 8 = — 90°. The magnitude and phase for the
phase-lag circuit is shown in Fig. 4.6(a) and (b) respectively.

Example 4.3

Determine the phase angle and the time delay for the circuit shown in Fig 4.5 for a frequency
of 2kHz, assuming R, = 20kQ, R = 39kQ, R; = R, and C = 1nF.

Solution

The circuit is a phase-lag network

f — 1 = . ! 9] =408HZ
°  2nRC [2xnx39x103x1x10‘]

Therefore,

Chapter 4

The phase angle for frequency of 2kHz is given by

3
0= —2tan“1(2X10 J = — B2.27

4081

The phase angle is directly proportional to delay, and 360° of delay corresponds to one period

Le.,, 3—;)—;=%d where, t, is the time delay.
1 -b62.2
The f = -]:-.___0_ = —_— = 725”3
i ‘4= F360° 2x10° 360°

phas"—"l-t-:ac:l Circuit

The
The

oo et - h.pass network.
Phase-lead circuit is shown in Fig 4.7 (a) in which the RC circuit forms a high-pass1

Output voltage is expressed as
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]

‘m RC :

1+ joRC

V, o) _ -1+ joRC

s L (1
V. (jo) 1+ joRC <l

Therefore.,

Equation (4.21) shows that the ratio of magnitude is constant and overall phase is gjye, fe
8 = 180° — tan™! (@RC) — tan™! (@RC) = 180° — 2 tan™! (WRC) (19,
When the frequency approaches zero, the phase R=R,

angle approaches 180°. As the frequency is increased,
the leading phase decreases and it finally approaches

zero at high frequencies. Hence, Eq. (4.22) can be ARG -
written as Vi o—¢ c i
6= 180° — 2 tan™! (f/f,) (4.23) ji o o
where f, = SRC Figure 4.7(b) shows the %R

magnitude and phase plots for the phase-lead circuit

Fig. 4.7 (a) Phase-lead circuit

Vol 4
vl
.
fo) > f(log) —» f (log)
Fig. 4.7 (b) Magnitude and phase for the phase-lead circuit
PEJ INSTRUMENTATION AMPLIFIER |

’ sr of 1 strial and consumer icati : . ontid
In a number of industri sumer applications, one ig required to measure and cont

phvsical quantties. Some typical examples are measurement and control of temperature h
- ht intensity, water flow etc. These physic; e .1 ehe hell
light intensity, 'V:dtel i L‘bL physical quantities are usually measured with the he !
of transducers. I'he output of transducer has o be amplified so that it can drive the i“dmml
- » s 3 T 18 3 s 1 | \ o . I . 3 ¢ g 14 i i l
or display system. This fo_“'UU“ 1 performed by an Instrumentation amplifier. The import?
ures of an instrumentation amplifier are:

amidit

feat
(i) high gain accuracy
(ii) high CMRR
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(i) high gain stability with low temperature coefficient
av) low de nﬂ‘St‘ll
() low output mpedance
There ave specially designed op-amps such as HA725 to meet the above stated requirements
ofa good instrumentation amplifier. Monolithic (single chip) instrumentation amplifier are also
qvailable commercially such as ADH21, ADBH24, ADG20, ADG24 by Analog Devices, LM-363.XX
500) by National Semiconductor and INA101,104, 3626, 3629 by Burr-Brown.

(XX 10100,
Consider the basic differential amplifier as shown in I'ig. 4.8 (a). It can be easily seen that

the output voltage V, is given by,
R 1 R
y=_Bay 1 y [1+ ] [w —R“—VlJ

. 14+ Bs R, " Ry +R,
4
o, 3 =—& V, — L &i-l Vi (4.24)
bl B R
1 1+_3 2
R,

For R,/R, = R3/R,, we obtain

Vo = —R—Z (Vl - Vz) (425)
Ry

In the circuit of Fig. 4.8 (a), source V; sees an input impedance = Rz + R, (=101 kQ) and
the impedance seen by source V, is only R, (1 kQ). This low impedance may load the signal
source heavily. Therefore, high resistance buffer is used proceeding each input to avoid this

loading effect as shown in Fig. 4.8 (b).
The op-amps A, and A, have differential input voltage as zero. For V; = V,, that is, under

common mode condition, the voltage across R will be zero. As no current flows through R and

R the non-inverting amplifier A, acts as voltage follower, so its output V, = V. Similarly op-

amp A, acts as voltage follower having output V| =V;. However, if V; # V;, current flows in R

and R’, and (V,, - V) > (V, — V}). Therefore, this circuit has differential gain and CMRR more

Z(;ﬂfl;)ﬁared to the single op-amp circuit of Fig. 4.8 (a). The output voltage V|, can be calculated
owS:

|
1
i
|
|

Chapter 4

The voltage at the (+) input terminal of op-amp Aj is —Rl‘% Using superposition theorem,
+
we have, : 2
Ry - R, Ry Vll
= 2V, +|1+—= || =———
L R, ° ( RIJ(RI + R,
A (Vi - V) (1.26)

1
) Since, no current flows into op-amp, the current I flowing (upwards) in R is I = (Vy = W
and pagges through the resistor R’

A e 2 R i

rs
|
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R,
I‘-U\\\\\-
R(1 k1) J 100 k0
V; O AN ——1
R — —0
3 V,,
\ 1\ ~AAAA L
1R lj
Qil 100 kQ2
v
Resistive transducer R+ AR
—-F Vg
3-op-amp Indicator
instrumen- or
tation d|sp|ay
amplifier device
L \
S v,
(c)

Fig. 4.8 (a) Diffe_rential amplifier using single op-amp, (b) An improved instrumentation
amplifier, (c) Instrumentation amplifier using transducer bridge

’ ’ ’ ‘l“
V,=RI+V,= %(VI—V2)+V1 (42
and V' =-R'T + — R’ (-13:“
: Vo=~ V-V, 4V,

Putting the values of V| and V, in Eq, (4.26), we obtain,

_ Ry 2R’
V, = E[T(Vl ~-V2)+ (v —V2)]
R2 2R’ l‘ffp
or, Vo = R_,[l *'—R—J(V; -V;)
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In Eq. (429, if we choose Ry = Ry =20 KQ (say) and R = 25 kQ: It = 60 (2, then a gain

ih)
( 256 kQ ) _ 0 : = o
of Ll +2X ke 1001 can be achieved. The difference gain of this instrumentation amplifier

can be varied by replacing the vesistance R by a potentiometer in Iig. 4.8 (b). The resistance
R however should never be made zero, as this will make the gain infinity. To avoid such a
stuation. n a practical circuit, a fixed resistance in series with a potentiometer is used in place
of R.

Figure 4.8 (¢) shows a differential instrumentation amplifier using transducer bridge. The
circult uses a resistive transducer whose resistance changes as a function of the physical
quantity to be measured. The bridge is initially balanced by a dc supply voltage V). so that Vi
= 1%. As the physical quantity changes, the resistance Ry of the transducer also changes,
causing an unbalance in the bridge (V, # V,). This differential voltage now gets amplified by
the three op-amp differential instrumentation amplifier.

There are a number of practical applications of instrumentation amplifier with the trans-
ducer bridge, such as temperature indicator, temperature controller, light intensity meter to
name a few.

Instrumentation Amplifier IC-AD620

The pin configuration of a low cost instrumentation amplifier IC-AD620 is shown in
Fig. 4.8 (d) (i). The AD620 requires only one external resistor, R to set gains from 1 to 1000.
The relationship between gain and R; as given by the manufacturer is

43400]

G

Gain =1 +( (4.30)

The value of Rg required for obtaining gain values of 1, 10, 100 and 1000 are shown in Fig.
4.8(d) (i),

As an application of IA, consider the circuit shown in Fig. 4.8 (d) (iii), where we have to
measure Vg of a CE amplifier. The usual method of measuring Vi will be to first measure
collector voltage, Ve (w.r.t. ground), then measure emitter voltage, Vi (w.r.t. ground) and then
calculate the difference. If, however, terminals C and E are connected to the input terminals
of AD620 and R is kept open, then the gain of IA is

49,400

(=2

Gain=1 +

=1.
The output voltage, V, at pin 6 will now simply be,
Vo = 1(Vo - Vi)
= Ver

Chapter 4
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A

Gain Rg

e S o

1 )
%7 10 5.489 k()
A D j 1000 19.5 ()
= 7 [ +Vq —_—
- E > (i)
~ t
#n E f//, Outpu
5 | Ref
-V |4
E AD620
Q)
+15V = VCC
R, E,
R, §
C

O~~~
&
>
<
R
g -
[n]
m

Rs = Open circuit
for gain = 1

(iii)

Fig. 4.8 (d) (i) Pin configuration of AD620 (i) Values of Rg

for different gains (iii) Use of AD620
to measure a floating differentia

| voltage

MAC AMPLIFIER vk il i |

< .ﬁel'-"
: , amplifier with 4 coupling capacitor. AC ampli
are of inverting and non-inverting type.

Inverting AC Amplifier

i
3 . 2l . = t H]],L
The circuit is shown in Fig. 4.9 (a). The capacitor C blocks the dc component of the inpY¥
together with the resistor t; sets the lower 3 ¢

B frequency of the amplifier.
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gince node ‘a’ 18 at virtual groun :
g d, the output voltage V, (as a function of comp]
‘omplex variableg)

o "‘11‘\‘\
js given o

V,=-IR,= —Vi
¢ R
Therefore,
flCL = -—‘/—0 = &‘_ —_S___
‘/'i Rl S+ ]./R]C (432)

It is seen from Eq. (4.32) that the lower 3dB frequency is

fL = _1__
2n RC )

In the mid-band range of frequencies, ca
Eq. (4.32) becomes,

pacitor C behaves as a short circuit and therefore

Ag,~ Rt
R, (4.34)
R,
—V VWA
| B
oy !
o] 2
v, R
C 1 0
+ V
| | :
.
| g
(a) 3
<
o> %
i C1 —O

Fig. 4.9 (a) Inverting ac amplifier, (b) Non-inverting ac amplifier,
(¢) High input impedance non-inverting ac amplifier
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Non-inverting AC Amplifier

The circuit is shown m Fig. 4.9 (h). Here norvegistor Ry is added to provide a de return t Broun,
However. this reduces the overall input impedance of the amplifier, which now becomes APPre:
mately R,. This problem of low input impedance is eliminated by r;:,,,,,,f,,,,”]‘;
a capacitor Cy as in iz, 4.9 (). Capacitor Cy s large enough to act as short circuit to ac qjy,
The non-inverting terminal and the node ‘0" will be almost at the same potential g0 thy, |,
carries almost no current. Hence the cireuit will have an extremely high input imp‘:dam‘,"

AC Voltage Follower

The circuit of a practical ac voltage follower is shown in Fig. 4.10. The circuit is used as 4 by,
to connect a high impedance signal source to a low impedance load which may even be cap,,.
tive. The capacitor C, and C, are chosen high so that
thev are short circuit at all frequencies of operation.
Resistors R, and R, provide a path for dc input current
into the non-inverting terminal. C, acts as a -
bootstrapping capacitor and connects the resistance R, 0.01 uF

=g
to the output terminal for ac operation. Hence the in- o i Il 5 7,
put resistance that the source sees is approximately vi = R, 2yF
R,/(1 — A5p) [from Miller’s theorem], where Agyp, is the 100 R { F
gain of the voltage follower which is close to unity 100kQ SR, C,
{0.9997). Thus very high input impedance can be ob-
ined. =
Fig. 4.10 AC voltage follower
FIJ vTO 7 AND 7 TO V CONVERTER |

Voltage to Current Converter (Transconductance Amplifier)

In many applications, one may have to convert a voltage signal to a proportional output current
For this, there are two types of circuits possible:

V-1 Converter with floating load
V-I Converter with grounded load

Figure 4.11 (a) shows a voltage to current converter in which load Z;, is floating. Sinee
voltage at node ‘a’ is v;, therefore,

v = i R (as I, =0)

. Ul ’ :\5!
or, W= pe (42
1

That is the input voltage v; is converted into an output current of v/R,. It may be seen th:l“
the same current flows through the signal source and load and, therefore, signal source should
be capable of providing this load current. he

A voltage-to-current converter with grounded load is shown in Fig. 4.11 (b). Let v, be

voltage at node ‘a’. Writing KVL, we get

ain)
. i (»}‘L)U
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o “ROR

ory

vyt =it
S -~ auna (4.37)

ded load

Fig. 4.11 Voltage to current converter with (a) Floating load, (b) Groun

Since the op-amp is used in non-inverting mode, the gain of the circuit is 1 + R/R = 2. The

output voltage is,
v, =2V =Yt v, — LR

that i-E, Uy = iLR
or, = U (4.38)
R

er is very high, this circuit has the

As the input impedance of a non-inverting amplifi
A voltage to current converter is used

?dvantage of drawing very little current from the source.
or low voltage dc and ac voltmeter, LED and zener diode tester.

Current to Voltage Converter (Transresistance Amplifier)

Phot‘o“"ﬂl. photodiode and photovoltaic cell give an output current that is proportional to an
L“Cldent radiant energy or light. The current through these devices can be converted to voltage
Y using a current-to-voltage converter and thereby the amount of light or radiant energy

mclf_ient on the photo-device can be measured.

virt;g?re 4.9 shows an op-amp used as I to V converter.

. TE ground, no current flows thlrough R, )

ey us the output voltage v, = — i [ty 1t may be pointe . '
t can measure will depend upon the bias current Iy of the op-amp. This me:

Since the (-) input terminal 1s at
and current i, flows through the feedback resistor
d out that the lowest current that this
s that pA7T41

Chapter 4
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(Iy = 3 nA) can be used to deteet lower currents.
. . . ’ 1Q ] o ]
capacitor C; to reduce high frequency noise and the

G
e | St
| R, |
B
0
. éRs . v, = =i R;
f_

Fig. 4.12 Current to voltage converter

4.5.1 Applications of V-I Converter

Low Voltage D.C. Voltmeter

The resistor [ is sometimes shungg
possibility of oscillations.

with,

The Y-I converter circuit with floating load can be modified to a low voltage d.c. voltmeter
circuit. The resistance R is replaced by D’Arsonval meter as shown in Fig 4.13.

Meter
Movement (R,)
r=="
([—

13kQ
e : VW
; ! 10kQ 4
y +15V I S AMA— &
1 1 3\\ 1
: L A e Se
i I 2 /’
; —W—g I AAAA | S
1
! 10k Q ; 1kQ
1 f ] ‘—I
- 100 | s
I -15V !
] I
1 [}
] 1
] — I
] |
e e e A e S e e [}
Offset voltage V,

Compensating network

<

Fig. 4.13 p.c, Voltmeter

n

]

| |

| = a
‘_

+15V l

-16V

»
R
V-1 converter
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i

For accurate readings it is necessary to make the nulling of op-nmp. This is done by offact
Jtage compensating network. The effective Thevenin's equivalent of compensating network is
U LSRN TN G € % vy e ; ‘

A ence when switeh 8 is in position I, the offective 1) is 1 k€ + 10 € = 1 k€.

10 Q. H ] i
f Vi, = 1V then,
7. 7
I, = L‘iz‘” =1 mA
R 1kQ
Qo. if meter has full scale deflection current of 1mA, then for input of 1V, the current reading
will be 1V :
\When switch is in position 2 then R = 5 kQ. Thus, for full scale deflection,
1 x 107 = i 5
5x10
V.=5V

e m
Thus 5 V are required to cause full scale deflection: The range of voltmeter increases by 5.

Similarly at positions 3 and 4, ranges of 10 and 13 can be obtained.

Remember that for £15 V supply, maximum input voltage range is +14 V, hence with £15V
supply, maximum range possible 1s 13.

It is important to note that meter resistance R,, does not affect the value of I,. Thus meter

can be calibrated properly to measure d.c. voltages.

Low Voltage A.C. Voltmeter

To measure a.c. voltages, the full wave bridge rectifier and D’Arsonval meter is used. The
combination of mater and rectifier is used in the feedback loop of a.c. voltmeter. The circuit is
shown in Fig 4.14.

The alternating current I, is converted to d.c. During positive half cycle of V;, the diodes Dy
and D, conduct while for negative half cycle of V, the diodes D, and D, conduct. The direction
of current through meter is always same for both the half cycles of Vj,,. Thus meter gives the
average (d.c.) value of the rectified current. If it is necessary to calibrate the meter in terms
of r.m.g. values of input voltage then the factor 1.11 must be considered which relates r.m.s.
and average values for purely sinusoidal waveforms. The range can be extended using the
selector switch S and various resistances as shown in Fig 4.14. At position 2, X2 can be
obtained. At position 3, X5 range can be obtained. At position 4, X10 range can be obtained. It
must be noted that due to low slew rate of 741 op-amp, the input a.c. voltage frequency should
not be greater than 4 kHz. Similarly PIV ratings of the diodes must be greater than the

#aturation voltages of op-amp.

Diode Tester and Match Finder

Aﬂqther applications of V-I converter is a diode tester and diode match finder. The resistance
1.8 replaced by a diode as shown in the Fig 4.15.

Chapter 4
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D’ Arsonval metar

10kQ
AN

5 kQ 4
A

+15V

1‘{ >

- — 00—

W
A
(72 K]

N

witch

:
§

<+— |

n -15V

4——— V-l converter ————»

Fig. 4.14 A.C. voltmeter

ol
L

Offset nul|
circuit

Fig. 4.15 Diode tester and match finder
The current I, is set by Vj, and resistnce R,
V.

- in
L= <l

R,
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As long as Vi and Ry ave constant, the current, l,

is nlwo constant,
an be divectly measured by the voltmeter or the
08 ;

The drop across diode

output voltage will he v, = Viot Vy,. From
e value of V. the diode ean be judged for ity performance, Note that to

satput voltage. op=amp should be initially nulled using
¢ . . o

Similarly replacing diodes one after the other
R, can be selected according to V, and testin

avoid error in the
olfset null circuit,

, the perfectly matched diodes can be found out,
g current [, required in the circuit,

zener Diode Tester

The V-1 converter circuit can also be used to %.”

test zener diode. The zener diode is connected

in reverse biased condition in the feedback path .

as shown 1in Fig. 4.16. . ’\/\/\'/\,
The current I is set by V; and R,. If this _L ]

current i3 more than knee current of the zener —

then voltage across zener is V, for which it is

ated. Similarly matched zeners also can be i l
obtained using same circuit. v,

The same circuit can be used for LED testing
and match finding by replacing the feedback
path by LED under test. The brightness of
LEDS can be tested by setting specific current
using V; and R,. Lit

In all the applications, as 741 is used it is _
necessary to note that short circuit current rating of op-amp i.e. 25 mA should not be exceeded
by the current I,

Offset null
circuit

Fig. 4.16 Zener diode tester

¢
Example 4.4 E
: _ _ -
For a VI convertor shown in Fig. 4.17 V,, = 5 \./',.R = 10111{!('12, V, = 1V, find the load curren g
and output voltage V,. Assume the op-amp is initially nulled. <
R V, R
AN —
| NI
= Vo
+
RV, R




Solution
Assume I = 0A
_ ‘r ‘f' - V)
" 1 Ul T -
L=h+;-® R R
) 4 F ¢ g
!"‘ _L‘,}L,.___ﬁ‘_.j = ], ”
: = ;
. . . -1 R _ 9
The gain of the op-amp circuit in non inverting mode is A = 1+ -E =
V,=2V,
=2V

Further. from Eq. (4.39). we get

] = 5+2-2
L Jox103

= 0.5 mA

Applications of I/V Converter

One of the most frequent applications if I/V converters is in connection with current i |
photodetectors such as photodiodes, photoFETs and photo multipliers. Another common applicit® |

1= I/V conversion of current output in a digital to analog converter. In this section we discs
two applications of I/V converters.

Photodiode Detector

Fig 4.18 showe the circuit diagram of one of the most
widely used photodetectors i.e. a photodiode.

The photodiode produces electrical current in response
to incident light. This current flows through R. Thus
voltage across R, the output voltage V, is proportional to
the diode current.

gete”
Fig. 4.18 Photodiode as a Phot

NPT PR
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photoFET Detector

Fig 4.19 shows another photodetector cireuit
sith photoFET.

The PhotoPET 18 stmilar to o conventional
JFET. with the exception of o lens for focusing
light on the gate junction. When light falls then
photons enter the gate area and excite valance
tlmn\m\ mto the conduction band. The photon-
excited current carriers cause a small current
Al resulting in large current change Aly.
The change in /) results in a change in the Fig. 4.19 Photodetector circuit with photoFET
voltage drop across R and hence the output

voltage. Therefore, the op-amp circuit acts as an I/V converter and gives the indication of light
in terms of voltage.

L {3 OP-AMP CIRCUITS USING DIODES ﬂ

The major limitation of ordinary diode is that it cannot rectify voltages below V, (~0.6 V), the
cut-in voltage of the diode. A circuit that acts like an ideal diode can be deSIgned by placing a
diode 1n the feedback loop of an op-amp as in Fig. 4.20 (a). Here the cut-in voltage is divided
by the open loop gain Ay, (~10%) of the op-amp so that V, 1s virtually eliminated. When the input
t,> V,/Ag, then vy, the output of the op-amp exceeds V, and the diode D conducts. Thus the
arcuit acts like a voltage follower for input v; > V,/Agy, (ie., 0.6/10* = 60 uV) and the output
v, follows the input voltage v; during the positive half cycle as shown in Fig. 4.20 (b). When
t;1s negative or less than V, /A, the diode D is off and no current is delivered to the load Ry,
except for small bias current of the op-amp and the reverse saturation current of the diode. This
arcuit is called the precision diode and is capable of rectifying input signals of the order of
millivolt. Some typical applications of a precision diode discussed are:

Half-wave rectifier

Full-wave rectifier

Peak-value detector

Chpper
Clamper . ‘r
i
100 mV -/-\ /\
\_/ \/ &
i __:; -100 mV |
* P Jr Vo
R
' 100 mV | ! !
D-ON \, D-OFF E/\
=4 60 pV R
t
(a) (b)

Fig. 4.20 (a) precision diode, (b) Input and output waveforms
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4.6.1 Half-Wave Rectifier

VO r],,ﬁ,;:
4.21 (). When v, is positive, diode D, conducts causing v, to go to Negar;,
by one diode drop (~0.6 V). Hence diode D, is reverse biased. The output voltage ;

because. for all practical purposes, no current flows through R, and the input curr
through D,.

An inverting amplifier can be converted into an ideal half-wave rectifier by adding ty
as shown in Fig.

.(. 1= 2;7..',
ent ﬂr;;l;
For negative input, i.e., v; < 0, diode D, conducts and D, is off. The negative input - fores
1 10TCey

the op-amp output v, positive and causes

D, to conduct. The circuit then acts like an inver,
for R; = R, and output v, becomes positive. h

The input, output waveforms are shown in Fig. 4.21 (b). The op-amp 1n the cireys .
Fig. 4.21 (a) must be a high speed op-amp since it alternates between open loop and closeq | _
operations. The principal limitation of this circuit is the slew rate of the op-amp. As the m;_
passes through zero, the op-amp output Uoa must change from 0.6 V to —0.6 V or vice-verss as
quickly as possible in order to switch over the conduction from one diode to the other. Th:
circuit of Fig. 4.21 (a) provides a positive ouput. However, if both the diodes are reversed. then
only positive input signal is transmitted and gets inverted. The circuit. then provides a negan:

0op

output.

Rf A Vv,
————— AWM
10kQ V.F-> P
R, D,
—VWWAA——

R y,
- Reams D,—~ON
: D,-OFF /\ /\_"
= - oV
: D,~OFF :
(a)

pon ©®
Fig. 4.21 (a) Ideal half-wave rectifier, (b) Input/output waveforms

4.6.2 Full-Wave Rectifier

A full-wave rectifier or absolute value circuit is shown in Fig. 4.22 (a). For positive input. -

v; > 0, diode D, is on and D, 1s off. Both the op-amps A, and A, act as inverter as shown™
equivalent circuit in Fig. 4.22 (b). It can be seen that U, = U

For negative input, t.e., v, <0, diode D, is off and D, is on. The equivalent circuit 13 shm\‘:
in Fig. 4.22 (c). Let the output voltage of op-amp A, be v. Since the differential input t0 47

zero, the inverting input terminal 1s also at voltage v.
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R

< Q0

(b)

Fig. 4.22 (a) Precision full wave rectifier, (b) Equivalent circuit for v > 0;
D, is on and D, is OFF; op-amp A, and A, operate as inverting amplifier

KCL at node ‘a’ gives

Ui U
—+—qF— =0
R 2R
2
U= ——; 4.40
or 3 Ui (4.40)

The equivalent circuit of Fig. 4.22 (c) is a non-inverting amplifier as shown in Fig. 4.22 (d).

The output v, is,
U, = (1+—R;J (—gvi)=vi (441)

Hence for v; < 0, the output is positive. The input and output waveforms are shown in
Fig. 4.22 (e). The circuit is also called an absolute value circuit as output is positive even when
input is negative. For example, the absolute value of |+2| and |-2]| is +2 only. It is possible
to obtain negative outputs for either polarity of input simply by reversing the diodes.

vI2ZR i | o i
2R R
IM7 A4
v A, —0
[V
W= (_ _g VI)

Fig. 4.22 (c) Equivalent circuit for v, < 0, (d) Equivalent circuit of (c)

Chapter 4
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4
/
s >t
/
v,
/

Fig. 4.22 (e) Input and output waveforms

4.6.3 Peak Detector

The function of a peak detector 12 to compute the peak value
of the input. The circuit follows the voltage peaks of a
ignal and stores the highest value (almost indefinitely) on
a capaator. If a higher peak signal value comes along, this
new value 1s stored. The highest peak value is stored until ' QPSFET o1
the capacitor 1= discharged. s\:i‘:gt\ Sl
Caonsider the arcuit of Fig. 4.23 (2). When input v; exceeds
U.. the voltage across the capacitor. the diode D is tnr\\\u'd
biased and the circuit becomes a voltage follower. Fig. 4.23 (a) Positive peak
Consequently. the output voltage v, follows v, as long as v, detector
exceeds v . When v, drops below v, the diode
becomes reverse-biased and the capacitor holds the charge
tll 1input voltage again attains a value greater than Uer v,
Figure 4.23 (b) shows the voltage waveshape for the posi- [ \ ~ ‘
uve peak detector. It may be noted that the peak at time v
" 1s missed, the reason is obvious. The circuit can be '
reset. that 1s, capacitor voltage can be made zero by \J lt\J t
connecting a low leakage MOSFET switch across the
capacitor. The circuit can be modified to hold the lowest
or most negative voltage of a signal by reversing the
diode. Peak detectors find application in test and mea-
surement instrumentation as well as in amplitude modu-
lation (AM) communication.

Fig. 4.23 (b) Output v, corresponding
to arbitrary input v,

4.6.4 Clipper
A precision diode may also be used to clip-off a certain portion of the input signal to obtain
desired output waveform.

Figure 4.24 (a) shows a positive clipper. The clipping level is determined by the referen®
voltage V,r and could be obtained from the positive supply voltage V', The input and output



'y I N X r 1 M Jd V. v ' '
caveforms ave shown in Fig, 424 (b), e ean be seon thit the portion of the output voltage for
> Vi p 10 clipped off. "
l‘l‘ B

i et et

—~v

:’g‘ \/ [ Voo %

(b) (c)
Fig. 4.24 (a) Positive clipper circuit; Input and output waveforms for (b) Positive V¢ (c) Negative

For input voltage v; < Vi, diode D conducts. The op-amp works as a voltage follower and
output U, follows input v; till v; < V.. When v, is greater than V., the output v, of the op-
amp 18 large enough of drive D into cut-off. The op-amp operates in the open-loop and output
voltage v, = Vi However, if V¢ is made negative, then the entire output waveform above V
will get clipped off as shown in Fig. 4.24 (c).

The positive clipper of Fig. 4.24 (a) can be easily converted into a negative clipper by simply
reversing diode D and changing the polarity of the reference voltage V., as shown in Fig. 4.25(a).
The negative clipper clips off the negative parts of the input signal below the reference voltage.
The circuit diagram of a negative clipper and the expected waveforms for negative V,; and
positive V., are shown in Fig. 4.25 (b and ¢).

Chapter 4
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(b) ()

Fig. 4.25 (a) Negative clipper circuit (b, c) Input-output waveforms for negative and positive Vi

465 Clamper

The clamper is also known as dc inserter or restorer. The circuit is used to add a desired de
level to the output voltage. In other words, the output is clamped to a desired dc level. If the
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clamped de level 18 positive, it is ealled positive clamper. Similarly if the clamped dc |

Eryze
)

negative, the clamper iz called negative clamper.

Figure 4.26 (a) shows a clamper with C.(0.1 uF)
a variable positive de voltage applied at _
the {(+) mput terminal. This circuit l T
clamps the peaks of the input waveform v, % R 2R .
and therefore is also called a peak 1 47K "D 2‘.5};

clamper. The output voltage in the
circuit 1= the net result of ac and dc
input voltages applied to the (-) and (+)
input terminals respectively. Let us first
see the effect of 1 ; applied at the (+)
input terminal. For positive V. the
voltage ¢’ is also positive, so that the
diode D 1s forward biased. The circuit V.,
operates as a voltage follower and -l—
therefore output voltage v, = + Vi =

Now consider the ac input signal
v, = 17 sin ot applied at the () input
terminal. During the negative half cycle
of v,, diode D conducts. The capacitor
C, charges through diode D to the negative peak voltage V. However, during the positive h2t
cycle of v, diode D is reverse biased. The capacitor retains its previous voltage V. Since ths
voltage 1V is in series with the ac input signal, the output voltage now will be v; + 1. Tz
total output voltage is, therefore, V, + v; + V. The input and output waveforms are showr
in Fig. 4.26 (b). It is possible to obtain negative peak clamping by reversing the diode D ax:
using a negative reference voltage —V, ;. The expected waveforms are shown in Fig. 4.26 (c. The
resistor R is used for protecting the op-amp against excessive discharge currents from capaci
C, eepecially when the dc supply voltages are switched off.

wif-

A

Fig. 4.26 (a) Peak clamper circuit

Yig Vit

Vo b /\ V= /\ R

v
—

(c)

(b)

Fig. 4.26 (b) Waveforms for + V.

e (€) Waveforms for — Vs
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? SAMPLE AND HOLD CIRCUIT

\ cample and hold civenit samples an input signal and holds on to its I
/ the input is sampled again. This type of circuit is very useful in dig
1o to digital and pulse code

ast sampled value
ital interfacing and
n <
Lalation systems. One of the
ML AR * -
~lest practical sample
ad hold circuit configuration is
down in Figo 427 (). The
* ~ N1 S, N
a-channel }u-MObl* ET works as E
L switch and is controlled by the kb
ontrol voltage v, and the _|_
S . = Control voltage v
capacitor C stores the charge. :
analog signal v; to be . o
The fad ik :ppliged tes tI;e drain Fig. 4.27 (a) Sample and hold circuit
samp S <

n-Channel
E-MOSFET

.
5]1‘.1

of E-MOSFET and the control voltage v, is applied to its gate. When U. 1s positive, the E-
MOSFET turns on and the capacitor C charges to the instantaneous value of input v; with
atime constant [(R, + rpg (on)] C. Here R, is the output resistance of the voltage follower A,
and rpg (on) 1s the resistance of the MOSFET when on. Thus the input voltage v, appears
across the capacitor C and then at the output through the voltage follower A,. The waveforms
are a8 shown in Fig. 4.27 (b).

During the time when control voltage v, is zero, the E-MOSFET is off. The capacitor C is
now facing the high input impedance of the voltage follower A, and hence cannot discharge. The
capacitor holds the voltage across it. The time period Ty, the time during which voltage across
the capacitor is equal to input voltage is called sample period. The time period 7'y of v, during
which the voltage across the capacitor is held constant is called hold period. The frequency of
the control voltage should be kept higher than (at least twice) the input so as to retrieve the
mnput from output waveform. A low leakage capacitor such as Polystyrene, Mylar, or Teflon
thould be used to retain the stored charge.

Specially designed sample and hold ICs of make Harris semiconductor HA2420, National
semiconductor such as LF198, LF398 are also available. A typical connection diagram of the

LF398 s shown in Fig. 4.27 (c). It may be noted that the storage capacitor C is connected
Externally,

EEJ LoG AND ANTILOG AMPLIFIER i

There are several applications of log and antilog amplifiers. Antilog computation may require
Unctions such as In x log x or sinh x. These can be performed continuously with log-amps.
"€ would like to have direct dB display on digital voltmeter and spectrum analyser. Log-amp

Ca [50) o . . = QQ =Y Y ¢ 10 e
\ " asily perform this function. Log-amp can also be used to compress the dynamic range of
Bignal

Chapter 4
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v & =
- ///"7 -._Lk \‘
3 [
Analog input ©
————— |
0 ) "
. T_._~071- T,,»i
5V
gt L

(b)
Fig. 4.27 (b) Input and output waveforms, (c) Typical connection diagram

Log Amplifier

The fundamental log-amp circuit is shown in
Fig. 4.28 (a) where a grounded bage tr:mi;istnr is placed

in the feedback path. Since the collector is held at
virtual ground and the bagse is also grounded, the
trangistor’s voltage-current relationship becomes that

of a diode and is given by, v

I}‘; - In (e gV kT _ 1) (4/]2)
Since, I, = I, for a grounded base transistor,

]” - ]n (e VelkT _ 1)

where 1, = emitter saturation current = 107 A
le = Boltzmann’s Constant
T" = absolute temperature (in K)

Therefore, Ig = (paVutht _ 1)

¢ I/VP‘/I(T = _I_Q, 4- ]
1,

oar

~Ic [as L, = 1079 A, I, >> 1]

Control voltage

) :

Fig. 4.28 (a) Fundamental log-amp circut

(1.49)

(44 f)
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Paking natural log on botl sidos, wo po
AT \
Ve = —1n !L
q Is (4.15)
\so in Fig. 4018 (),
/.
](‘ = lL
Ry
Vi==¥,
kT V.
D ‘rt‘-:_—_ln( ! ]=—i€£ln —-—-Vi (4.46
q RIIS q V,-ef 40}
‘here Vref = RIIS

he output voltage is thus proportional to the logarithm of in
ives natural log (In), one can find log,, by proper scaling

log;oX = 0.4343 In X (4.47)

The circuit, however, has one problem. The emitter saturation current I varies from transistor
) transistor and with temperature. Thus a stable reference voltage
his 1s eliminated by the circuit given in Fig. 4.28 (b). The input is applied to one log-amp,
hile a reference voltage is applied to another log-amp. The two transistors are integrated close

)gether in the same silicon wafer. This provides a close match of saturation currents and
1sures good thermal tracking.

put voltage. Although the circuit

Vier cannot be obtained.

Fig. 4.28 (b) Log-amp with saturation current and temperature compensation

Chapter 4
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Assume, I,=1,=1 (145
and then, Vi = AT [N (
q R\, L4
and V, = kT In Vier (4
e R o
. L [ V. 14
Now, Vo=V -V, =221 Ll —In| ==L 15
2 1 a _D[Rlls] n[RlIs (43,
kT Vi
or, Vo = 7 In [ f) (4.52)
re

Thus reference level is now set with a single external voltage source. Its dependence on device
and temperature has been removed. The voltage V, is still dependent upon temperature and j
directly proportional to 7' This is compensated by the last op-amp stage A 4 Which provides 5
non-inverting gain of (1 + Ry/Ry). Now, the output voltage is,

Vo comp = (1+ Ry JkT ln( L ] (453)
RTC q Vref

where Ry is a temperature-sensitive resistance with a positive coefficient of temperature (sensistor)
so that the slope of the equation becomes constant as the temperature changes.

Q,
i I?\
Ay € o L
Vv, +
l Va R,
¥ T Q, ) ,/
|+ Vie V,
R2 \\J H’VB
VVVWA -
* A
J,- y éch
T Vm! *
v
l L
T

Fig. 4.28 (c) Log-amp using two op-amps only
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The circuit 1 Iig. 1.28 (b) requires foup op-
qsod for precision. The same output (with

128 (© using two op-amps only.,

amps, and becomes expensive if [T op-amps are
a rsi v : . : .
hmversion) can be obtained by the circuit of Fig.

antilog Amplifier

The circmt‘ls shown in Flg 4.29. The input Vi for the antilog-amp is fed into the temperature
Nm-pensatm'g ;O;tf)lge dwlder' R, and Rpc and then to the base of @,. The output V, of the
sntilog-amp 18 e ack to the mverting input of A, through the resistor R.. The base to ?emitter
voltage of transistors @, and @, can be written as :

_kT . (V,
VQl B-E — ? In ( R, J (4.54)
_ kT, (V.
and Vae BE = —q_ In (———Rl If } (4.55)

Q,
. Vaise
R1 =
D)
A, O
/ ( Vo
<N
T 1)) f
| |
Q, 5 Va e
Vaz-€ v 5
r—(r B {
R, i
A, !
v +

g
-u[l

b

Fig. 4.29 Antilog amplifier |
B

A I A AT
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Since the base of @, is tied to ground, we get

BT V, }
4 — ‘ A N e e — 'n etk e

The base voltage V) of @, is

A Ry
Vi & | et 1N,
! [Rz * R’I‘(?) l

The voltage at the emitter of @, is

Vaese = Ve + Ve e

Or. VQS BE = (&)‘f! _ kT ln( Vref)
But the emitter voltage of @, is V,, that is,
Va=VqsE
or, BT Vo o _Brg BT Vi
g BRI, Ry+Rpc q R
or, —RTC—Vi:_E In Vo —-ln—V’Lf
R, + Ryc q R, R I
or, e Lid s V.= In Vo
ET R?_ +RI‘C Vref

Changing natural log, i.e., In to log;, using Eq. (4.47) we get

-0.4343( g J( Frc JVi =0.4343><1n(V°)

T )\ Ry + Ry -
\%
or, — K. = 16 0
| l B10 {Vref J
V.
or, —2 = 10K
Vrcf'
or, V, = Voo (10-K'Vi)
where K = 0.4343 (i][_ﬂr:c__
kT J\ Ry + Ry,

@ o Imerease " g 7 - AamIe ) . ; n'-_gl[l‘-)"
Hence an increase of input by one volt causes the output to decrease by a decd g0l

(15

(457

(4.58)

(4.59)

(460)

(160

(_[»GQ'

[‘l-m'

- TP - . e oxranle ) o . ? T
755 log/antilog amplifier 1C chip is available as a functional module which may requi™

external components also to be connected to it,
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m MULTIPLIER AND DIVIDER

analog Multiplier '

There are a number of applications of analog
(i) measurement of real power (iii) detecting phase-angle difference b
frequency (V) multiplying two signals () dividing one sipn: . ,
t _ R _ ‘ ; signal by another (vi) taking square

of a signal (v11) squaring a signal. d 1) b R HHATC-toas

multipliers such ag (1) frequency doubling

etween two signals of equal

A basic multiplier schematic symbol is shown in IMig. 4.30 (a). Tw
are provided. The output is the product of the two inputs divided b
Thus output voltage is a scaled v

o signal inputs (v, and v,)
_ y a reference voltage V,,,.
ersion of x and y inputs. The output voltage is given by

= Ux Uy
0 ws (46—1)
Vref 15
Normally. V¢ 1s internally set to 10 volts. So, Y
v, = Ux Ur T
10 V+ V_
As long as v, o0——x ><
. <
Ux Vref v, 0 y
and Uy < Vier GND
the output of the multiplier will not saturate. J_
Power supply voltage can range from +8 V to 18 =

V. Usually, multipliers are designed for the same
tvpe of power supplies as used for op-amps, namely
15 V.

If both inputs are positive, the IC is said to be a one quadrant multiplier as shown in
Fig. 4.30 (b). A two quadrant multiplier will function properly if one input is held positive and
the other is allowed to swing both positive and negative Fig. 4.30 (c). If both inputs may be
either positive or negative, the IC is called a four quadrant multiplier Fig. 4.30 (d).

Fig. 4.30 (a) Multiplier schematic symbol

Chapter 4

] v

(b)

i drant multiplier
1' i One quadrant multiplier, (c) Two qua
| Fig. 4.30 (b) ?d) Four quadrant multiplier
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I it wtie ' iply nccording Lo I8 (4 o
Fhere can be sevoral ways to make o eiveuit which will multiply g Lo . (4,64

). ()
) ' 5 wilin g ; Il
commonly used techmaque 1s log-antilog method. The log-antilog lm_.f.hul(l Ifl,‘|l(.H c'ml the ”..,.H,,.””mr
. \ W 0 rr A
‘.‘\1:\“0“&]“]\ that the sum of the logarvithm of two numbers equals the logarithm of the Prody,
of those numbers,
v+ In vy = In(y ty) (g5
Figure 4.30 (0) 18 a block diagram of a i
: ‘ . - _ o x
1og~n.mﬂo::. multiplier IC. Log-amps v, Yxo——| Log Amp
require the input and reference voltages
to be of the same polarity. This restricts + Qntilo&g Wy
. 4 3 ALY
log-antilog multipliers to one quadrant Srcgil)ing Vo= 5=
¢ + af
operation.

Another very important technique vV, o0—— Log Amp In(v,v,)
suitable for monolithic IC realization is s
vanable transconductance multipliers. It
provides high speed operation which is
2 to 3 times more then the logarithmic

method. It also redues error atleast by 10 times and provide bandwidth greater than 10 mH;
We now discuss this technique.

Fig. 4.30 (e) Block diagram of a log-antilog multiplier

Variable Transconductance Multiplier

A basic emitter coupled differential amplifier discussed in chapter 2 can be used as a multiplier
circuit but it has many limitations The Gilbert Multiplier cell as shown in Fig 4.31isa
modification of the basic emitter-coupled transistor pair and gives four quadrant multiplication.

Two cross coupled emitter-coupled pairs in series connection with an emitter coupled pair form
the structures of a Gilbert Cell

Fig. 4.31 Gilbert multiplier cell

The collector currents of Qg and Q, are given by

i
j = I(‘.] (.Il'l
C3 14 e V1/Ve
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and ' 1+ ‘,f‘l Vo

smilarly the collector currents of Q; and Q, are given by

Ix = I('-z

Ch 14 "V

Eoam= IC'Z
and €6~ 1 Vil

The collector currents I, and I, of transistors Q, and Q, can be expressed as

Iy = IEE
S 1%
i Ieg
- G2 9 W

Substituting Eq. (4.70) in Egs. (4.66) and (4.67), we get

IEE _
Igs = [1+e'“’VT][1+e‘V2’VT]

IEE _
and Toa= (17 e |1+ ]

Similarly, substituting Eq. (4.71) in Eqs. (4.68) and (4.69), we get

IEE _
oo = Ty e [+ ]

Igg _
And Ics = [1+e—V1/‘V-r][1+eVzIVT]
The differential output current Al is given by
A= Iy — 112
That js, Al = oy + Ics) = Uea t Lco)
o Al = (Ios = o) — Uea — Ics)

Substituting lqs (4.72) to (4.7

Unctions, we get
Vl V2
— ] TR
Al= Igp {tanh (ZV'I‘ )tm l (2‘/'1' ”

| R -
| .

(1.67)

(4.68)

(4.69)

(4.70)

(4.71)

(4.72)

(4.73)

(4.74)

(4.75)

(4.76)

5) in (Eq 4.76) and using exponential formulae for hyperbolic

(L77)

183
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The above equation shows that when Vy and V, arve small, the Gilbert Cell shown in 7, 14
can be used as a four-quadrant analog multiplier with the use of current-to-vollage (?”nV("rh;,'-.J
The de transfer chavactevistic of such a multiplier cireuit is the product of the hypeyy,
tangent of the two imput voltages. The output voltage V,, can be generated from Al by
two equal valued resistors connected to Vi and by sending /(= Iy + I o) through one re
and Ij, ( = Iy + 153) through the second resistor.

‘l Ir
ing
818ty

Complete Four-Quadrant Analog Multiplier

Fig 4.32 shows the circuit diagram of the complete four-quadrant analog multiplier usin
Gilbert Cell. It uses two voltage-to-current converters and one current-to-voltage converter. The
currents [ and I}, passing through the emitters of @; and Qg generate a voltage betweep th;
two emitter terminals, which is proportional to the inverse hyperbolic tangent of V.
Analvsis of the Circuit The current through base-emitter junctions of transistors @:.Q,0
and Qg connected in series can be expressed by .

Ig I;= 1, L, (4.78)
TVcc
Differential to single ended V,
current-to-voltage converter ——o0

0

P =t

+ > ¢ ' +
------ Q Q, -----2 Q Q,.
V1 .A.-?---?-...‘Aﬂl r.‘.j--.'..-.." V2
— Differential voltage-to-current Differential voltage-to-current o
° convege, converter —o
I Ly
Vee Vee

Fig. 4.32 A complete four quadrant analog multiplier using Gilbert Cell

Similarly, from the series connection of the transistors @,,Q; @5 and @, we get

79
Iy I = I 1), s
Further, we can write o
L=1,+ I, (1.80@
' 1 80
L=1Iy+ I Ulbwn
. . 4,81
Iy =13 + Iy 9 ]
11:1 =1, + I(s 9
(1o
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The transter charvactisties of the differential voltage-to-current converter is given by

Vv
fy= Ty = =k (1.53)
K,
Vo
I, -1,= s (1.684)
'ROOK

[ &~

and the transfer characteristics of the differential-to-single ended current-to-voltage converter
& given by
Vo= Ky — 1) (1.85)
where K. K|, and K, are constants
Qubstituting for I;, and I;, we get,
Vo= KU, + Iy) - (; + L]
Using Eqs. (4.78) and (4.79) we get

I I
Vo= K, [[I4+Is %)“(14710“"15]] (4.86)
9 9
3mplifring the above equation, we get
V,= K, (19 ; 5o ) (I, - Iy) (4.87)
9

Further, we see that
L—L=th+tl)-Us+t Iy)

Lo I. == Lo 4.88)
= [14 7:+I4J [I + 15 19 (
Solving for (I, — I,) gives
. ] 4.89)
_I)= ————(Il—-Iz) (4.
Iy~ I5) {IQJrI10

Substituting Eq. (4.89) in Eq. (4.87) and using Eq. (4.83) and Eq. (4.84) we get

IQ"IIOJ(I -1,)
V{):K [19 I e

V% yy, (190
Iy K K,

K
Ixx KKy

Hence the input signal amplitudes have no constrains.

Where K,

1l

Equation (4.90) uses no approximations.

Chapter 4
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cal Implementation of the Four-Quadrant Analog Multiplier

A practical four-quadrant analog multiplier circuit is shown in I"ig 4.33.

Further it is assumed that the drop across base-emitter of Qqy—
small In comparison with the drop across Ry and Ry.
Substituting Eqs. (4.91) and (4.92) in Eq. (4.93) we get

The circuit is capable of performin
rignal by another signal. One of the

[t can be seen that

2V,
I, -I,= =
1 o R)‘
2V
To=dig= —=
Q 10 Rx

VCCT
KoR
Re Re¢
R
AN = Vo
] +

ls v 3 lo oo [
_L/‘Qe Q,q e 0_1\/91 Qz_
V, V,
o} . =0
R 4R R R,
2 2 2 2
v lyy
(L - VEE - VEE

Fig. 4.33 Practical four-quadrant analog multiplier circuit

— 4K ORCV1V2

=K,V, V,, where R >> Ry

Q]U and Q] - Q:} pairs are

g precise multiplication of a continuously varying aﬂﬂl”%
problems though is the need to be able to trim the error
due to offsets and mismatches in the integrated circuit implementation.

(4.9))
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ANALOG MULTIPLIER ICs

\nalog multiplier is.n circuit whose output voltage at
:qn\' instant 1 proportional to the product of instantaneous
\':1ilw of two individual illplllt voltages. The important
apphmtions of Fhese multipliers are multiplication,
Jivision, squaring and square-rooting of signals,
modulation and demodulation. The analog multipliers
are available as integrated circuits consisting of op-amps
and other circuit elements. The pin diagram of a typical
analog multiplier, namely AD633 is shown in Fig 4.34.

The AD633 multiplier is a four-quadrant analog
multiplier. It possesses high input impedence, and this
characteristic makes the loading effect on the signal
source negligible. It can operate with supply voltages
ranging from 8V to £ 18V. The IC does not require

8-Pin plastic DIP (N) package

x[1]
x[2
%:[3]
y.[4.

8]+ v,

10V

+

1

ADG33JN

A -Z’w

ok
5] -,

Fig 4.34 Pin diagram of AD633

multiplier IC

external components. The calibration by user is not necessary. The typical range of the two

input signals is + 10 V.

Multiplier Quadrants

The transfer characteristic of a typical four-quadrant multiplier is shown in Fig 4.35. Both the
inputs can be positive or negative to obtain the corresponding output as shown in the transfer

characteristics.

10
8_

Output, V,(V)

e —— "2 0 +2 +4 +6 +8 +10

Fig 4.35 Transfer Characteristics of Four-quadrant multiplier

APPLICATIONS OF MULTIPLIER ICs

The multiplier ICs are used in the following applications:

(1) Fr@quency doubler
() Voltage squarer

|
|

Chapter 4
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O Voltage divadoer
V) Phase angle detector
(V) Square rooter

Frequency Doubler

Linear Integrated Clrcults

The multiplication of two sine waves of the same {requency, but of possibly different, Amplity,,
and phase allows to double a frequency and to divectly measure real power, '

Lot

by =V sin ol (493
vy =V, sin (0f + 0) (4.9
where 0 is the phase difference between the two signals. Applying these two signals to the inpus;
of a four quadrant multiplier will yield an output as, :
ol = V, sin wt V, sin (0t +0) {
— 4 G
¢ ere[' 1”)-”
= M sin ot (sin ®f cos 0 +sin 8 cos wt)
ref
= YoV (sin? wt cos O + sin 0 sin ®t cos wt)
ref
As sinfa =1 - cos? a
and cos 2a =2 cos® a—1
1 (1
2
80, cos“a = —+| = |cos 2a
(1)
; 1 (1
S = = [ a2 S cos 2a
g 12 % L2
Vx Vs 1 (1 ; ;
80, Uy = 5| €080 | =—|=|cos 2 ot |+ sin O sin ©t cos vt (4.96)
Vre[' 2 2
. 1Y .
But, sln a cos a = 5 sin 2a
ViV,
Hence, Uy = 3 (cos 0 —cos 0 cos2 mt +sin0 sin 2 wt)
Vref
V.V \%4 )
or, Uy = — cos 0 + XY (sin 0 sin 2 ot — cos 0 cos 2 wt) (9
2V"ef 2Vre['

The first term is a DC and is set by the magnitude of the signals and their phase differenc®
The second term varies with time, but at twice the frequency of the inputs (20).



Operational Amplifier Applications 189
[ SRS s S R

gy errenit works as an ides i . , , ) )
The t“.““" : deal doubler if kame frequency is applied to both the inputs. For
l\\:\ll\[‘]t‘ i

v, =V, sin ot

[§)

y =V, sin ot

V.V, ,
Then Ve Y sin? of

rof

and

— VeVy 1__cos2 wt
v, 2

ref

The output thus contains a dc term and a
negative cosine wave of double frequency. The
dc term can be easily removed by using a 1-uF vt v
coupling capacitor between load and the output

terminal.

Voltage Squarer Circuit
The basic multiplier of Fig. 4.30 (a) can be used |
v, T

to square any positive or negative number
provided the number can be represented by a
voltage between O to Vi The voltage vu;
representing the number is connected to both
the inputs as shown in Fig. 4.36 (a).

: . . Fig. 4.36 (@) Squarer Circuit
It is possible to square a sinewave voltage too.

In Fig. 4.36 (a), if a sinewave voltage v; = Va ?_
sin ot is applied to both the inputs, then the output voltage, v, is given by 9
=5
v; ©
Vo = 7 _ L e
ref (&
For v, =5 sin 21 x 10% and Vi = 10 v,
Uy = 5 (sin 27 x 10%%)?
° 10

=25 [-;———;-COS% x2x104t] = 1.25—1.25 cos 21 X 2 x 10*
The output contains a dc term and frequency 18 doubled.

Phase Angle Detection

If the input signals applied to a multiplier are

v, = Vyy sin 0 (4.98 ()

AL s s S i @ i = o

v, = Viyy sin (@8 F 0) (4.98 (b))
Then, b, = Zﬂ"z‘i"—’—sin ot sin (ot + 0) (4.99 (a) }
refl ]
V Vm 1 a (2 % ‘:‘
PER. il 5 [cos O — cos (2 wt + 0)] (4.99 (b))

ref
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The phase difference 0 between the two input signals can be caleulated from the de COMpon,
in the output voltage V. That is, '
V.. Vi
V,dec = ——-X cos 6

(/
2V ¢ 1oy
Thus, if the output V,,dc = o, then the phase difference in the input signals is 9(°

Voltage Divider

Division, the complement of multiplication, can be accomplished by placing the multiplie,
circuit element in the op-amp’s feedback loop. The output yoltage fror_n the divide, in
Fig. 4.36 (b) with input signals v, and v, as dividend and divisor respectively, is givep, by

Uy = ~Veer = (4101
vx
The result can be derived as follows. The op-amp’s inverting terminal is at virtual groypg
Therefore,
I,=1,
and =%
R

a The output voltage V) of the multiplier is determined by the multiplication of v, and v,

v U v, v
v, = Bl _ Ul (4.101()
Vref Vref
A-galn VA = —IAR
v, v
60, I,=-VR = — 2x%_ (4.102 (a)
Vref R
+15VT T—15V
BEREEh VIRt
: r
Vv Vx
4 X [
| y
| |
I _ 1 =
i IAT R=10kQ : =
Z, R=10kQ \
© : W_Aﬁ' iy |
1 | ov : < 0]
. z v Out
" / l 3
T | 13
GND e

Fig. 4.36 (b) Multiplier IC configured as divider
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As, [z = I;\
I, =- Psly
e me R
and
) = U, U
v, = I,R=- 2%
‘7
ref
U, e
T -z L3 § Lnd £
0 ref -
of. vy

Division by zero is, of course, prohibited. Multiplier IC can be used for squarnz 2 zenal
Similarly, divider circuit can be used to take the square root of a signal.

square Rooter

4 divider circuit can be used to find

square roots by connecting both the

inputs of the multiplier to the output of

an op-amp as shown in Fig. 4.36 (c).
In Fig. 4.36 (¢

VZ

Vs

Vref

and Va= _Vin

So, V2=-V_V,

° i Fig. 4.36 (c) Finding square roats ?—
T V= g IVl (109 g
(taking magnitude only) ®
root of magnitude of Vi, Note that V| must be 5

Thus, output V, is proportional to square 1ag] .
negative or else op-amp will saturate. The range of V;, lies between -1 and =10\,

BT DIFFERENTIATOR : ]

One of the simplest of the op-amp circuits that contain capacitor is the differentiating amplhitter,
or differentiator, As the name suggests, the circuit performs the mathematical operation of
fferentiation, that is, the output waveform is the derivative of input waveform, A differentiator

Greuit is shown in Fig. 4.21 (a).

Analysis
The node v is at virtual ground potential i.e., vy = 0. The current i through the capacitor

)

; d _e 1y
l(: =Cl .(_.l_t-([)|—-[)N)w(xl (1! \l 10D
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The cuvrent 7 through the feedbaek vesistor i v,/
R and there 18 no curvent into the op-nmp. Therefore,
the nodal oquation at node N iy,

o dog v

1 0 o= O
Ydt Ry

{from which we have

comp = RF

l“‘ = R B ‘ (4.105)
' dt
Thus the output voltage v, is a constant (- R C,)
times the denivative of the input voltage v; and the
arrcwnt 18 a differentiator. The minus sign indicates a 180° phase shift of the output y
v, with respect to the input signal. Vavefory,
The phasor equivalent of Kq. (4.105) is, V (s) = — R C, s Vi(s) where V,and V. is th
representation of v, and v;. In steady state, put s = jo. We may now write the m agl'nit de Dhaspr
A of the differentiator as, ude of gajp

ulII

Fig. 4.37 (a) Op-amp differentiator

|A] =

‘{;% =|-jo ReC,y| = 0Ry C,

(4.106)

From Eq. (4.106), one can draw the fre

quency response of the op-amp diffe - :

|A| = L

fa
where £ o= __1—_ =
a o RF Cl (4.107)

" Atf=f, ]A.l =1, i.z?., 0 dB, and the gain increases at a rate of +20 dB/decade. Thus at high
equency, a erentiator may become unstable and break into oscillation. There is one more

g;‘(c:):elem in‘ flhe differfentiator of Fig. 4.37 (a). The input impedance (i.e., l/aC)
noise ases with increase in frequency, thereby making the circuit sensitive to high frequency

Practical Differentiator

A practical differentiator of the
and high frequency noise.

The transfer function for the circuit in Fig. 4.37 (b) is given by

type shown in Fig. 4.37 (b) eliminates the problem of instability

VO (S) _ _51._ SRFCI

Vi (S) B Zl _~(1+SRFCF)(1+SCIR1)

(4,109
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Vi b el

C

||—4',;—-~

[¥]

Reomp = RillRe = R,(R; >> R,)

Fig. 4.37 (b) Practical differentiator
For Ry Cy = R\C,, we get

Vols) _ ___sBC,  _ sRiC, (4.109)
Vils)  (1+sRC,) ( ‘fT
1+
fo
=_1 (4.110)
where, o 2nR.C,

From Eq. (4.109), it is evident that the gain increases at +20 c‘iB/dt-ecad.e for frequenc_y
f<f, and decreases at —20 dB/decade for f > /v as shown by dashed lines in Fl_g. 4..37 (c). ‘ThlS
40 dB/decade change in gain is caused by R, C, and Ry Cy factors. For the basic d1fferent;at;)r
of Fig. 4.37 (a), the frequency response would have 1ncrgased continuously at the rate o h-:;}?
dB/decade even beyond f, causing stability problem at high frequency. Thus the gain at g

ffﬁquency 1s reduced significantly, thereby avoiding the high frequency noise and stability
Problems. The value of f» should be selected such that,

fa<fb<f;:

' ' i i - i -loop configuration.
f. is the unity gain-bandwidth of the op-amp in open-lo : ' .
or f;OOd differen)t,igtion one must ensure that the time period T of the Input signal is larger

than or equal to RyC,, that is,
+.111)
T2 R, C, (

It may be noted that for Ry C, much greater than R, C) or R}, C}, Eq. (4.108) is reduced to,
Vy

: i Itage remains the same as in the case
“Vi==sR,C,, that is, the expression of the output voltag
fan ideq) differentiator as

Where

dv, (1.112)
t, = "R]acl Tl}l_

Chapter 4
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e K S
\ - - o — —_— ——— ——— — ————
100 |- 10 LI
\ Opon lntjl\![‘ﬂ‘l_if{l\fl'j FERY, PR, TR ) ) (e
1 6 L O
™ _|-{ Rosponso, of basic differontiator, | | |
o 1T T T \ 20 dB/docado 1
()
©w L — T—
. 60 —
s N i
5 DZ4hN
S 40 | -
= / \
\\ |
re
f Response of |\
20 ;  practical
3 practica \
) ~4 differentiator \\ |
£ —20 dB/decade
0 APd et AN
\~
N
~ 1 \
-20 } 4 } \' ~ } ' Ny
10 10° 10° 10 10° 10° 107
Frequency (Hz) f

Fig. 4.37 (¢) Frequency response

A resistance Reomp (=R, || R}) is normally connected to the (+) input terminal to compensate
for the input bias circuit,

A good differentiator may be designed as per the following steps:

1. Choose f, equal to the highest frequency of the input signal. Assume a practical value of
C, (<1 puF) and then calculate Ry.

2. Choose f;, = 10 fa (say). Now calculate the values of R

1 and CF SO that RICI = RFCF'
Example 4.5

(a) Design an op-amp differentiator that will differentiate an input signal with f,,, -
100 Hz.

(b) Draw the output wavefo

rm for a sine wave of 1 V peak at 100 Hz applied to the differentiater
(¢) Repeat part (b) for a s

quare wave input.

Solution
(@) Select, f, = f,., = 100 Hz = —1““ [from Eq. (4.107)
. » Ja max ZTIRFCl
Let Cy = 0.1 pF,
then Ry = - =15.9 kQ
21 (10%)(10-7)
el
= 1 [from Ea. (1
: e , = 10f, =1 kHz =
Now choose fi f z RO,

o
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Therefore, Riy= 0t

2r (10M (107 = PO kQ
Since Ry Cy = R0,
we get. Cp = M

169x 100 - 0Ll

v = 1 sin 2x(100)¢
From Eq. (4.69),

- dv; _
vy = ~RiCy T =~ (15.9 kQ) (0.1 pF) %[(1 V)sin (27)(102)¢]

_ (159 kQ) (01 }.IF) (27'[) (102) cos [(275) (102)t] =—-0.999 cos [27[ (102)t]
=— 1 cos [(2n) (10%) ¢]
The input and output waveforms are shown in Fig. 4.38 (a).

(© For a square wave input, say 1V peak and 1 KHz, the output waveform will consist of
positive and negative spikes of magnitude V,, which is approximately 13 V for 15V
op-amp power supply.

During the time periods for which input is constant at £1 V, the differentiated output
will be zero. However, when input transits between +1 V levels, the slope of the input
i infinite for an ideal square wave. The output, therefore, gets clipped to about £13V
for a £15 V op-amp power supply as shown in Fig. 4.38 (b).

4

kv!
1V"/\ /\ V,“
—> 1V
VAV
“4vL oV

t¢—10 ms —»]

Chapter 4

~v

A

1V
/1\ 1 y —> t
AAVAANER
— =
-1V Vsal

r—1 0ms —bl (@) (b)

ine output, (b) Square wave input and spike output

Fig. 4.38 (a) Sine-wave input and oS

WSS

411 INTEGRATOR T s | i
| r of the differentiator of Fig. 4.37 (a), we have the
grator. The nodal equation at node N is,

If we : . e
fwe interchange the resistor and capacito

treyt of Fig. 4.39 (a) which as we will see, is an mnte



SLpf 2 =9 (1.113)

R, dt R,
O
ff_vjf T __I__U )
o dt RCy
Integrating both sides, we get
t t
1
Jdl’o - R.C J."id’ Fig. 4.39 (a) Op-amp integrator
0 1~F o
t
v(t) = — d _[Ui (t)dt +v,(0) (4.114
RICF 0

where v, (0) is the initial output voltage.

The circuit. thus provides an output voltage which is proportional to the time integral of the
mput and R,Cris the time constant of the integrator. It may be noted that there is a negative
sign in the output voltage, and therefore, this integrator is also known as an inverting integra-
tor. A resistance, R, = R, 1s usually connected to the (+) input terminal to minimize the effect
of input bias current.

A simple low pass RC circuit can also work as an integrator when time constant is very
large. This requires very large values of R and C. The components R and C cannot be mad:
infinitely large because of practical limitations. However, in the op-amp integrator of
Fig. 4.39, by Miller’s theorem, the effective input capacitance becomes Cr (1 -A,) where 4,15
the gain of the op-amp. The gain A, is infinite for an ideal op-amp, so the effective time constant
of the op-amp integrator becomes very large which results in perfect integration.

The operation of the integrator can also be studied in the frequency domain. In phasor
notation, Eq. (4.114) can be written as

1

Vo(s) = - Vi(s) (4.119)
) sR.Cy )
In steady state, put s = jo and we get
. 1 )
V, (j0) = - ———V.(jo (4110
So, the magnitude of the gain or integrator transfer function is
g =l |1 |1 (L
ViGo)| | joR,Cy| Ry

The frequency response (or Bode Plot) of this basic integrator is shown in Fig. 1.39 (b)- ““
Bode plot is a straight line of slope —6dB/octave (or equivalently —20 dB/decade). The froqucn;.:
f, in Fig. 4.39 (b) is the frequency at which the gain of the integrator is 0 dB and is given "

1
fo = 2nR,C,

. ") . . 5 .t ]:.‘,fl‘r
It can further be seen from KEq. (4.117) that at @ = 0, the magnitude of the integrator tra! e

" . v . ] . i . YL

function is infinite. At dc, the capacitor Cj; behaves as an open circuit and there is no negt
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fmlh:wk_. The op-amp thus .
gperates i open loop, resulting I
inan infinite gain, I peactice. of

cowrse, output never becomes iy

fimte. rather the output of (e

amplifier saturates at g Voltage

dose to the op-amp positive op

m\g:\ti\'t‘ power Sllp}ﬂ)’ dt‘p\‘nding Ri/R,
on the pnlm‘it.\' of the input de (RJR|-—3(|B) -------------
signal.

“As the gain of the integrator

Jecreases with increasing fre-

quency. the integrator circuit 6:dB -
does not have any frequency prob- (-1 ; . . —
lem as faced in a differentiator, "7 2nRC, fo= 2R,C (,'gg‘;i';%
io‘:te;s:(:;lg: tfl.llicfgl;i:cl;z::;z}; Fig. 4.39 (b) Frequency response of a basic and Lossy integrator

Vll
‘v; ,db

Basic integrator
— (-6 dBloctave)

ifinite (or saturates). The solution to thig problem is discussed in the following.
Practical Integrator Circuit (Lossy Integrator)

The gain of an integrator at low frequency (dc) can be limited to avoid the saturation problem
if the feedback capacitor is shunted by a resistance Ry as shown in Fig. 4.39 (c). The parallel
combination of Rp and Cp behaves like a practical capacitor which dissipates power unlike an
1deal capacitor. For this reason, this circuit is also called a lossy integrator. The resistor Ry
Imits the low frequency gain to — R /R (generally R, = 10 R)) and thus provides dc stabilization.

Analysis

The nodal equation at the inverting input terminal of the op-amp of Fig. 4.39 (¢) is,
. |’ : .
Vi(s) +sCFVo(s)+-~—°(S) (4.118)
Ry
1
from which we have,
Vi (s) = 1 Vi(s) (4.119)

" SR,Cy + R,/Ry | B -
IfRpis large, the lossy integrator approximates the ideal integrator. For s = jo, magnitude
}r . 3 .
of the gain of lossy integrator is given by
1 B R./R,
) Jo? RECE + R} R} T+ (R Cy Y o
ator is also shown in Fig. 4.39 (b). At low frequencies gnu;
( ' 1 in 1 JR ) (or —
5 constant at R./R,. The break frequency (f=/f) at ;Vg];]zjl;h the gain is 0.707 (R /R ) (
c o 5 < ’ . 1 1S
3 below its valLe Olf Ry/R)) is calculated from Eq. ( ¢

1 +(@ReCp)* = V2

1 (h.121)
= SR, Cy

0

v
~ The Bode plot of the lossy integr

(1.120)

[A] =

S(J]Ving for f = fi.l' we {,’Ut

Chapter 4
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[his s a very important frequency. 1 tells
ae whoere the useful mtegration range starts,
1f the input frequencey is lower than /| the
circuit acts hike a stmple mverting amplifier
and no integration vesults, At iput frequency
equal to f,. 50% accuracy results. The
practical thumb rule 18 that if the input
:.':‘vqm.‘—uc)‘ 15 10 times £, than 99% accuracy
can result.

Initial Conditions

An mtegrator must also be provided with an
xternal aircuit to introduce initial conditions

147]

<

hown 1n Fig. 4.40. When ganged switch
1n position 1. the input is zero and the
pacitor 1 charged to the voltage V almost
antaneously® setting an initial condition
of v, (0) = V. When the switch S is in position
2. the amplifier is connected as in integrator
and 1ts output will be V plus a constant
-1/R, Cy times the time integral of the input
voltage v,. The capacitor Cy should have very
low leakage and is usually a Teflon,
Pclystyrene or Mylar dielectric with typical
capacitance value ranging from 0.001 to 10
uF is used.

Example 4.6

4v]
s

€
S

1S
.

e B4
L]

1

-
o

i
F=

+3

\

Consider the lossy integrator shown in Fig.
4.39 (c). For the component values. R, =10
kQ, Ry = 100 kQ, Cr = 10 nF, determine
the lower frequency limit of inte gration and
study the response for the inputs (i) sine
wave, (11) step input (iii) square wave,
Solution

R,
NN

F e

O VAN =

+ )

A% Rcwomp= RillRe= Ry (Rg>> R,)

Fig. 4.39 (c) Practical or lossy integrator ciryit

Rmmp = R1

VWA

n[}}

Fig. 4.40 Integrator circuit showing initial condition

For the given component values, the lower frequency limit of integration f, is

1

fa =

up to which circuit will integrate

However, as input frequency is increased, th

integrator falls at a rate of 6 dB/octavye.

1

2nR,Cp 21 x100 kQ x 10 nF

For 99% accuracy, the input frequency should be at least one decade above £, i.e., 1.59
Accurate integration can be achieved beyond this frequency. However, there is an upper
and it is determined by the frequency response ot'op !
e output amplitude reduces as the gain ©

= 159 Hz

kHz.
Jimit
_amp:

(i) Sine wave input: For an input of 1 peak sine wave at 5 kHz, the output to *®

: 1
U(;(t) = h_‘““-[vi(l)dt = =

R.C,

e

*In about four time constant, that is, 4 It,C where I,

is the small internal resistance

1 '[1 sin (210 50001)d!
10 kQ x 10 nI

iV
y ‘)l“‘l‘
of the voltage *

4
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s 4 . 1
7 =10 f‘“‘“‘ (2150000) dr = ~--ﬂ——[— cos (25000 ¢ )]
21 5000

| | = 0.318 cos (21 5000 ¢

The output 18 a cosine \vn\'e_ w1t.1-1 a peak amplitude of 0.318 V only as shown in Fig. 4.41 (a). If
the frequency of the input is raised by a factor of 10 to 50 kHz, the output would be a cosine
wave of frequency 50 kHz but with an amplitude of 31.8 mV only

(i) Step input: If input is a step volt

0.3 ms i aBe U =1Vfor 0 st <0.3 ms, then the output voltage
at { = V.o m§s 18

1 0.3 ms 1
UO:_ 1_dt - . xtl=0.3m5
R,Cy ! 10kQx10nF =~ "le=0
=-10* x 0.3 x 103 =_3V

The output voltage is a ramp function with a slope of 10 V/ms and is shown in Fig. 4.25 (b).
(iii) Square wave input: The output waveform for an input of 5 KHz, 1 V peak square wave
1 shown in Fig. 4.41 (c).

It can be seen that input is of constant amplitude of 1V from 0 to 0.1 ms and —1 V from
0.1ms to 0.2 ms. The output for each of these half periods will be ramps as seen above for step

inputs. Thus, the expected output wave form will be a triangular wave. The peak value of the
output for first half cycle is

0.1ms
1

Uy = — [ 1.dt =-10*x 0.1 x 10%=_1v
RICF h

This represents the total change in the output voltage over the first half cycle from 0 to 0.1

ms. Similarly, integration over the next half cycle produces a positive change of 1V.
Tvl, Vo
vl Y
05V | Vo / /
0.1 ms 0.2ms !
-0.318V|------
4 v, v
° (@)
AViV,
r r vi
y +1V ——

+0.5V ¢
0 | 1 —p \<
0.2 ms 0.3:'ms w y 02ms \ /
V,

1

I
o

|

I

_av

(c)
(b)
integrator in Example 4.4
i tput waveforms for the
e 4'?6115 gi]r?:tw?:g (i)r?pﬁt, (b) Step input, (c) Square wave input

Chapter 4
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Example 4.7 .
/ﬁind R, and Ry in the lossy mtegrator 80 that the pealk gain is 20 dB and the ggi,

1 A iH ,"
down from its peak when o = 10,000 ead/e, Use o capacitance of 0.01 ple, df
Solution . |
From Bq. (1.120), we see that gain is at its peak when = 0. I'he peak value in dB ig thf:r«,-fw

‘ x v
AdB) = 20 logg Ry /R, =920 (given)
J1+0
RF _
S logyo R, 1
Ry
Thus we have, —R—: =10
R
i} R = _F
’ ' 10

At ® = 10" rad/s, gain in dB is down by 3 dB from its peak of 20 dB, and thus is 17 dp
Therefore, converting gain to dB in Eq. (4.84) and substituting for ®», C and RylB. we ha\-&'

10

20 log,,
J1+0(10°)10° Ry ]2

=17 dB

or, 20 log,, 10— 20 log,, \/l +(10* Rp)* =17dB

This simplifies to

20 logyo [1+(107 Ry, ?]=3dB

or, 1+ (10" Rp?=10%10=2

Thus we have (10* Rp)? =1
or, Rp=10"Q =10 kQ
and R, =10 kQ/10 = 1 kQ
Example 4.8

Show that the output of an op-amp integrator to a step input of magnitude V volts 18 gi\"?“b-‘
v, = AV et CF(l—AV))

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

e 142 18 asimple op-amp i ator Hloy
pigure ; ple ol P mtegeator whore Miller's theorem is applied ncross the feedback

acitor Cp. The input time constant 7' = ' " !
capacitor L nstant 7= 1O (1 Ay, Therefore,

v = V(1 = oM (4.122)
:\ﬂki v, = "‘\'“I = A \V(l - R Cpal /\vl) {4‘]2:5}

or, « Uy = 4‘\\. Vil- 1- ',‘———I-—%—_ — lz

RiCr -4 a(rc,a-ap) "
A Vi {
= 1- o
R, Cr(1-A)) 2R,Cp(1-A)) ]
b = - Vi 1 ¢ _

or, 0 R.C; 2R,Cr(1-A.) ; ifA, >>1 (4.124)

Also we know that for a simple low i i 1
: pass RC integrating network (without op-
v, for a step input of V becomes i SRR R g

Up = V(1-et/RC) (4.125)
For large RC, v, = \42 1= JE ‘
°~ ®rc |" " 2rRC (4.126)
R,
- O—— AW 0 o — o,
] C1-A) =/ | v, v
=0 °
o —0 o— —0

Fig. 4.42 Circuit for Example 4.6

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

(fOr a . dU _ V .
large RC) and for either case, —Cﬁ =20 However, the second term in both the expressions

r - L3 . . . .
Fieé’l“&ent deviation from the linearity. We see that op-amp integrator is more linear than the
“mple RC circuit by a factor of 1/(1 — A,).

E*ampletz.g

o . , . ;

, ;jthe circuit shown in Fig. 4.43 if the input is a constant V, show that the output v (&)
ven by a differential equation. %

—

Chapter 4
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Solution

The transfer gain of the civeuit is,

I\‘-‘ 3(1

Rs ¥ 1=

2o "Ry usC
R,

\,S‘L‘:‘.l o -
Rl

-{', ()
_ \R2+ R;ﬂ-&.\‘c I\)QI‘?:; (‘|.127)
" R,(1+sCRy
or. R,(1+sC RYV, () + [(By + Ry) J=_
+ sCRyR]Vis) = 0 .02 Fig. 4.43 Circuit for Example 4 ;
Writing Eq. (4.128) in time domain (s - —-J, we get
d
R, (1 +CR, %Jvo {t)+ [(R2 +R,)+CR,R, —t] v, (2) (412
Since v, () =V
dv; (t)
1 P 0
Therefore, —
dv, U \74 R, _ 4
or, C—24+24+—+—2V =20 (4.130) |
dt R3 R, R,R3
1
— |v, dt.
RC j '

Example4.10
Figure 4.44 shows a non-inverting integrator circuit. Show that v, =

The voltage at the (+) input terminal of the op-amp due to the potential divider is,

Solution
1/sC
Vi) = ————V.
(+) R +1/sC i (s) (4.131)
The output voltage V (s) for the non- 1 B —__'o"'fﬁ%j"'m
inverting amplifier is C:|:
1 % I
Vi (s) (4132) R C

1/sC
V = 74 = —
,(8) (1 + R ) (+) “RC
Hence in time-domain, we get,
1
Uy = -Ejui dt

Note that there is no phase inversion in a non-inverting integrator.

. jreui
Fig. 4.44 Non-inverting integrator A"

4
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[F] ELECTRONIC ANALOG COMPUTATION

\n analog computer performs linear oper

btraction and integration. Since the
dit‘fel‘t‘.n“*‘] equation, it ‘S.DUSSIN_O to connect the various modules of an analog computer for
obtaining the solution of differential equation.

We have already discussed the building blocks of the
qsinverter, scale changer, summer, integrator, summing

ations such as multiplication by a constant, addition,
8¢ operations are sufficient for the solution of linear

analog computer, that is, op-amp used

: . integrator etc. Potentiometer is widely
used in analog computer to multiply voltages by a constant less than unity. The symbolic repre-

sentation of a summer, potentiometer and summing integrator is shown in Fig. 4.45 (a, b, ¢).

1 MQ 1 MQ
V1 O——AMA—T—— AAMA——
1MQ
V; O——AMA—
0.1 MQ ”
v, O— AW = to—1
—0 -———1p- Vao——1
+ Vo V30—10 Vo
=—(v,+v,+ 10 v;)
N (a)
T — (a)
\/ R aR Sl \/ vo—oavi
l v=av,a<1 ,
T = J?‘ (b) wp
s
Q
by a
o Aen L r‘__. i
v, 111 pF -10V {B)=
0.1M ] Vi —1
O——AAMA— - v
Vv, 1M > 2 10|
O—AMA— + Va—1 Yo
1
- v, = L(v1 +10v,+ v,)dt — 3
¥ (c)

i i i i b) Potentiometer and
Fig. 4.45 (a) Summer and its symbolic representation, (
94 ( )its symbol, (€) Summing integrator and its symbol

Let us now see how an analog computer can be used to solve a second order differential
®quation given as,

éié’_ +5.4 dy +0.58y = u(t) (4.133) ’r
With injtia] conditions,
dy| -9(0)=2.3 !

y(0) = 4.8 and =] _, y(0)




T

s : ‘o . . . 1as
tors. However, the gain of a differentiator increases linearly with frequency and it ¢

Bl

position 1, the solution is obtained is connectt
;‘ - )

Minimization of the
Fig. 4.46 (c).

Lincar Integrated Circuits

Rewrite Bq. (1.133) by keeping the highest order derivative on the left hand side and 1,
all other terms to the vight side as g
¥ o= =54y -0.68y+ult) (4.1
Assuming Vs available, it may be successively integrated to obtain y and y ag showy, -
Fig. 446 (). At the output of amplifier 4, i.e., point B, we obtain the sum .
5.4y -0.58y +u(t)
which is precisely equal to § with which we started in Eq. (4.134). Thus points A and g,
be connected together to get the computer set-up for solving the given differential equation T]a1
initial conditions ¥(0) = —4.8 and y(0) = 2.3 have to be placed in the computer set-up wit th‘ |
5 |
help of the reference voltage (either +V,;or — V¢ as required) and potentiometer. One has
be careful about the polarity of the reference voltage for setting up the initial condition {: iﬁ
the computer set-up, the output of integrator 1is —y which is initially set to —2.3 V to ac;n;‘-z
¥(0) = 2.3 V. Similarly the output of integrator 2 is y which is initially set to —4.8 V 5o thy
v(0)=-48V.

Fig. 4.46 (a) Simulation of 2nd order differential equation

T'he initial conditions are first established by putting the switch S in position 2. \With S
at the output terminal t ' 0 or :

ing . al to which a CRO or plotter ! b

Using the analog computer symbols, the set-up of Fig. 4.46 (a) is redrawn in Fig. ,l_lf,n(m

components can be achieved using a summer integrator as sho¥

The soluti ) 33) e , , . integ!™
The solution of Eq. (4.133) can also be obtained by using differentiators instead = ds 0

4
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oo noaige. drift which may result in sour o . |
i"“phf‘\ nol op N result in spurious oscillations, Therefore integrators are invari-
ably pl‘eforrcd over differentiators, , ]

-0y ~10V

u(t)o k

Fig. 4.46 (b) Symbolic diagram

-10V 10V
0.48
1 L&
3 1
0.58

Fig. 4.46 (c) Minimum component simulation

Example 4,11
Set up an analog computer simulation to generate a

sinusoidal signal 10 sin 3¢.

Let us first obtain a differential equation whose solution is 10 sin 3¢.
= x(t) = 10 sin 3t
£(t) = 30 cos 3t (4.135)
# (1) = -90 sin 3t = ~9x
The required differential equation 18,
i +9x=0

Chapter 4
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Linear Integrated Circuits

and the mitial conditions are obtained from
Eq. (4.135) putting ¢ = 0 as,

x0) =0, x(0) =30

Assuming that & is available, x(t) can be
obtained by integrating x twice. The computer
set up 1s shown in Fig. 4.47.

Simultaneous Equations

Fig. 4.47 Simulation of 10 sin 3¢

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

dx

di =—ayx— by +eyf (4.136)
d dy _ -
an e — QX — byy + ¢y f (4.137)
where x and y are unknown variables, f is the input and all coefficients are known constants.
E—_quations (4.136) and (4.137) may be simulated separately as shown in Figs. 4.48 (a) and (b).
Now interconnect the two systems to get the unknown x and y as shown in Fig. 4.48 (¢).

f°_@_ 1
—Yo . 1 =X X
1
[ s
2V
(a)

~o—(a)—|1 -y b_g

-7

(c)
Fig. 4.48 (a) Simulation of Eq. (4.136), (b) Simulation of Eq. (4.137), (c) Final circuit

A
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The simulation procedure can be extended to any number of simultancous equations.
gimulation of Transfer Functions

Another important Pl‘t)blli-‘l\l_thﬂt one come across is to develop a circuit that has a given transfer
. Ac = AN A . 2

fanction. As an example, in the design of an electric filter consider a first order transfer

fanction.

V.. =K
H(s)= 2= 4.13
‘/i iy “1 8)
X0, ro (S + G) = —I\W’i
o, -sV, =aV, + KV; (4.139)

<hich may be written in time-domain as,

Up = —I(avo +Kv,)dt (4.140)

Thus we need a summing integrator and its simulation is shown in Fig. 4.49 (a). The
corresponding electric circuit is shown in Fig. 4.49 (b).
In another example, let us simulate the transfer function

v, - Kis+a) (4.141)

V: s?+sb+c

which may be written in s-domain as,
2V, = —sbV, - cV, + KsV; + KaV;

r _sV, = bV, -KV, —%(KaVi —eV) (4.142)
< |
et
Q- !
wd
e |
c |
= |
L9 BN i
|
yup @ 1MQ ; :,
v, L i
K 1M 1MQ
V,

®) -+

K o
Fig. 4.49 (a) Simulation of transfer function H(s) = — = (b) Electric circuit for (a)

Thus V. is the output of an integrator whose input is —sV, which is the sum of the terms
0

1 g 1a .
"0 the right side of Eq. (4.142). The term =< (KaV, — c¢V,) is the output of an integrator
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S =i

e

SEAY ). The complete cireuit,
: - P ; i, 4.50 (). The 18 ghgy
whose inputs are KaV; and - ¢\ as shown in I W

Fig. 4.50 (b).

T_<
?
(®

Fig. 4.50 (a) Preliminary simulation, (b) Final simulation

- EEE] POWER AMPLIFIERS

Most of the practical electronic systems consist of a number of amplifying stages in cacade. The
function of the input and intermediate stages is to amplify the small signals received from 2
Input source, such as from a cassette, CD, microphone or an antenna. The signal 1s amphﬁi
to a large value sufficient to drive the final device which may be a speaker in a public adfifeb:
system or a music system or a CRT or a servomotor etc, The input amplifying stages basic :
operate as voltage amplifiers. Since signal voltages and currents are small, the power handi*
capacity and power efficiency are of little concern for the small signal amplifiers. py la
y

The last stage or the output stage of any electronic system, however has to supPv .
current and sufficient power to the load which may be a loud’speaker or a servomoto’ Lt'v‘ |
amplifiers are called large signal amplifiers or power amplifiers. The important require® n
of a power amplifier are: '

1. It should have low output im
power transfer.
2. High power conversion efficiency.

ol
: : - maxin’
pedance 50 as to provide impedance matching for ™

sinF
3. As large amount of power gets digs; i . heat &
pated at . tor,
Corenh s T el the junction of power transis
Classification of Output Stages n
Jo¥

Qne way of classifying amplifiers ig based upon the position of quiescent (Q) point 0% t‘gn*l““
line and the shape of the output collector current waveform when a sinusoidal input & |
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B . . . |
;lppht‘d- The Q'_l"““tf“fl the Bd l need not necessarily be in the middle of the load line. Depending
the position ot the Q-point, amplifiers may be classified as class-A, class-B, clags-AB or

upﬂn
" qs per the following definitions.

class:

class A
The operating point is chosen somewhere in the center of the load line as shown by point A in
Fig. 4.91. The amplitude of the input signal is such so that the transistor conducts for the entire
ovdle of the input signal that is for 360°. The output collector current waveform for class-A
amplifier 18 therefore as shown in Fig. 4.52 (a).

The input stage or intermediate stages of any electronic system are operated in class-A

operation.

ClassB ic 4

The Q-point is selected at the extreme v _ /R 1
end of the load line as shown by point
Bin Fig. 4.51. The quiescent current
is. therefore, zero and the transistor
conducts only for half the cycle of the
input waveform. The output collector
current consists of half waves only
23 shown in Fig. 4.52 (b). Obviously, AB
the output is not a faithful

reproduction of the input as only half B C
cycle is present in the output. In a V' il
practical circuit, two transistors are o

. : Fig. 4.51 Classification of amplifiers based on the
operated in class-B in such a manner position of Q-point

80 that one transistor conducts _ _
during positive half cycle of the input waveform and the other conducts during the negative half

cycle g0 that the output current through the load is of full cycle. This type of connection is
referred to as push-pull operation and is most commonly used in power amplifiers.

Class AB

een class A and class B is class AB in which the operating point
A and B in Fig. 4.51 as shown by point AB. As a result, the
ater than the half cycle but less than 360°. The output

Fig. 4.52 (0).

An intermediate operation betw
18 selected between the points
transistor conducts for an internal gre
llector current waveform is as shown in

C‘QSSC

The operating point is celected beyond the load line on the ‘horizontal axis as shown by point
‘in Fig. 4.51. The transistor in this case conducts for an 1nte1'\fal less1er than the bz_llf cycle
"sulting in pulsating current waveforms as shown 1n I'l_g. 4.52 (d). Qluss C amplifiers are
Usually employed in radio frequency (RF) power amplification (guch as in mobile phones, radio
d TV trangmitters). These type of amplifiers have not been included in the book.

Po
Wer Conversion Efficiency (1)
An . . _ fener supplied by the dc power supply into ac
etlifian o foncionlly conyEpHiE AODEVEREIEIRY SRPEY o P
plifier is basically converting ability of an active device to connect dc power into

b Thes
“Wer or amplified signal at the Joad. The

Chapter 4
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ac power is measured by n ealled the power conversion efficiency. It is usually fiven

' “11 ag »
percentage., =0 A
ac signal power delivered to load
ae signal poy oload 4509
de power supplied to the circuit

n-=

The maximum power conversion efficiency of a class-A single stage CE amplifier ig only 95
In many practical applications, such as a radio or public address system, the I6ad is a loudspea'kq'
and is coupled to the amplifier through a transformer. The maximum efficiency for a transfome&r
coupled load increases to 50%. Efficiencies up to 78.5% can be achieved by using two transistm-f
in push-pull configuration and biasing each transistor in class-B operation. In discrete Cil‘cuit;
a center-tapped input transformer is used for providing signals to the two transistors. Simﬂarh‘-
the output is obtained using a center-tapped output transformer. i

i 4 ic 4
{ 1 | >
b n 2n 3T of 0 ;
(a) (b)
ict ic 4
T
| - wl
0 T 21 3
(c) (d)

Fig. 4.52 Collector current waveforms for transistors operating in (a) Class A
(b) Class B, (c) Class AB, and (d) Class C amplifier stages

o
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for civeuits, use of transformery |
uplt ransformers g not possible aa it s difficult to fahricate these.

. ‘t.] ) I ; C { \. "\"l‘ { hl J H COI '

t e t“ . L atlin ( "l op ‘ .
.\l“)“ll l y v [\ .I . . . I “I"') l'”(' H 1 ,I"l” ) & b o
l‘l:l‘ |

chsS-B push pull amplifier
{3

=2 chows ¥ class-B pus o |
o Ihm\ l ’)Lbi-lqeld }?mh] S «lm])h['lﬂ_l- It consists of complementary pair of transistors
o gt d. e ased in class-B operation. Thus, both the transistors can not conduct
:imu]taneousl} )

+ Ve
Q, (npn)
Y
Vo
Q, (pnp) § -
L
Vee =

Fig. 4.53 Complementary symmetry class-B Push-Pull amplifier

he transistors are cut-off and the output voltage, V, is
V during the positive half cycle, @, conducts and
Vv and @, supplies the load current. During this
o-biased and remains in cut-off state.

When the input voltage V/ is zero, botht
%10. As V. exceeds the cut-in voltage VY =0.b
:Perates as an emitter follower. Thus V| follows
me, the emitter-base junction of @, will be revers
' During the negative half cycle of input signal, V;, @, turns off and @, starts conducting as soon
“Viisless than 0.5 V. Again V follows V, and now @, supplies the load current.

This circuit thus operatesina push-pull fashioni.e. @ pushes (sources) current into the load

W e; V.is positive and @, pulls (sinks) current from the load w.hen V.is negative.
st t}}ie transfer characteristics of the class-B push pull amplifier are shown in Fig. 4.38. Note
e ereis a range of V; centered around zero where both trqn51st9rs are cut-off and V, is zero.
8 dead bang gives ris‘e to crossover distortion. Crossover distortion is the cause of producing

tnp]
eas; )
asant sounds in audio power amplifiers.

Chapter 4



{
¥
i
'&
E
g
£
i
#
iz

o

BRI S

R

TR

Linear Integrated Circuits

Dynamic Avg

A
transfer curve of Q

l’o
V“’ Distorted output

/ I{J‘il‘s,/torlion is here

|

A

l\

Uj

!
!
1
I
1
|
|
1
|
4
I
1
|
i
I
i
I
1
1
i
L

/

(input sine wave)

v

r t
Fig. 4.54 Cross-over distortion caused by non-linearity of transfer characteristics

Power Conversion Efficiency n

To calculat.e the power conversion efficiency, , we neglect the crossover distortion. Let V., be the
peak amplitude of the output sinusoid. The average power available at the load is

1V,
c~ 9 R_L
: ='131el current drawn from each supply will consist of half-sine waves of Pea_k - htude: j
= Vi/By. Thus, the average current drawn from each of the two power supplies will be Vi
The total de current drawn from two power supplies will be twic
Thus, the total dc power supplied is

PL = Pa (4143)

e this value.

- )
P L= - 4 (“ |
dc b1 RL cC
The power conversion efficiency, 1 is given by
1V2
fn — scE 1) 1 2 Ym,. V,‘
2R, )/ \nR "CC
Vv, e
Th : S 4 Vee “Jut
- The maximum efficiency ig obtained when Vv u

0
maxi ] } | imum ¥
orltaneas inttad b ch— e v m 18 at its maximum. The maxim E

sat = Yoo
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.« peak output voltage, the power ¢ T : :
At thisp p g power conversion efficiency is obtained as

nm:u -

n
Pl (4.146)

Thus, the power conversion effi.ciency of a class-B, Push Pull amplifier is much larger than
that can be obtained by class A aqlphﬁer (25%) stage. Therefore, the output stage of 741 ap-amp is
Jwaysa class-B Push Pull amplifier.

There is one more parameter of interest in power amplifiers. What happens to the power which
isnot delivered to load as ac power outpgt? Obviously this power is dissipated across the transistors
asheat. A ClaSS'.A stage dlSSlpa_teS maximum power under quiescent conditions (i.e. when V, = 0)
whereas, the qulescept power qhssmation of a class B stage is zero. When an input signal is applied,
the average power dissipated in the class B stage is given by

Py=P,-P, (4.147)
Substituting the values of P;_and P, _from (4.143) and (4.144), we get
2V, 1V

Py = ER_L cc _ER—L (4.148)

Aplot of power dissipation Py, vs amplitude of the output sinusoid V, is shownin Fig. 4.39. It
can be seen that the dissipation is zero for V_ =0 and increases as V, increases and there is a
value of V, for which dissipation is maximum. The maximum power dissipation can be computed
by differentiating Eq. (4.148) w.r.t. V_ and equating it to zero, i.e.

dPp _ 2_‘@;_% -
dv, ™R, 2R,
or Voo _ Va
TRy, R,
% V. = Ve (4.149)
m T ) C .
Putting this value of V_inEq. (4.148), we get the maximum power dissipation as,
Vg (4.150)
Pp,max = TCZRL

The efficiency 1), at this value of V18 obtained as

n= ffl“— x100
Pdc
7 Vi 100%
~ 4 Ve
n 2Vee
| e (4.151)
= 50% ; ; e dieatie b a
It tanh . i ibarhas V illCl'@ﬂS@s bey()nd JVCCIJT, t‘h& ]-?OWLI dlelpdth dECI‘LaSeS
ing ¢ s e' seen from Fig. A.o;g t};;t ‘;iownz‘f ver, the non-linear distortion increases as we go towardsg
Sat,,. . clency increases to 78.070: SN
Hation which will flatten or clip the output wavefo

\ R BT, G e
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Fig. 4.55 Power dissipation of a class B output stage versus amplitude of the output sinusoid

Reducing Cross-over Distortion Using Class AB Operation

Although class-B Push Pull amplifier can provide high efficiency but the output waveform is
distorted due to the non-linearity of the input characteristics. The base current starts flowing
only after the base emitter junction is forward-biased by a voltage greater than the cutin
voltage V. This cross-over distortion can be virtually eliminated by operating the complementary
transistors @, and @, in class AB operation as shown in Fig. 4.56. A bias voltage Vyp is applied
between the bases of @, and @,. For v;=0,V, =0and a voltage Vip/e appears across the base
emitter junction of each transistors @, and @,. The value of Vpp/2 should be greater than ¥,

the cut-1n voltage. Another commonly used technique is to connect two diodes in series as shown
1n Fig. 4.56 (b).

I +Ve
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monolithic Power Amplifiers

The gcm‘l‘ﬂl purpose op-amp 7-11 can deliver about 100 mW of power which is not sufficient for
qost of the applications. A wide range of IC power amplifiers are now commercially available.
National Smnicondu‘ctoys produces two popular IC power amplifiers LM380 and LM384. The pin
wonfiguration, circuit diagram and typical applications are discussed.

LM380 Power Audio Amplifiers

The LM380 power audio amplifier is designed to deliver 2.5W (r.m.s) to a capacitively coupled
3.0 load. Figures 4.57 (a) and (b) shows the pin configuration and block diagram of LM380
respectively. It 1s available in a 14-pin DIP package. A copper lead frame used with the center
three pins on either side (3, 4, 5 on the left and 10, 11, 12 on the right) forms a heat sink. Thus
there is no need to use a separate heat sink for the audio amplifier. The internal schematic
diagram of LM380 is shown in Fig. 4.57 (c). _

[t can be seen that it has four stages: (i) PNP emitter follower; (ii) differential amplifier (iii)
common emitter and (iv) quasi-complementary emitter follower.

The input is coupled through inverting input terminal (pin-6) and non-inverting input terminal
(pin-2) to emitter follower stages composed of PNP input transistors @,; and @,. The output from
@, and @, drives the PNP @,-Q, differential pair. Transistors 5 and @, constitute the collector
loads for the PNP differential pair. The current in the PNP differential pair @;—@, is established
by @, Ry and V. The transistors @, and Qg form the current mirror and establish current
in @, which forms the common emitter voltage gain stage. The output of the differential pair
@:-Q, is taken at the junction of @, and @; and is applied as input to CE voltage gain stage.
The capacitor C (10 pF) between base and collector of & provides internal compensation and
establishes the upper cut-off frequency of 100 kHz at 2W for 8Q loads. As @--@g form a current
mirror, the current through diodes D, and D, is same as that through R;. The output stage
5 a quasi (false)-complementary pair emitter follower formed by transistors @,, and ng- _In
fact, the combination of PNP transistor @;; and NPN transistor @ has the power capability
of an NPN transistor but the characteristics of a PNP transistor. The diodes D, and D, are

Used to minimize cross-over distortion. The resistors R and R, are used for current limiting.
hed at Vi/2 by resistors Ry and R;. To decouple the

a by-pass capacitor of the order of micro farads should
and ground (pin 7).

The quiescent output voltage is establis
‘put stages from the supply voltage Vie, )
tonnected between the by-pass terminal (pin 1)
Some of the important features of LM380 are listed below:

) Internally fixed gain of 50 (34 dB)
) Wide supply voltage range (5 V to 22'V)
?.HJ High peak current capability (1.3 A max.)
) Low total harmonic distortion (0.2%)
(\_’J Output automatically self-centering to one-half of t_.he_ ts'upply voltage
(‘?) Output short circuit proof with internal thermal limiting
") High input impedance (15° k&)
put impedance (15 ‘ '
biii) By of 100 kHz at an output power of 2W and a load of 89. | o
Anothey commonl d audio power amplifier is LM384. The internal diagram is similar to
monly used ¢

i of LM380 except that it 18 designed to deliver 5W power output.

Chapter 4
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By-pass | 1] - 14 +V _—
2 o
Non-invertiing r-_"} @ NG
mmn 1
Non-inverting 2
d e input © * 14,
- LM 380
GND" LtM380  [11] >'GND | | >‘\<>v§
G Inverting _ 3,4,5,
gt 7 10,1112
L5, ©
inverting 571 9| NC Eraiing Moot
input 3
Ground [7] j v k

14-pin DIP packet
(a)

Current mirror

‘._O—l
Inverting
“~" input Q, Q
- \ 5 Non-inverting
(6) S Q, "+ input
R N . (2)
1)
i
1
1o |
150kQ< R, | ¢ :
é : 3 i Ré 150 kQ
: Slave LN ’ : o
: Current ! Groundl s
b mirror . 3.2 l 1"“
' : ‘ at- slnk‘)
b e o e o g l h
I e (7)
Ground
Fig. 4, 2
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Applications

The most 1“13i_C appllcatloq of LMBSO 18 i'ts use as an audio power amplifier. The IC can be used
poth in in\'p'rt.mg z.md non-llnvertnnlg configuration. Figure 4.58 (&) shows fte-uza in non-inverting
node. The inverting te'rmmal (pin 6) can be either started to ground, left open or returned to
round through a resistor or a capacitor. The ca

g : pacitor C, is used to cancel the effects of
inductance 11 the power supply leads. A lag compensating RC network is usually used at the

output terminal (pin 8) tf) e.h'minate 5 tQ 10 MHz oscillations especially in RF sensitive environment.
The gain of LM380 is internally fixed at 50 but it is possible to get the gain increased up

10300 using positive feedbapk. Figure 4.58 (b) shows LM380 used in the inverting configuration
using positive feedback to increase the gain.

+V=15V

C
V, L
- Mg > o * I 8-0
500 uF speaker
: [
o— -
37 27Q SR ')
- 0.1 uF:I:C
(a) ;
+
Voul
VII'\ o 8“)
speaker
.H- f
s
B | MQ
24pF T 2150 1

Fig, 4.5g (a) Audio power amplifier using LM380 (b) Use of positive feedback to increase gain
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LM380

O.ZEHF]
Y14
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27TQ2R

03,7

0.1 uFEC

i 8-Q
500 pF Speaker

Fig. 4.59 Audio power amplifier with variable gain

Bridge Power Audio Amplifier

It 1z also possible to obtain variable gains up to 50 b
Input terminals as shown in Fig. 4.59.

If more power is required than two LM380s ¢
m Fig. 4.60. The maximum output voltage

therefore the power delivered to the load will be
Ry should be used to balance the output offs

y using a potentiometer across the two

an be used in the bridge configuration as shown
swing will be twice that of a single LM380 and
four times. For better performance, a potentiometer
et voltages of the LM380s,

Fig. 4.60 M350 used in b
(Rand Cfor sta

ridge configy

R ration to provide more power
bility with high-curren F

t loads.)
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LM350 as Intercom System

\ smple :n‘ld mexpensive H’ltitfrcnm system can be made by using the LM380 as shown in
pig. 4.61. The speakers used in this figure are }JL‘l'm:lImnl:-mugnul; types and hence act as
picrophones as \\:011. The talk and listen modes are defined with reference to a master station.
when the switch 18 in the talk position, the master speaker acts as the microphone [see Figure
161 @)]. On the other hand, when the switch is in the listen mode the remote speaker.acts
asthe microphone [Figure 4.61(b)]. In either position the overall gair,l of the circuit is the same
ond depends on the turns ratio of the transformer 7'as well as the internal gain of the LM380.
For example, if the turns ratio N,/N, =20, the overall gain of the circuit will be 50 x 20 = 1000.

However, the internal gain of the LM380 can be controlled with the use of potentiometer R..

>—

+V=+15V
Listen
sw 2
VOiCE_, TR i Listen Shielded
in Talk i T Rir i cable -
Master i N, H N, 2 MQ l =
speaker ; 6 | =
1 ‘ -
l I Remote
i 1 speaker
| :
L e )
(a)
+V=+15V
~N
- Listen
- = | Voice
1 .
Master s0uF 1 Talk *+ in
Speaker : 1L
! Remote
: speaker
l
1

— - ———

systems using the LM380: (a) Talk mode, (b) Listen mode

Fig. 4.61 Intercom

Siren/ Alarm using LM380 Power Amplifier

A'sireyy . o LM380 power amplifier, as shown in Fig. 4.62. The
ned using Ldvic 2 ;
‘1455;i lia;rm ds ys{,em can beod:;l;ing of op-amps A, and A,. The output of A, is square wave
lle the oitpuil ?Il-‘aqlspdc triangular or sawtooth waveform. The switch SW1 connects the
uv o 9 15 ¢

Ntputg of A, and A, to the LM380 audio amplifier. Only one output at a time, either of A, or
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{, gets connected to LM380 with the
M < r . )
eaker. The potentiometer R,
pvel. The sound level depends upon the
level.

Operational Amplifier Applications

help of switeh SWI The LM380 drives the 8, 1 W
-connected at the

mput terminals of LM380 controls the sound
switch position, R, anc

.. . I capacitor C;. Thus varying
ound intensities can be obtained. - e ’ Y
Rt

GUMMARY

1.

| B

[

wr

-1

10.
11,

12,

15,
16,
17,

18,
19,

20,
21,

. Op-amps can be used for amplifyin

An op-amp can be used to perform mathematical operations such as scale changer,
addition and subtraction.

An op-amp can be used as a phase 1a
as constant dealy filter. The dealy
Therefore, these are also called Al

g or phase-lead circuit. Such a circuit is also used

1s introduced without change in the gain magnitude.
l-pass circuits,

mplifying low level signals which are obtained
by sensing with a transducer in the measurement of physical quantities like temperature,
water flow ete.

g both ac and dc inputs. A capacitively coupled amplifier
is used for amplifying ac signals only.

V-to-I converters are useful in low voltage dc and ac voltmeters, LED and zener diode
testers.

I-to-V converters are used for testing photo devices.

. A diode in the feedback loop of an op-amp behaves as a precision diode as its cut-in voltage

gets divided by the open-loop gain of op-amp.

A precision diode may be used for half-wave rectification, full wave rectification, peak-
value detector, clipper and clamper. ‘

A sample and hold circuit samples an input signal and holds on to its last- sample.d value
until the input is sampled again. This circuit is used in analog to digital interfacing and
pulse modulating systems.

Op-amp may be used to perform functions such as In, log, antilog, multiply or divide
Signals. . : : 7 7
A typical multiplier produces an output V, which to propqrho_nal to two mput_:? Vi &V,
or V, = kV, V,, where K is the scaling factqr usuglly maintained as (1/10)V-1. .
Qudrant is used in multiplier circuits for bipolar 1pp11t signals. F1‘rst quqdrant device
accepts only positive input signals, two quadranF device accepts one blp(ilal‘ flgﬂﬂl and one
unipolar signal and the four quadrant multiplier can accept two bipolar signals.

- Alogarithmic multiplier has low accuracy and high temperature instability. This multiplier
14,

¢an be used only as one quadrant-device. . o T N
A Gilbert Multiplier cell is a modification of the basic emitter-coupled differential pair and
adr: iplication. o
%‘]}:eb four ?uddlidnt mliltl't;lll)'llf'alc is AD633 that provides four-quadrant mutliplication.
e typical analog multiplie 120k ' iy , !
The .yp’ Sk ,B, tor and differentiator are useful for signal wave sh lp.mg. .
[ 2D IDLSERSL . differentiators for analog computers as the gain of integratoy
dr;i%rators a:}? pre:f;ﬁg;;:;quency and hence signal to noise ratio of integrator is higher
eases with increas _
th?)n that of dli‘i}'greptiatzg- as the output stage of any electronic system so as to supply
ower amplifier 18 used ¢
arge current and power to the l(md.v i
e Byt "0 Had . .
A power amplifier is des{{’im'd t::\,[::iw highest conversion efficiency !;0 amaximum of 75%.
Aclass B3 PSSh Pull m'np(}]fie:op:he cut-in voltage effect and can be eliminated by opey
r08s over distortion 1s due , .
s e AL operation. _ _ '
anUSh pull ampllilerlif&/lbg’g’g ﬁt?d IIJM 384 with in built heat sinks are available.
Power amplifiers,

de high power conversion efficiency.

ating
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4.1.

49

4.3.

4.4.

ot 2
4.10.
4.11.
4.12.

4.13.
4.14.
4.15.
4.16.
4.17.

4.18.
4.19.
4.20.
4.21.

4.22.
4.23.

4.24.
4.25.
4.26.
4:217.

4.28.
4.29.

REVIEW QUESTIONS

Show with the help of circuit diagram an op-amp used as (i) scale changer, (i) bhae
shifter. (i11) inverting adder and (iv) non-inverting adder. Draw an op-amp circuijt Who;;
output is V; + V, = Vy — V. '
Draw and explain the working of a phase lag circuit. How to get a phase lag of 9¢»
Derive the magnitude and phase response of a phase lead circuit.

What is an instrumentation amplifier? Draw a system whose gain is controlled by s
adjustable resistance.

. Explain the difference between the dc and ac amplifiers.

Draw and explain the operation of an ac voltage follower having very high inpu
resistance.

7 Draw the circuit of a voltage to current converter if the load is (i) floating and (1)

grounded. Is there any limitation on the size of the load when grounded?

Draw and explain the operation of a current to voltage converter. If 741C is used, what
is the lowest value of current that may be measured?

Discuss applications of (i) V to I converters (ii) I to V converters.

What is a precision diode?

Draw the circuit of a full-wave rectifier and explain how it gives the average value.
Name the circuit that is used to detect the peak value of the non-sinusoidal waveforms
Explain the operation. :

Draw a sample and hold circuit. Explain its operation and indicate its uses.

ae,
Draw the circuit of a clipper which will clip the input signal below a reference voltag

Draw the circuit of a log amplifier using two op-amps and explain its operation:
Indicate how two analog voltages are multiplied using log-antilog amplifiers.

Draw the circuit of a Gilbert Multiplier Cell. Explain its analysis and show th
be used as a four-quadrant analog multiplier.

Explain a Variable Transconductance Multiplier with neat diagram.
Draw the pin diagram of IC AD633.

Explain how to get the square and square root of the given analog signal. - cuib of §
he ¥

at it ca

What are the limitations of an ordinary op-amp differentiator? Draw t
practical differentiator that will eliminate these limitations.

Draw the circuit of a lossy integrator showing initial conditions. p]i(‘-ﬂtia"
‘ yigw . . A

Explain the difference between the integrator and differentiator and give 0n€ ¥

Of eaCh- Computer.

Show the symbolic representation of the building blocks used in analog .
Explain why integrators are preferred over differentiators in analog computer
What is the difference in a voltage and power amplifier?

Classify amplifiers on the basis of position of quiescent point (Q) on
Why is class B Push Pull amplifier used as the output stage?
Explain “Cross-over distrostion” and suggest ways to climinate it.

i loﬂd [ineé-



Operational Amplifier Applicatio

sROBLEMS .

B Find V, in the circuit shown in Mg, P41
if Rg=10 kQ, R} =2 kQ and R, =5 kQ,

@) Find R, and R, in Fig. P4.1if V isthe g R _\
average of V; and V, and R, = 10 kQ. 1 2 -

1.1

12. Calculate V, for the circuit of Fig. P. 4.2. for ' )
Vy=b6V, Vp=2V. i -
3. () InFig. 4.2 (@), V;=01V,V,=02V,V, Y T T
=03V,R =4kQ R, =3kQ, Ry=1 Fig. P. 4.1
kQ, R; = 4.7 kQ. Find output voltage V.
@) The circuit of Fig. 4.2 (b) 10 kQ 10 KQ
is to be used as an
averaging amplifier with 10 kQ
the following specifica- \ el v,
tions: V; =V,=15V, Vy | /
=3V,R,=R,=R;=R I_ V,
=15 kQ, and V, = 5V. . a5
Determine the value of Ry. Fig. P. 4.2

14. Explain a variable transcon-
ductance multiplier.
45. Draw the pin diagram of IC AD633.
46. In the circuit of Fig. P. 4.4, it can be shown that

Vo=a Vi +tasVy+tagVs
Find the values of a;, a; and as. Also find the valu
(ii) R, removed (iii) R, is short circuited.

e of V, if (i) Ry is short circuited

R
7 - . Show that V, = =2(V, -V,
17. Figure P. 4.5 shows a diff-amp with double ended output. Show that ¥, Rl( 1= Va)

where Vo = V4 . V3.

R
Y — v > R, R,
V, o—vWWWWY ]
v Ve Y
1 - o
R, W + = oV,
R4 l
V NV
RJ ! R| Rl
V, Fig. P. 4.5

Fig. P. 4.4

Chapter 4
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Linear Integrated Circuits

- ‘ ‘ - Cn Y 4.6 verily that,
1.8, For the mstrumentation amplifier shown in Mg, [?. 4.6 verily

R, 2R,
r = 1+ =242 (W, -V
Vo L *.Rl R }( & T

R,
_[_\‘\’\,\’_1

Vlo—_+

L— oV

Fig. P. 4.6 R

9. In a peak detector of the type shown in Fig. 4.13

(@). C=0.01uF, v; =2V pp square wave at 1 kHz. vz=ot
Draw the approximate output voltage waveform. CI—— N V
Assume R; for the diode = 100 Q.

4.10. In the circuit shown in Fig. P. 4.8. input is a sweep
voltage v; = at. Show that the output

’

UO:—aR'C—OLRt. Fig. P. 4.8

4.11. The input v; to a differentiator of Fig. 4.21 (a) is v.(V)ﬂ
shown in Fig. P. 4.9. Find the output v, if R;=2
kQ and C, = 0.1 puF.
2. In the integrator of Fig. 4.23, find the output v,

if Ry =10 kQ, C; = 0.02 uF, v, (0) = 0, and the
input voltage is,

Ha
1‘;—1
o

v; =4 cos 101 ¢ + 1. ° & ik i
3. Find the gain in dB of the lossy integrator of Fi Rl B 59
nd the gain in dB of the lossy integrator of Fig.

4.25 (a) if R¢=10 kQ, R, = 1 kQ, C; = 0.01 pF,
for (@) =0, b) w = 10,000 rad/s.
4. Find R; and R, in Fig. 4.25 (a) so that the

peak gain is 20 dB and the gain is 3 dB down

from its peak when f = 10,000 Hz. Use a

R
L__ AN ——T—— AAAMN—]
capacitor of 1 nF. S
R

N
[
[y

5. Prove that the circuit shown in Fig. P. 4.13 is

a non-inverting integrator with v, = 735 v; dt.
An op-amp is used as an adder-integrator for

two 1nputs V| and V,. Two supply voltages w

+ 10V and -10 V are available to allow for an

4.16.




mitial output voltage whiely .
using ganged switchoes S0 that .il ¢ anywhere e
i) : ) ‘

lween -6 v ]
‘ . =~ Vand 45 V. Indie
the integration takes place Position 1, the :

10 ke2

117. Find the transfer function v,/v: of
) l 1
the circuit shown in Fig, P, 4 15

Fig. P. 4.15

118. Find the differential equation satisfied by

a, b). the output X in the circuit of Fig. P. 4.16

1 y 1
oy —o X f b}>i 1 1
a —O
’—— X
3

(a)

(b)
Fig. P. 4.16

119. Set up a computer simulation to solve the differential equation,

2
ii—£+2v—5sinu)if =0
dt?

where, v(0)= —1 and v(0) =0

Simulate also the input sinewave.

EXPERIMENT 4.1

To demonstrate the operation of an inverting summing amplifier using 741 op-amp.

PROCEDURE

1. Connee S in Fig. E. 4.1 (a). _
; (S:ionnn(.'(;t. the CIli(l:ulxio?;sz}Sl:ivgll; to have two signal generators for one experiment, op-amp
+ dince it is usually §

) <ionals v, and v, shown in Fig. E. 4.1, (a). In

I8 URE T ¥ ower to give L b.lgnq - 1N . . rlve

ih]'{a used qt; a tvoltzlig,gjfl;ignqls v, and v, will be equal. Set the signal generator to give
18 case, the two 1n : -

peak-to-peak voltage of 1V at 100 Hz. RO. The output should be

3. Measure the output voltage Uo using a
R
v, = — .{if.yz — ——[—Ul
© R2 Rl

Operational Amplifier Applications 338

s ite the system
mtial condition is set and in position 2,
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Linear Integrated Circuits

4. Observe the waveforms vy, vy, and v, _
5. Note the phase of the output voltage v, with respect to input volt.age. '
6. If it is desired to add unequal voltages, use op-amp 1 as a non-inverting amplif;,, .

shown in Fig. E. 4.1 (b). For the values chosen, the gain of the non-inverting amplif,

will be 2.

Signal Vi
generator o 3 V2
1 27kQ
27kQ
i
Fig. E. 4.1 (2) An inverting Fig. E. 4.1 (b) Op-amp ‘1’
summing amplifier connected as non-inverting amplifier

7. Set the signal generator to give 1 V pp sinewave at 100 Hz.

8. Repeat step 3, 4 and 5.
EXPERIMENT 4.2
To demonstrate the operation of a Practical Differentiator.
Design Aspects 0.001 uF(C,)
Practical Differentiator |
In Fig. E. 4.2 the resistor R, reduces the high | R
frequency noise and capacitor C; helps in suppressing c 5 kQ
oscillations. The circuit will provide reasonably b '
accurate differentiation upto a frequency f2» where, 500 Q 0.01 pF

— 1 S.i nal
= SARC. Hz  [see Eq. (4.71)] %@ gonerator

The values of R, and C; should be chosen so that ¥ ¥

fy = 10 f, where, Fig. E. 4.2 A practical differentiatof
fo= e [see Bq. (4.74)]
2nR,C, T

and R\C, = RC,

) . : i w
For the given component values the highest frequency fo OF fuax up to which circuit

provide accurate differentiation is,

f' = _'"l_"= 1 3
a 2TCRiC1 21 x5 x 103 x .01 x 10-6 3.18 kHz

Thus, if we give an input signal of frequency 3 kHz, i.e.
If v;i(t) =1 sin 21 3000¢



N L T T RS

|

Operational Amplifier Applications Ez,fw

Then, v, = —chl-gt—i

=-5x10" x .01 x 106 <(1sin 213000¢) = _( 94 cos 2r 3000
' . dt |
The output waveform is also sinusoidal but it lags input by 90°. Note that the input
frequency has not changed, but the amplitude has. The output amplitude of a differentiator 1s

directly prop_ortional. to the input frequency, thus, if input frequency is changed to 1.5 kHz, the
output amplitude will be half the present value.

PROCEDURE

@i Connect the differentiator circuit shown in Fig. E. 4.2. Adjust the signal generator to
produce a 5 volt peak sine wave at 100 Hz.

(@) Observe input v, and output v, simultaneously on the oscilloscope. Measure and record the
peak value of v, and the phase angle of v, with respect to v;.

(@) Repeat step (i) while increasing the frequency of the input signal. Find the maximum
frequency at which the circuit performs differentiation. Compare it with the calculated

value of f,.

C,(.001 pF)
|L

R,(5 KQ)

500 Q

Signal
generator

ul]l

Fig. C. 4.2 (a) Pra&ical differentiator redrawn for PSPICE program

Computer Program 4.2

The cireuit of a practical differentiator shown in Fig. E. 4.2 has been redrawn in Fig. C. 4.2
(g) where various terminals have been numbered for writing the PSPICE program. The program
!'Hting is shown in Fig. C. 4.2 (b) and the output waveforms for a sinusoidal input of 3 kHz
*thown in Fig, C. 4.2 (c). It may be noted that the output is plotted after several cycles of the

"put has passed through to achieve steady state results.

Fi p
*'9- C.4.2 (b) Program Listing
Practica) Differentiator-sine wave input

i**

* ~ 3 2

* Circuit Description

. x %k Kk X %k K k X XK K X K
MER ko ke d R TR E RS

£y

e N e
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______________

10\" ."“‘“'-'; ______________________________
1 <
i / vus(
\ (Input) _V(5) (Cutput)
05V
\
|
1
|
0 V—}I
1
1
|
1
]
-0.5V—
-1.0V

[V(6)=input; V(5)-output]

Fig. C 4.2 (c) Input and output waveforms of a practical differentiator

RI 6 1 .5K
Ct 1 2 .01yF
RF 2 5 5K

CF 2 5 .001pF

*  Op-amp analysis
X1 0 2 3 4 5 pA741
. LUB EVAL.LIB
*  Power supplies
VCC 3 0 DC 15V
VEE 0 4 DC 15V
* Input signal source
Vi 6 0 sin (0 1V 3kHz)

*  Qutput
.TRAN 6ps 6600ps 6000ps .001ms
PROBE 100 kQ (Ry)
"END ———— AAAMA——
EXPERIMENT 4.3 0.01 (uF)
To demonstrate the operation of a Lossy (C)
Integrator.
10 kQ 2
Design Aspects o - 6 | ot
1
Figure E. 4.3 (a) shows a lossy inte- Vi Function 2 e
grator designed in Example 4.4. q generator
The resistor 1, (100 kQ) is connected
across the 0.01 pI capacitor to prevent v =

the amplifier from saturation due to the

presence of any de offset in the input.
Choose I ;C ;= period of the signal to

be integrated = 1/f, and ft; = 10 R,
For [ < [,, the circuit behaves as an inverting amplifier and output is given by

Fig. E. 4.3 (a) A Lossy integrat®f

o



Operational Amplifier Applications

For f > f, the circuit is an integrator and output is

1
Us = Rle J.vi dt

PROCEDURE

@) Connect the integrator circuit shown in Fig. E. 4.3 (a). Set the function generator to
produce a square wave of 1 V peak-to-peak amplitude at 500 Hz. View simultaneously
output v, and input v;.

) Slowly adjust the input frequency until the output is a good triangular waveform. Measure
the amplitude and frequency of the input and output waveforms.

(i) Verify the following relationship between R, C; and input frequency f for good integration

1
> =
f>f R.C,
() Now set the function generator to a sine wave of 1 V peak-to-peak and frequency 500 Hz.
Adjust the frequency of the input until the output is a negative going cosine wave. Measure
the frequency and amplitude of the input and output waveforms.

Computer Program 4.3

The circuit diagram of the Lossy Integrator designed in Example 4.4 has been redrawn in Fig.
C.43 (a) with various nodes numbered for writing the PSPICE program. The program listing

s shown in Fig. C. 4.3 (b). The response of the R(100Kk)
arcuit for sine wave, step input and square wave = WM ey
lnput have been shown in Fig. C. 4.3 (c).
: o C{10nF)
'9.C. 4.3 (b): Program Listing { (
TEX KK K & K % ok k % ok K K ok K K K K K K K K X 3(+Vee)
¥ R1
" A Lossy Integrator ;
R1 12 0K (10 k)
RF 2 5 100K @ @
. 25 1onF
"amp analysis 4
-V
10234 5 ,a741 .=.-@ el
' b';lB EVALLIB .
WEr suppli ircui
Ve %phegc sy Fig. C. 4.3 (a) Circuit for Program 4.3
v Y€ 0 4 pC oy

sznelwave input
' 0 sin (0 1V 5Khz)

Putp"'t for sinewave input
SMS 2.5ms 2ms .001ms
Wave Input
Outp 0 PULSE (-1v 1V Oms Oms Oms .1ms .2ms)
4 ok fc;r Square wave input

£is

Etep It Sms 4ms .001ms
* o O PULSE (0v 1V 0ms oms Oms 1ms 1ms)
% -TRAUI for step input
‘pROBEN 2us 3ms Oms .001ms

ENp

Squa
Vg

~ - o > -

.
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05V

SIS FRE

{0V ~~—m—————- ———e - — o e N e e e ————— 4
20ms 2.1 ms 2.2ms 2.3 ms 24ms 25ms
Ti
[V(1) input, V(5) output] ™)

20V rommmmmmm oo P e ey Ry

| : : : :
DY e o o= e e P g |
S0 ps 100 ps 150 ps 200 ps 250 us 300 ps
[V(1) input, V(5) output] Time
(i)
1.0V [ ........................................... |
| V(1 1
|
0.5 v1’ V(5)
|
|
|
I
0 v—{
|
|
|
05V -3
I
|
T | J
1.0V — L1 T
40ms 42ms 44 ms 46 ms 48 ms 5.0 m
[V(1) input, V(5) output) Page 1
(iii)

Fig. C. 4.3 (c) Response to (i) Sine wave input, (ii) Step input, (iil) Square wave input

4



COMPARATORS AND
WAVEFORM GENERATORS

[ INTRODUCTION f ' 1

An operational amplifier in the open-loop configuration operates in a non-linear manner. There
are a number of applications of op-amp in this mode, such as, comparators, detectors, limiters
and digital interfacing devices namely converters. In this chapter, we shall discuss comparator
and its applications.

23 coMPARATOR i

A comparator is a circuit which compares a signal voltage applied at one input of an op-amp
with a known reference voltage at the other input. It is basically an open-loop op-amp with

output £V, (= Vo) as shown in the ideal transfer characteristics of Fig. 5.1 (a). However,
2 commercial op-amp has the transfer characteristics of Fig. 5.1 (b).
A ]
A V° £
+Vsat —
10
| > : >
0 (V| — Vref) 2 1 2 (VI = Vrar) mV
"'V531 ;12-_ o
(b)

(a)
Fig. 5.1 The transfer characteristics (a) Ideal comparator (b) Practical comparator
. 5.1 The

e lace with an increment in input
. the output state takes p _ \
in th region where output cannot be directly defined. This
d off-set null compensating techniques can be used
types of comparators:

é; May be geen that the change 10
e :only 2 mV. This is the uncertainty

gm’n 18 due to input off-set voltage an
Ehminate this. There are basically two

Ul



Linear Integrated Circuits

Non-inverting comparator
Inverting comparator.

The circuit of Fig. 5.2 (a) is called a non-inverting comparator. A fixed reference volty
= . : . s X c . y . ‘ JILapa
Vier 18 apphied to () mput and a time varymng signal v, 1s applied to (+) input. The ”Utpﬁi
voltage is at =V, for v, < Vi And v, goes to + Vg, for v; > Vier- The output wavefopy, for
a sinusoidal input signal applied to the (+) input 1s shown in Figs. 5.2 (b and ¢) for POSitiy
¢

and negative V; respectively.
Vi A

Vi A .

Vo I

Vref i

ov

+Vsat +V

sat
ov Y,
-V

=
.

sat [~ — i
f Vsal I —

\Y

= 10 kQ
(d)

Fig. 5.2 (a) Non-inverting corpparator. Input and output waveforms for (b) V¢ positive
(€) Ve negative (d) Practical non-inverting comparator

In a practical circuit V,,is obtained by using a 10 kQ potentiometer which forms a voltag®
divider with the supply voltages V™ and V= with the wiper connected to () input terminal 8%
shown in Fig. 5.2 (d). Thus a V,;of desired amplitude and polarity can be obtained by simplf
adjusting the 10 k€ potentiometer.

Figure 5.3 (a) shows a practical inverting comparator in which the reference volta&® o

is applied to the (+) input and v; is applied to (-) input. For a sinusoidal input S‘g‘“ﬂ' t:{e

output waveform is shown in Fig. 5.3 (b) and (¢) for V,; positive and negative respecti® ?‘:
Output voltage levels independent of power supply voltages can also be obtained ¥

using a resistor It and two back to back zener diodes at the output of op-amp a8 show™

o



Comparators and Waveform Generators

Fig. 9.0 (d). The value of resistance R is chosen so that the zener diodes operate at the

wcommended current. [t can be seen that the limiting voltages of v, are (Vi + Vp) and
(Vg t V) where V), (~0.7 V) is the diode forward voltage. - ’ ‘

In the waveforms of Figs. 5.2 and 5.3, the output transitions are shown as taking place
instantaneously. Practical circuits, however, take a certain amount of time to switch from
one voltage level to another. The actual waveform will therefore exhibit slanted edges as well
a2 delays at the points of input threshold crossing. These effects are more noticeable at high
frequencies where the output switching times are comparable or even longer than the input
period itself. Thus there is an upper limit to the operating frequency of any comparator.

If 741, the internally compensated op-amp is used as comparator, the primary limitation
is the slew rate. Since 741C has slew rate equal to 0.5 V/us, it takes 2 x 13/0.5 = 50 ps (V,
=+]13V for 741) to swing from one saturation level to the other. In many applications, this

|
nl}!

(a)

=

! )
| I 1 1
L Lo !
vk I
o L Vol 1
o | I : I
o I | |
! ! 1 1 | \
Lo L P
n\u(° \ : : v<I-V :
| :V. <me : : $y 1 Vel :
SR M
+Vu| — Ve -
Oy > oV
t
..vw |
V\ —Viat
V'> le vl>_ le
(b) (c)

) . mparator. Input and output waveforms (b) V¢ > 0
Fig. 5.3 ((ca)) ;"Vef'gg(g)o Cgmparator with zener diode at the output ’
ref
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18 too long. To decrease the response time, it i8 possible to use uncompensated op-amp, ,,
as 301, for comparator applications. ich

Although uncompensated op-amps make faster comparators than compensated Op-am,
there are applications where even higher speeds are required. Also, for interfacing, it j, r,f::
desired that the output logic levels be compatible with standard logic families such g4 T'f?
CMOS. ECL. To accommodate these needs, monolithic voltage comparators are aVaiIah;.'
Some of the comparator chips available are the Fairchild pA710 and 760, the Nationy) I:[
111. 160 and 311. The response time for 311 is 200 ns whereas 710 is a high speed COmpara;:
with a response time of 40 ns. CMOS comparators are also available. Some exampleg arJ:

TLC 372 dual, TLC 374 quad (Texas Instruments), MC 14574 quad (Motorola).

5.2.1 Applications of Comparator

Some important applications of comparator are:

Zero crossing detector
Window detector

Time marker generator
Phase meter.

Zero Crossing Detector

The basic comparators of Figs. 5.2 (a) and 5.3 (a) can be used as a zero crossing detector
provided that V. 1s set to zero. An inverting zero-crossing detector is shown in Fig. 5.4 (a
and the output waveform for a sinusoidal input signal is shown in Fig. 5.4 (b). The circut
is also called a sine to square wave generator.

ov i Y
N/

7

| 1 !
S L] s v
—
N
v, |+ : | !
1 1 :
- V, 4 : : \
1 | :
Vsal —
‘F |
ov :
t |
-V :
(a) sal (b) I
Fig. 5.4 (a) Zero crossing detector (b) Input and output waveforms
window Detector
two

Sometimes one may like to mark the instant at which an unknown input is b"’tween]wwi

threshold levels. This can be achieved by a circuit called window detector. FIgure ©o g, fi
a three level detector with indicator circuit. There are three indicators: Yellow (LY o
input too low (<3 V), Green (LED 2) for safe input (3-6 V) and Red (LED 1) for hig

(>6 V). They are turned on and off as indicated in Table 5.1.
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Table 5.1 Three level comparator LED specifications

T Input (volts) Yellow LED 3 Green LED 2 Red LED 1
Less than 3V On Off off
Between 3V and 6V off on Off
Greater than 6V off Off Oon

0V 49y
4.7 kQ 5.6 kQ
10 kQ2 N
(Red)
vV, 0———0—— [—+
741
6V -
LED2
g o Z]S(Green)

+
741
3V

S LED3
(Yellow)
10 kQ

VVAA7

R

-9V  47kQ 5.6 kQ

|1]II

II[I

Fig. 5.5 Three level comparator with LED indicator

Time Marker Generator

The circuit is shown in Fig.
by an RC circuit (RC << 1), 80 that the vo

5.6 (a). The output of the zero-crossing ‘d'etector is diffgrentiated
ltage v’ is a series of positive and negative pulses

vi4 l
AR (b)
N7 RA

Yol 1 - [ (c)
U =

N
VL\ k L (e)
0 t

jme marker circuit (b) Input waveform (c) Output v,

Fig. 5.6 (a()d ;Diﬁerentlated output Vv’ (e) Output pulses
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as shown in Fig. 5.6 (d). The negative portion is clipped off aftor pnssing through the digq,

and the waveform v;, is as shown in Vig. 5.6 (¢). So, with the help of this circuit, the “inlj;,; ]
has been converted into a train of positive pulses of spacing 1'and may he used for t ”Kgg,,iﬂi]
the monoshots, SCR, sweep voltage of CRT etc. "

Phase Detector
The phase angle between two voltages can also be measured using the circuit of Fig. 5.6 ()
Both voltages are converted into spikes and the time interval between the pulse spikeg Qf

one input and that of the other is measured. The time interval is proportional to the phas

difference. One can measure phase angles from 0° to 360° with such a circuit.

Example 5.1 _
(a) For the comparator shown in Fig. 5.7 (a) plot the transfer curve if the op-amp is an

ideal one and Vg = Vze =9 V. :
(b) Repeat part (a) if the open loop gain of op-amp is 50,000.

Solution
(a) Since Agp =, even a small positive or negatiﬁe voltage at the input drives the output
to =V,,,. This causes Vg, or Vs to break down, giving output voltage v, == (Vz t V)

— +9.7 V. The transfer curve is shown in Fig. 5.7 (b).
9.7VT
vi, mV

B R Z0.194 mV/[ 0.194 mV
VO
- 9.7V

—-9.7V
(a)

v

(b) (©)

Fig. 5.7 (a) Circuit of Example 5.1 (b) Transfer curve for Example 5.1 (a).
(c) Transfer curve for Example 5.1 (b)

(b) Now Agy, = 50,000, so Ay; = -2—57— = 0.194 mV. The zeners break down after £0,194 oY

L
as shown in the transfer curve of Fig. 5.7 (c).

7 REGENERATIVE COMPARATOR (SCHMITT TRIGGER)

iealia e

If positive feedback is added to the comparator circuit, gain can be increased greatly: QO“E;
quently, the transfer curve of comparator becomes more close to ideal curve. Theorf’u_ca. "
if the loop gain —Aqy, 18 adjusted to unity, then the gain with feedback, Avyg becomes 1 “tuut
This results in an abrupt (zero rise time) transition between the extreme values © e ftly
voltage. In practical circuits, however, it may not be possible to maintain loop-g&:# ex‘ilue
equal to unity for a long time because of supply voltage and temperature variations. 08 08

greater than unity is chosen. This also gives an output waveform virtually discon

o
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ot the comparison voltag
or backlash.

Figure 5.8 (a) shows such g reg
Trigger. The input voltage is appl
mput terminal. The input volta
voltage levels. These voltage leve]

e. This ecireui ‘ .
ut, however, now exhibits n phenomenon called hysteresis

‘elcliem'tive COll.lpamtor. The circuit is 21150 known as Schmitt
1ed to tl,m (=) input terminal and feedback voltage to the (+)

Ver — Vir These threshold voltages are calculated as follows.
Suppose the output v, = + V.

sa- The voltage at (+) input terminal can be obtained by using

superposition P
. VA N
Vor= ~etfa | RyVi ) -

This voltage is called upper threshold voltage Vip.

‘ As long as v; is less than Vi, the
output v, remains constant at +V_,,. When U; 1s just greater than Vur, the output regeneratively

switches to —V,, and remains at this level as long as v; > Vyy; as shown in Fig. 5.8 (b).
For v, = =V, the voltage at the (+) input terminal is,

Q of
Vl‘efR]. . RZVSB!Z ld .\7 v (5.2)

Vi =
“'" R +R, R,+R,

This voltage is referred to as lower threshold voltage Vir- The input voltage v; must
become lesser than Vir in order to cause v, to switch from —Vat to +V,;. A regenerative
transition takes place as shown in Fig. 5.8 (c) and the output v, returns from — e to #V._2
almost instantaneously. The complete transfer characteristics are shown in Fig. 5.8 (d).

VO
L oK
S | > sat x
(b) : Vrsf" N
0 : : Vur Vi ‘
: : kR '-Vnal
: ! :
v ! :
Ve @ i i _
l : !
: L Vi
0 VLT ; i Vral g
R I
‘ @ L T T
vV ‘ Yoo L
Ve b
(a) _ . : N E i
1 | »
(d) 0 VLT me E VUT V|
Ll

i for v increasing and
i tt Trigger (b, ¢) Transfer characteristics
ity Inverﬂr&gdité:lglsmg (d) Corr;posite Input-output curve -
]

ol
'4

\‘J
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AV
V"\" "\\\
- Vi
- - o _: :
e ‘ Viy +: ~~~~~~~~~~~~ T /
\ LU AN
Voo
: . m : : Vi =V, sinf
\ ]
! ‘ v, 4 i. 18in0) =Vl Vo,
‘ prm—
t
v _ L ‘
sat ——————— e o
(e) )

Fig. 5.8 (e) Schmitt Trigger used as a squarer (f) Shift 6 in the output waveform for I, = -V,

Note that V1 < V7,7 and the difference between these two voltages is the hysteresis widt;
Vg and can be written as

Y = XF _ — 2 RZ Vsat 4
1= Vur — Vi R+R, (5.3
Because of the hysteresis, the circuit triggers at a higher voltage for increasing signals
than for decreasing ones. Further, note that if peak-to-peak input signal v; were smaller than
Vg then the Schmitt trigger circuit, having responded at a threshold voltage by a transition
In one direction would never reset itself, that is, once the output has jumped to, say, +Vy
1t would remain at this level and never return to —Via- It may be seen from Eq. (5.3) that
hysteresis width V} is independent of Vier- The resistor Ry in Fig. 5.8 (a) is chosen equal
o R,||R, to compensate for the input bias current. A non-inverting Schmitt trigger &
obtained if v; and V. are interchanged in Fig. 5.8 (a) (Problem 5.10). The most important
application of Schmitt trigger circuit is to convert a very slowly varying input voltage 10
4 square wave output as shown in Fig. 5.8 ().

If in the circuit of Fig. 5.8 (a), Vier is chosen as zero volt, it follows from Egs. (6.1 and
(5.2) that A

- R? Vsat

Jo= V.. =
Vor i R, + R,

If an input sinusoid of frequency f = 1/7 is applied to such a comparator, a symme-trical
square wave 15 obtained at the output. The vertical edge of the output waveform however
will not occur at the time the sine wave passes through zero [Fig. 5.8 (f)] but is shifted
phase by 6 where ein 8 = Vi,y/V,, and V,, is the peak sinusoidal volt'age. 32

Special purpose Schmitt triggers are ctommercially available, T1-13, T1-14 and T1-13-
chips with totem pole output and V,;, = 1.7V, Vir = 0.9V are available. ;I‘he T1-132 P“Ck_ug-
is a quad two-input NAND Schmitt trigger, CMOS Schmitt triggers offer the advantag 5
high input impedance and low power consumption, Examples of CMOS inverting Schw
trigger are the CD40106B and 744C14.
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An imfj“\qmg :ip}?llt‘:\t‘u‘lfl 1‘\1‘ hysteresis i in the detection nnd counting of the zero-crossings
Jan arbitrary waveform if it is superimposed with mterference may of l’l f':':-( U("H{' ’;nm-‘h hi rhr;r
han the signal. | ) y qquency much highe

Consider the l‘g 5.8(g) where the clean signal crosses the zero mde n numbet @t timen
when corrupted with noise interference around each of the m’n'u C‘l:()HHl'n[.[ points wc’n re l,;'yin‘;;:
to detect. A simple comparator would change state at cach of the zero crossings. If h;;wcver
we know the expected peak-to peak amplitude of the interference, the prdbler‘rll is' solved b);
introducing hysteresis of appropriate width in the circuit as shOV\;n by Vi and Vi in Fig.
58 (). The hysteresis in the comparator characteristics thus provides anlelt:fective means of

rejecting interference.
Zero
crossings
Clean
: signal

Signal corrupted
with interference

A 4

—~

~V

Multiple
zero crossings

Fig. 5.8 (g) Illustrating the use of hysteresis in the comparator characteristics
as a means of rejecting interference

Example 5.2
In the circuit of Schmitt trigger of Fig. 5.8 (a), R,=100Q, R, = 5|0 kQ, V=0V, v, =1 V..
Pea -to-peak) sine wave and saturation voltage = £14 V. Determine threshold voltages Vi

dnd Vir.
SOllﬂ:ic}n

P

"om Kqs, (5.1) and (5.2)

100
= %14 =28 mV
UT ™ 50100
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e = et ¢ (w]d) m =28 mV
Vir 50100

Example 5.3

¥ 7 . - 7 ] VWrORL 3 ; -
A Schmitt trigger with the upper threshold lev (3\ \_l"l 0V and hyﬂtcrwgc \lvldlth Vy = 0.2y
converts a 1 kHz sine wave of amplitude 4V into a square wave. Calculate

the o
duration of the negative and positive portion of the output waveform. fe tims
Solution v, 4
Vie =0 2V |
Vg =Vip— Vi =02V : |
Sa, Vir=-02V Vu=02y/T %
In Fig. 5.9, the angle 8 can be calculated as X o 4 | Vit
-02=V_sin(r +6) =-V_ sin 6 = -2 sin 0 E
8 = arc sin 0.1 = 0.1 radian Vod HTale !
The period, T = 1/f = 1/1000 = 1 ms .
wT, =2z (1000) T, = 0.1 PE—— =
T, =(0.1/27) ms = 0.016 ms =¥
So, T,=T2 + Ty = 0.516 ms Fig. 5.9 Circuit for Example 5.3
and T, =T2 - Ty, = 0.484 ms
sdi SQUARE WAVE GENERATOR (ASTABLE MULTIVIBRATOR) i

A simple op-amp square wave generator is shown

oscillator, the principle of generation of square
In the saturation region. |

to the (+) input terminal

in Fig. 5.10 (a). Also called a free running
wave output is to force an op-amp to operate
n Fig. 5.10 (a) fraction B = Ry/(R) + R,) of the output is fed back
. Thus the reference voltage V., is Bu, and may take values as

—-—vvir Vod
Vsal e
VO
4l 2 \6 Bvut L -
—0
a / v
o + °
Vrd R‘i % 0 t
TC /
Vc T g "va e
pv, R v,
= = '—{_ ‘; Veal1-(1 +B)e-tmc]

(a)

(b)
Fig. 5.10 (a) Simple op-amp square waye generator (b) Waveforms
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£ BVert OF ™ BV The output is also fed back to the (-)
= s AEE T A : .

peans of a low-pass RC combination, Whenever input
T switching takes place resulting in a square wave
" <tates are quasi stable.

input terminal after integrating by
at the (=) input terminal just exceeds
output. In astable multivibrator, both
the

sider an instan ' 10 . ;
(Consider an mstant of time when the output is at +V,_ . The capacitor now starts charging

qowards +V through resistance R, as shown in Fig. 5.10 (b). The voltage at the (+) input
rerminal is held at +BV,, by R, and R, combination. This condition continues as the charge
on C rises, until it has just exceeded +BV,,, the reference voltage. When the voltage at the
() input terminal becomes just greater than this reference voltage, the output is driven to
_V.. At this instant, the voltage on the capacitor is + BV,,,. It begins to discharge through
R, that is, charges toward — V.. When the output voltage switches to —V,,,, the capacitor
charges more and more negatively until its voltage just exceeds —BV,.;- The output switches
back to + V- The cycle repeats itself as shown in Fig. 5.10 (b).

The frequency is determined by the time it takes the capacitor to charge from —BV,,, to
+pV,, and vice versa. The voltage across the capacitor as a function of time is given by,

Ue(t) = Vi + (V; = Vp)et/RC (5.4)
where, the final value, V;=+V,
and the initial value, V,=-BV,
Therefore,
Vet) = Vear + (= BViar — Vi) gt
i Ue(t) = Vige = Vegr (1 + B) €€ (5.5)

Att = Ty, voltage across the capacitor reaches BV, and switching takes place. Therefore,

v(Ty) = BVeat = Vsat - Veat (1+B)9_TIIRC (5.6)

After algebraic manipulation, we get,
1+ K m
T, = In—> L 45T

1 RC In 1_[3

This give only one half of the period.
Total time period

T = 2T, = 2RC ln-i—f% (5.8)

and the output wave form is symmetrical.
CJ"If R, = R, then p = 0.5, and 7 = 2RC In 3. And for R, = 1.16R,, it can be seen that
=2 RC

or 1
/o= 3RC
The output swings from + Vg t0 — Veatr 80,

v, peak-to-peak = 2 Vi (5.9)

A
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R=10 k()

R o
e A AAAA e YW
' (VI"VH) \\
| [ TN
| 741
gruseiopy = Rge V, / oy,
', Vel | VWA © 0 b
; X ERHOHI
z | v S ! |
=t 1 SR, V, ~(Vz+Vo)
| S
| L ) sb :EC=0.1 uF § R0k
| BV 3R & .
+ +r L ! e f !
(d)

(c)
Fig. 5.10 (c) Use of back to back zener diodes. (d) Asymmetric square wave generator

The peak to peak output amplitude can be varied by varying the power supply voltage,
However. a better technique is to use back to back zener diodes as shown in Fig. 5.10 (y

The output voltage is regulated to + (V; + Vp) by the zener diodes.
v, peak-to-peak = 2 (V; + Vp) (.10)
Resistor R_. limits the currents drawn from the op-amp to,

V... -V
Isc = sa;3 Z

(6.11)

sC

This circuit works reasonably well at audio frequencies. At higher frequencies, however,

glew-rate of the op-amp limits the slope of the output square wave.
If an asymmetric square wave is desired, then zener diodes with different break down

voltages V,, and V;, may be used. Then the output is either V,; or V,,, where V;, = Vo
Vy, and V,, = V,, + V. It can be easily shown that the positive section is given by,
(5.12)

T, = RC In 1B Ves/Voy
1-8
The duration of negative section T, will be the same as given by Eq. (5.12) with v, and

V,, interchanged.
An alternative method to get asymmetric square wave output is to add a dc voltage S‘i‘“ﬁ:
vo tag

Vin geries I, as shown in Fig. 5.10 (d). Now the capacitor C swings between the b
levels (BV,,, + V)'and (= BV + V). If the voltage source V is made variable, voltage
frequency conversion can be achieved though the variation will not be linear.

i34 MONOSTABLE MULTIVIBRATOR
: " e cipcult
Monoetable multivibrator has one stable state and the other is quasi stable state. The 1 i
18 U%f_ul fU}" generating single output pulse of adjustable time duration in l'esponszected
triggering signal. Th? width of the output pulse depends only on external components ‘?Ol.lbrﬂwr.
to the op-amp. The circuit shown in Fig. 5.11(a) is a modified form of the astable multiv!

 d
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Fig. 5.11 (a) Monostable multivibrator, (b) Negative going triggering signal,
(c) Capacitor waveform, (d) Output voltage waveform

4 diode D, clamps the capacitor voltage to 0.7 V when the output is at +V_,,. A negative going
pulse signal of magnitude V) passing through the differentiator R,C, and diode D, produces a
negative going triggering impulse and is applied to the (+) input terminal.

To analyse the circuit, let us assume that in the stable state, the output v, is at +V ;. The
diode D, conducts and v, the voltage across the capacitor C gets clamped to +0.7 V. The
voltage at the (+) input terminal through R|R, potentiometric divider is +pV_,,. Now, if
a negative trigger of magnitude V) is applied to the (+) input terminal so that the effective
signal at this terminal is less than 0.7 V, i.e. ([B V., + (- V)] < 0.7V), the output of the op-
amp will switch from + V_,, to — V,,,. The diode will now get reverse biased and the capacitor
starts charging exponentially to —V,, through the resistance R. The voltage at the (+) input
terminal 1s now —f V,,,. When the capacitor voltage v, becomes just slightly more negative
than —B V__, the output of the op-amp switches back to + V_,,. The capacitor C now starts
charging to + V_,. through R until v, 1s 0.7V as capacitor C gets clamped to the voltage.
Various waveforms are shown in Fig. 5.11 (b, ¢, d).

The pulse width 7' of monostable multivibrator is calculated as follows:

The general solution for a single time constant low pass RC circuit with V; and V; as initial

and final values is,

v, = Vg + (V, — Ve /RS (5.13)
For the circuit, V;= -V, and V; = Vp (diode forward voltage).
The output v, is,

Up = _Vaat ¥ (VD + Vsal) e~“RL (51'“

at t = T

Uy = = Bva'at (5.13)

Therefore,
b Rt DIRC
_ﬁ vsat = Vsat + (VIJ + ‘vwl)t‘
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After simplification, pulse width 7" is obtained as

7= RC 1n LHVnlVan)

1-p (1¢
where B = RJ(R, + Ry
If. V., > V, and R, = R, so that f = 0.5, then

T = 0.69 RC 317

For monostable operation, the trigger pulse width T shpuld be much- less than T the
pulse width of the monostable multivibrator. The diode D, 18 use_d to avpld mal_fmlctionin,
by blocking the positive noise spikes that may be present at the dlffere?nnatgd trigger inpy;

It mav be noted from Fig. 5.11 (b) that capacitor voltage v, reaches its quiescent valye y
at T" > T. Therefore, it is essential that a recovery time T’ —T be allowed tp elapse beforg
the next triggering signal is applied. The circuit of Fig. 5.11 (a) can be modified to achiey,
voltage to time delay conversion as in the case of square wave generator. The monostah)
multivibrator circuit is also referred to as time delay circuit as it generates a fast transitig
at a predetermined time T after the application of input trigger. It is also called a gating

circuit as it generates a rectangular waveform at a definite time and thus could be used t
gate parts of a system.

75 TRIANGULAR WAVE GENERATOR |
A triangular wave can be simply obtained by integrating a square wave as shown in Fig
5.12 (a). It is obvious that the frequency of the square wave and triangular wave is the same
as shown in Fig. 5.12 (b). Although the amplitude of the square wave is constant at Vg,
the amplitude of the triangular wave will decrease as the frequency increases. This is
because the reactance of the capacitor C, in the feedback circuit decreases at high frequencies.

A resistance R, is connected across C, to avoid the saturation problem at low frequencies as
in the case of practical integrator.

IJ\F}V\, | R,=10R,
_\/VV\/V——‘ s ﬂk V:’
e

11
1
(@)
\
» [3
ldm%
v
2
2
é o<

sat
Roomp r— T —’4
R,
-_

(a) : (b)
Fig. 5.12 (a) Triangular waveform generator, (b) Output waveform

» . . Fig
Another triangular wave generator using lesser number of components is shown! in P
5.13 (a). It basically consists of a two level comparator followed by an integrator. ¢

of the comparator A, is a square wave of amplitude + V.., and is applied to the
terminal of the integrator A, producing :

pack

a triangular wave. This triangular wave i8 1€
as input to the comparator A, through a voltage divider RyR;.

s T -

n\\\——\
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Voltago
A v:

+V_ f———— S

nnl

| ‘ P 5 ’ v +mep Pa
. = e 4t
g T~
| L5
—Vramp

R, s
t - ¥ «—T2—>
v

(a) (b)

Fig. 5.13 (a) Triangular waveform generator using lesser components, (b) Waveforms

sat

Initially. let us consider that the output of comparator A, is at + Vi, The output of the
integrator A will be a negative going ramp as shown in Fig. 5.13 (b). Thus one end of the
woltage divider R,Rj 1s at a voltage + V., and the other at the negative going ramp of A,.
it a time ¢ = t;, when the negative going ramp attains a value of —Viamp the effective voltage
at point P becomes slightly less than 0V. This switches the output of A, from positive
ssturation to negative saturation level —V,,,. During the time when the output of A, 1s at
V' the output of A, increases in the positive direction. And at the instant t = t,, the
voltage at point P becomes just above 0 V, thereby switching the output of A, from =V, to
+V,,. The cycle repeats and generates a triangular waveform. It can be seen that the
frequency of the square wave and triangular wave will be the same. However, the amplitude
of the triangular wave depends upon the RC value of the integrator A, and the output
voltage level of A,. The output voltage of A; can be set to desired level by using appropriate
zener diodes. The frequency of the triangular waveform can be calculated as follows:

The effective voltage at point P during the time when output of A, is at +V,, level is given

by,
R % ]
—Vramp + RZ +2R3 [+Vsat - (-_ Vramp)] (5 18)
At t = ¢,, the voltage at point P becomes equal to zero. Therefore, from Eq. (5.18),
R2 [
~ Veamp = ~ —ﬁ; (+ Viar) (5.19)
Similarly, at ¢t = t,, when the output of A, switches from — Vg, to + Vi
=N, _ Ry -
Vramp = 7?—'—.3—(—‘/8“) - R3 (VSM) (5.20)
Therefore, peak to peak amplitude of the triangular wave 1s,
— R‘ZV
Vo (pp) = & vramp = (_vramp) =2 "ﬁ‘ sat (5.21)
3 :

The output switches from ~Vigmp 10 +Viamp 1N half the time period 7/2. Putting

¢ values in the basic integrator equation

&
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vpp)
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Putting the value of v, {(pp) from Eq. (5.21), we get

4R(C\Ry
R,

o

T =

Hence the frequency of osallation £ 1s.

r=1__ Bs
* TP ARCR, -

Therefore, the trangular wave oscillates between + 7V and — 7V.
Sawiooth Wave Generator

The difference between the triangular and sawtooth waveforms is that the rise tm:

meanguler wave is always equal to its fzll dme. That is, the same amount of gme is r=l‘=* T
t.'r:e *—"nmﬂar wave to swing from -V ___to+ V___asfrom + Vizmp © V. On the cib=
hand. the sawtooth waveform has unequal rise and fall dmes. That is. it may 1—}.—.5 many oo

ster than it falls negatvely. or vice versa. The triangular wave generator is as showe
g 5.14.

-

n'

*”’1

4 Voo
™
| nnn Rr C,

L | A A 1
’—"‘/ | o | 0.05uf
T e % 0,
®S A,

; !
| |
1 e %
o v Ve R mi j
B W ———— ~Ng {
Duty cydle adjust

Fig. 5.14 Sawtooth Wave Generator
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The triangular wave generator can be conve

- : ' rted into a sawtooth wave generator by applying
Lvariable de voltage into the noninverting te

i t 1 rminal of the integrator A,. This can be accompalished
ane the entiometer ; . i To o
by USINE the po Cr and connecting it to the +Vie and +V,, as shown in Fig 5.14.

"Depending on the R., setting, a certain dc level jg inserted in the output of A,. Now, suppose
that the output of A, is a square wave and the potentiometer R, is adjusted for a certain dc
ovel. This means that the output of A, will be a triangular wave, rising on some dc level that
is a function of thp R, settm_g. The duty cycle of the square wave will be determined by the
polarity and amplitude O_f this dc level. A duty cycle less than 50% will then cause the output
of A, to be a sawtooth. With the wiper at the center of R, the output of A, is a triangular wave.
For any other position of R, wiper, the output is a sawtooth waveform.-Speciﬁcally as the R,

wiper is moved toward —Vp, the rise time of the sawtooth wave becomes longer than the fall
time as shown in Fig 5.15.

4 Voltage

AN IVZ\N 7N I
TV TN

-_>Risetime*— T —

Fig. 5.15 Sawtooth waveform

On the otherhand, as the wiper is moved towards +Vg, the fall time becomes longer

than the pige time. Also, the frequency of the Sawtooth decreases as R, is adjusted towards +V.
or-y
EE

However, the amplitude of the sawtooth wave is independent of the R, setting.

E"a""Ple 5.4

Design 5 sawtooth wave generator for 10V peak and frequency of 200 Hz. Assume V; = 2V and
ref = 10V,

S‘)!Ution

The 'amp signal rises at a rate of 2V/ms. Therefore, choose a time constant of R,C to produce
a t . ¢
fime period of 1.0 ms,

(1
Let R, =10 kQ and C = 0.1 pF. We know that f = {R,C] v
2
Therefype o ___ﬂ_l_____,__[_-} = 200 Hz
Fore /= 10%10%(0.1x10 % {10

-

7y
|
©

- ol
o
©
o
W
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I5¢2] BASIC PRINCIPLE OF SINE WAVE OSCILLATORS

The basic structure of sine wave oscillators based on the use of feedback in amplifiers shoy

in Fig. 5.16. 1t consists of an amplifier with gain A and a frequency selective feedhack Nety, :.
(having inductor or capacitive components) with the transfer ratio 3. It may be noteg that r‘}f
loop is incomplete as the terminal 2 is not connected to terminal 1. To understand the (th;rm;,i:
of the circuit. consider the situation where an input signal v; is applied at the inpuyt term‘f ;

. ; n|
1 of the amplifier, so that the output v, = A v;. The feedback signal vg at terminal 2, theref,,
18 Uy = AP v,. The quantity AP, therefore, represents '
the loop gain of the system. If the values of A andf 1 Vi Basis Yohy
are adjusted so that AP = 1, the feedback signal v; amplifier A ’
will be identically equal to the externally applied signal
v,. If the terminal 2 is now connected to terminal 1
and the external -signal v; 18 removed, thfa circuit will Frequency Y
continue to provide output as the amplifier can not selective
distinguish whether v, is coming from external source Leeet\?vt:)arlfkﬁ S
or from the feedback circuit. Thus, output signal can :
b_e connnuF)}lsI}* obtame.d- without any 1npu.1t sagnal' if Fig. 5.16 Basic structure of a
we can satisfy the condition on the loop gain, that is, feedback oscillator

AB =1 (5.24

This 1s called Barkhausen criterion for oscillations. The condition AR =1 can be satisfied
only at one specific frequency, f, for the given component values. The circuit thus provides

output at frequency, f, where the circuit components meets the condition given by Eq. (5.24)
We may rewrite Eq. (5.24) as

Ao, Bio,) =1 £0° | : (5.2

There are inf:.:lct two conditions in Eq. (5.25), one on phase and other on the magnitude of
the loop gain which needs to be simultaneously satisfied to achieve oscillations. Thus, according

to Eq._ (5.25) the total phase shift of the loop gain should be zero or multiples of 2r and the
magnitude of the loop gain, AR should be equal to unity. That is

|ABI = 1 (620

ZAB = 0° or multiples of 2r (627
The condition |AB| = 1 is usually difficult to maintain in the circuit as the values of 4 and
B vary due to temperature variations, aging of components, change of supply voltage etc. If |A
becomes less than unity, the feedback signal v; goes on reducing in each feedback cycle an
oscillations will die down eventually. In order to ensure that the cicrcuit qustains:oscillntionf
ingpite of variations, the circuit is designed so that | AB| is slightly rquel' than unity- Now
the output amplitude will go on increasing with every feedb: kg 1} E'!‘ ] ‘1 signal, howeven call
not go on increasing and gets I ¢

' i _ l”rmted due to the non-linearity of the device, that 1s 03
transistor enters into saturation. Thus it is the W

_ S ' non-linearity of the transistor because of [
the sustained oscillations can be achieved. The value of A is usually kept greater by abo ‘

. Sue 2 2 )
to 5% to ensure that | AR| does not fall below unity, 1n explaining the principle of oscillatt

hucl

-
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o Fig. 5.14, we had assumed that we firat ¢

Jater TEMOVE it. In a practical oscillator,
Jbtained as soon as power is turned on. Actu

mput (e base) of the transistor due to te
carrier concentration (Schottky noise

,atu-ﬁtm the condition [AB| =1 is picked up

output signal goes on increasing

antil it 18 limited by the onset of

non-linearity of the transistor (as

NGO I

;.; .

onneet a signal source to start the oscillations and
however, it is not done so.

The output waveform 18

ally, there is noise signal always present at the
mperature (called Johnson’s noise) or variation in the
). The noise signal at the frequency at which the circuit
and amplified. Since |AB| > 1 in the circuit, the

M/\/\/X

transistor enters into saturation)
as shown in Fig. 5.15.

There are different types of
sine-wave oscillators available
according to the range of
frequency. The RC-phase shift
oscillators can provide frequencies
varying from a few hertz to
several hundred kHz. LC

the frequency for
which |AB| = 1

A AAVEVARY

Osc1||at|ons grow
as |AB| > 1

Amplltude becomes
constant as transistor
goes into saturation

Fig. 5.17 Showing constant output amplitude as transistor

goes into saturation (|JAB| > 1)

oscillators are suitable for high frequencies up to hundreds of MHz. Here we will discuss only

two types of audio frequency RC phase shift oscillators.

RC-Phase Shift Oscillator

The circuit of an RC-phase shift oscillator is shown
in Fig. 5.16 (a). The op-amp is used in the inverting
mode and therefore provides 180° phase shift. The
additional phase of 180° is provided by the RC
feedback network to obtain a total phase shift of
360°. The feedback network consists of three identical
RC stages. Each of the RC stage provides a 60°
phase shift so that the total phase shift due to
feedback network is 180°. It is not necessary that
all the three RC sections are identical so long the
total phase shift is 180°. However, if we use non-
identical stages, it is possible that the total phase
shift is 180° for more than one frequency. This
phenomenon can lead to undesirable inter-modal
Ocillations.

The feedback factor B of the RC network can be

R, ‘L/Arnpiiﬁer

e

A
8
i\
<O
o

Chapter 5

Fig. 5.18 (a) Phase shift oscillator

Caleulateq by writing the KVL equations from Fig. 5.16 (b).
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, 1 : o s
R
1 Vi Iy
_IIR+12(2R+—‘-——}—ISR =0 (5.29)

—_——

S

— =

——

T
/

!

2

R G ViR
/% r R \ v

llﬂ

o2 LzR % %) = (5.30) Fig. 5.18 (b) Calculating B from the phage
s

and Vi= LR (5.31)
Solving Eqgs. (5.28), (5.29) and (5.30) for I, we get

o V,R**C®
® 1+ BsRC + 6s2C?R? + s°C°R®
3 .33
and V,= I,R = Yl el
1+ 5sRC + 6sC%R? + s°C3R?
_ 1
6 5 1
1+ :
sRC © SC7RE T ACOR8
Replacing s=jo, s* = -0? and §® = —jo®, we get
— 1.
B .6 5 1
JORC  o’R%C? PR3
= 1 b
(1-50%)+ jo(6 — 02)
A :
here =
= ¢ oRC
For AB =1, B should‘be real, that is the imaginary tetm in Eq
06 -0%)=0 '
or, o’ =6
VN
That is - J6
av: 15, wRC 6

The frequency of oscillation, f,, is therefore given by

1
on RC /6

£ (%

shift network

(5.34)

. (5.36) must be zero- Thus

(559

( i{:]]
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S TG T

N

il\tl' a‘“ = (; ill I‘Jq. (5.3(;), woe [—:('L

Putt
p= -1
o (5.40)
The pegative sIgn indicates that the feedback network produces a phase shift of 180°.
1
Bl = =
So, -
Since 1ABl > 1
Therefore, for sustained oscillations,
e (5.41)

That is the gain of the inverting op-amp should be atleast 29, or R; = 29 R,. The gain A,
i« kept greater than 29 to ensure that variations in circuit parameters will not make | A, P

therwise oscillations will die out.
LM

<1,0
), op-amp 741 may be used, however, for high frequencies,

For low frequencies (<1kHz
318 or LF 351 should be used.

example 5.5
Design a phase shift oscillator of Fig. 5.17 to oscillate at 100 Hz.
Solution
Let C = 0.1 uF. Then from Eq. (5.25)
= L -6.49kQ
J6 27 (10°7)(100)
Use R = 6.5 kQ

To prevent loading of the amplifier by RC network, R; < 10R
Therefore, let R, = 10 R = 695 kQ
Since R; =29 R,

R, = 1885 kQ

Wien Bridge Oscillator —5
F 3

Anf)ther commonly used audio frequency "
%scillator is a Wien bridge oscillator. The circuit '
lfz:n];];)wn il? Fig. 5.19. It may be noted that the
the adf signal in this circuit is connected to \
c:p.anon'.l nverting (+) input terminal so tha't the e
mp is working as a non-inverting amplifier. ‘—'I- _
an;ref:’m, the. feedback network need got provide RS Ca [:é %
'1‘312J baSe shift. The circuit can be v1e\v§cl asa |
fir ridge with a series RC network in one
and a parallel RC network in the adjoining I" iRJ

(@]

1

1
Chapter 5

dry , )
Resistors R, and Ry are connected in the

- Temaip

- thify lamng two arms. The condition of Z .

. brir (;Jund the circuit is achieved by balancing . 8110 Wiahidde GSainE
ge.

ero phase
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The circuit has been redeawn to show the
bridge network in Mg, 5.20. The output ac signal
of the op-amp amplifier is fod back to point A of
the bridge. The feedback signal, V; across the
parallel combination R,C, is applied to the non-
nverting input terminal of the op-amp. The gain
of the op-amp amplifier is

Ry

A= 1+ (5.42)
Ry
and feedback factor, B from Fig. 5.18 is
B= vt = _Zs (5.43)
V., Z,+Z,
1 sRC,+1

=R =— 5.44
where Z,; y F o0, oC, (5.44)

Zy= B

©  1+sR,C,

Putting the values of Z, and Zy in Eq.(5.43), we get

B= R, [(1+R,C,s)
1+8R,0; R,
+
sC, 1+sR,C,

i l—— S —— =

Fig. 5.20 Wien bridge oscillator showing

the bridge network

_ sR,C,
1+ S(Rlcl + ch2 i R2C1 ) = S2R1R2C1C2
Putting 5= jo,
[j = J 0)R2C1

1+ jo(R,C, + R,C, + Ry0y)= m2R1R20102

In order B to be a real quantity
1- (D?‘RIRQCIC2 =0

Thus, the frequency of oscillation,

» )

L S ————— e
2nR,R,C\C,

_ R,C,
and . ) M
RIC] + chz + R'ZCl

(5.45)

(546

(5.-1”

[:'}‘ ;'ll]
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por By = R,=R and C =g, =
e 1
*  2rRC (5.51)
1
and p= 3 (5.52)
Since |AB| > 1 for sustained oscillations,
Al > 3
Ry
nee A=1+—
Sin R,
3= 1+Ell
R,
or, Rp=2R, (553)
If the gain |A| > 3, sometimes oscillations
keep growing and it may clip the output sinewave. Ré
This problem is eliminated by a practical Wien .
bridge oscillator with adaptive negative feedbaclk Lo i R,
as shown in Fig. 5.21. In this circuit, resistor R, — o
is initially adjusted to give a gain so that I - Yo
oscillations start. The output signal grows in R, c,
amplitude until the voltage across Ry approaches

to turn-on (one for the positive half cycle and the
other for the negative half cycle), the effective
'feedback resistance Ry, decreases because the diode
18 in parallel with the resistance Ry. This will Fig. 5.21 Practical Wien bridge oscillator with
reduce the gain of the amplifier which in turn adaptive negative feedback

lowers the output amplitude. Hence sustained

oscillations can be obtained. Further, if the output signal falls, the diodes would begin to turn-
off thereby increasing Ry which in turn increases gain.

The two op-amp RC oscillator circuits studied are suitable for the frequency range of
10Hz to 100 kHz (maximum 1 MHz). The size of R and C components becomes very large for
Benerating Jow frequencies. Thus, the low frequency limit is dictated by the size of passive
“mponentg required. The upper frequency limit is governed by the frequency response and slew
Tate limit of the op-amp used. For generating high frequencies in the RF range, the oscillator
"Uevits gpe usually designed using BJT and LC tuned circuits or crystal oscillators.

]

the cut-in voltage of the diode. As the diodes begin ER

Chapter 5

L€ 0scillators

aves in the RF range, LC tuned circuits are used. The

oy
€eneratj : .
ng high frequency sine W . . :
i o ] . Jolpitts oscillator and Hartley oscillator which are

8 ! : :
o ““mmonly used LC oscillators are (
“Ussed here,
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Generalized oscillator circuit

onsidering a generalized oscillator .
A number of LC oscillator circuits ean be analyzed by U)nmd-er}m'g ; Efrilm ‘ed'mce of r( UJ,r e
shown in Fig. 5.22 (a). The analysis assumes that due to high ITEI;U f t}I:e a‘m 56 ’p(')“mp the

N ...u-t-‘ ) e r 7 - oa er. n dar
feedback network consisting of impedances Z,, Z'.-’ & Zy (loods thh iy — cir[::uit volt the *
equivalent circuit shown in Fig. 5.22 (b) op-amp is replaced with an op e

i 1.
source A;- with output resistance R, and the loop broken at terminal

i

(a) (b)
Fig. 5.22 (a) Generalized oscillator circuit, (b) ac equivalent circuit
The voltage gain A of the amplifier is given by

Vo _ __AvZy
Vs Ry+Z,
where 2L=2, (2, + Zy)

_ 2y(Z+Z)
C Zy+Zy+2,
Putting the value of Z; in Eq. (5.54), we get

Ro(Zy+2,+24)+ 2,7, + 7,)
Feedback factor f3 is,
% 2%
Vo T Zy+ 7,

The loop gain AP is obtained as,

AB - —AVZ122
Ry(Zy+Z, + Z3)+Zo(Z) + Zy)

/
;F’
=
o

A
=
N

(5,54

(5.50
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In LG oscil‘ln-tm';. lEﬂ?O}illHuoS Zl‘ Z._, and Z:; are pure reactances (either inductive or (::lp:u:itivn),
s th b= J;\l‘ 2 JX and Zg = jX; where X = ol (for inductance) and X = - /o€ for
k::,.}x:lc,it:ltlx\‘). Equation (5.59) now becomes
Ay X X,
AP = X X - 2 ; .
iBo(Xy + X, + Xy) - Xp(X; + X;)
For sustained oscillations, loop gain AP must be real. This is possible if in Eq. (5.60),
St At X =0 (5.61)
The circuit thus oscillates at the frequency at which Eq. (5.61)is satisfied. At this frequency,
Eq. (5.60) becomes,

E 5 62

AB X, (5.62)

In order that loop gain AP is positive, the reactances X, and X, should be of the same sign,
ie., X, and X, both should be either inductance or capacitance.
Bazed upon the above analysis, we can have two types of oscillator circuits. If X, and X, are

capacitors and Xj; 1s an inductor, the circuit is called Colpitt’s oscillator. If X| and X, are

inductors and Xj is a capacitor, the circuit is called Hartley oscillator. The analysis of both

types of oscillators is discussed now.

Colpitt's Oscillator
In the Colpitt’s oscillator shown in Fig. 5.21.
1 X, = - & X; = oL

Putting the values of X,, X, & X;1in Eq. (5.61), we get

—(—L+-L)+LUL =0

oC, 0Cy
or 1 + 1
(DL - U)Cl ‘l)‘CZ T
) . ) =
The angular frequency of oscillation, ;18 obtained as ‘a
(4]
1 C,C, '5
W = JL\C +Cy
The condition on the voltage gain is obtained from Eq. (5.62), i.e.




or l(\v' c\_ ‘(-“2 HF
Thus the frequency of oscillation for the Colpitt's —— W——__
oscillator ig
: V' HI >\‘
R sl 1"“Wv v
fo 21 LCry e "
0,0, =
where Cr=CllCy = C,+C,
c Cy C,
1 [ -
and [Av] > C, I
Hartley Oscillator —
The circuit diagram of Hartley oscillator is shown in L
Fig. 5.24. Fig. 5.23 Colpitt's Oscillator
Re
MW
V| I:‘1 =
0—Mw' + p— VO

|
HF
Cc

Fig. 5.24 Hartley Oscillator
In Fig. 5.24,

X! = O)Ll,' X2 = ng & X3 = ___]‘_

: wC
using Eq. (5.61) the angular frequency of oscillator ig given by

_1 [

1
or fo=
' onCL,
where Ly=L + 1L,
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Ly = Ly + Ly + 2M

L.
hus |Ay|2 2
h Ll

Quadrature and Biphasic Oscillators

Simals that are of same frequency but have a phase shift of 90° with respect to each other are
;_ﬁled quadrature signals. An example of quadrature signals is sine and cosine waves shown in
fig. 5.25 (a). It may be noted that the distinction between sine and cosine waves

<s unless both are present or a timing method is used to establish ‘zero degrees’ point.

s meaningle
of a quadrature oscillator that generates both sine and cosine wave is shown in

The circuit
5.25 (b). It consists of two op-amps A, and A,. Both the op-amps are used as Miller
t of A}

where A, is non-inverting type and A, is inverting integrator. The outpu
assumed to be a sinewave output. In order to obtain sinewave output a total of
d between the output of A;, around the loop and back to the input of
4, The op-amp A, provides 180° phase shift as A, 1s used in the inverting configuration, another
90° phase shift is obtained from A, as an integrator and the remaining 90° phase shift is provided
by RyCy network. If By = R, =R;=Rand C, = C, = Cy = C, then the frequency of oscillation

Fig.
ntegrators,

fLe. Vﬂl) 18
30° phase shift is require

iz given by:
+V
A -
—'{ 90° ’-— Vor Voz
V sin @, ¢ V cos oy t
o] 0
ct c2
Vcos gt | ]
R1
2n ¢ il R2
T R3 Ty
3
L
ded
—~C3 Q.
<
Vsinw,t = P
. 1 (&
v L1 ¥
=V | e
b
() (b)

Fig. 5.25 (a) Quadrature sine cosine Waves (b) Quadrature oscillator circuit
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: 1
'= arre o
At this frequency,
1
A= *I-S" =1.414 (5-(;1,
The cosine output (V,,) is taken from the > Vsing,¢
output of amplifier A,. The relative amplitudes _
are approximately equal, but the phase is shifted Sc:;‘g“‘l";?;f 5 R .
by 90° between the two stages. ‘

A biphasic oscillator is a sine wave oscillator ) . _ :
that outputs two identical sine wave signals Fig. 5.26 Biphasic oscillator
that are 180° out of phase with each other.
The block diagram is shown in Fig. 5.26 and consists of a sine wave oscillator followed },
an inverting amplifier that has a gain of one. The output of the sine wave oscillator j
1" sin ©,t while the output of the inverter is V sin (wyt + 2m).

Function Generator

We have earlier discussed circuits that generates a square wave, triangular wave or a sipe
wave. A function generator, however, produces all three types of waveforms simultaneously. It
is possible to achieve frequencies from very low (~0.01 Hz) to very high (>10 MHz) without
significant distortion. A

The circuit of a function generator using 3 op-amps is shown in Fig. 5.27 (a). The op-amp
A, produces a square wave as it is used as a two level comparator or a Schmitt trigger. One
should use a high speed comparator such as LM 311 in place of 741 C to produce a square wave
with faster rise and fall times. The square wave output from A, is fed to op-amp A, whichis

used as an integrator. The output of op-amp A, is, therefore a triangular waveform. The switch
S; selects the capacitor and thus the operating frequency.

The op-amp A, is used as a sine shaper circuit. It shapes the triangle wave into a sine wave
as shown in Fig. 5.27 (b). When the triangle wave’s amplitude is low, all the diodes in A
feedback path are off. The op-amp A; works as an inverting amplifier with a gain —Ri/R,.

The output, therefore is shown by line segment OA. When the output attains the amplitude
A at time 1, a diode in the feedback path forward biases. This places a resistor is parallel with
Ry thus lowering the feedback resistance. This in turn reduces the gain of the amplifier. The
output, therefore, rises at a slower rate, as seen by the segment AB. Now, a second diode ¥
the feedback path gets turned on further reducing the feedback resistance. The amplifier &
and in turn the slope of the output wave reduces once more in the segment BC. The sine 511".19“:
thus produces a sine wave by rounding off the tips of the triangle wave. The distortion of th‘L
sine wave thus produced is very high compared to the sine waves generated by RC oscillator
However, this is the only practical way to produce sine w

. o1y
aves whose frequencies vary from vek
low (0.01 Hz) to very high (over 10 MHz).
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Fig. 5.27 (a) A function generator using 3 op-amps
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l Fig. 5.27 (b) Showing operation of sine shaper
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IC Function Generator

The XR-2206 is a widely used monolithic 1C which can be used to ln‘xild a function Bener,
with the addition of onl;' a fow external components. [t produces a triangle, square wyy,
wave and variable duty cyele pulse. It allows amplitude modulation (AM), frequency modulatj,,
(FM) and frequency shift keyving (FSK) signals as well. The block diagram for the XR-220¢ i

shown in Fig. 5.28 (a).

t.ﬁr
] Hin(!

i
m SR

Y
Ry
8o | Current Current Sine
R switches controlied | - A shaper
- 12 oscillator
FSK
9 5 6 13 14

AM

Fig. 5.28 (a) XR-2206 block diagram

A constant current [ is used to charge and discharge an external capacitor connected
between pin 5 and 6 of the current controlled oscillator. The current I is determined by t}g
external resistors connected to pin 7 or 8. Thus, the frequency of the triangular waveform s
controlled by external capacitor (between 5 and 6) or the external resistor at pin 7 or .
A comparator within the current controlled
oscillator produces a 50% duty cycle square
wave which drives an open collector buffer. Vou Triangle wave

. ‘+— d 14 opeﬂ’
The triangular wave output from the current (pins 13an
controlled oscillator is fed to the sine shaper
circuit. The transfer characteristics of the

sine shaper is shown in Fig. 5.28 (b). ,’L Sine wave for
ins 1- : “ 180 © between
When pins 13 and 14 are open, the gain [/ pins 13 and 14
of the sine shaper is linear as shown by the
solid line in Fig. 5.25 (b), and the output v

from the sine shaper is also a triangle wave.

However, if we connect a 180 Q resistor ’
between the pins 13 and 14, the transfer s
curve changes to the one shown by dotted

line in Fig. 5.28 (b). The peaks of the

triangle wave have got rounded to produce

a sine wave. The output from the sine Fig. 5.28 (b) Transfer characteristics of
shaper is fed to the multiplier (discussed in sine shaper circuit
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o 49 The output from the multiplier ig the
tl:li“ facto ,
1.1'3“;]0\ can ht.‘ conh‘nl'lvd. /\lml. lf'\?w‘ apply a low frequency sine wave to pin 1, the amplitude
of the output will vary mnusmdn]lly BvIng an amplitude modulated output. The output amplitude
o also be Cont.r(_)llod l):v changing the m ultiplying factor.

8 \R-2206 is available ina 1‘.l-pin package as shown in Fig, 5.29 (a). Power is applied between
he V(pin 4) und V™~ (pin 12') inputs. The difference of potential (V* - V) should be at least 10
v but less than 26 V. If a single supply is to be used, the pin 12 is grounded. Frequency can
b controlled by three set of pins: Capacitor (1000 pF < C < 100 uF) between pin 5 and 6, a
resistor between pin 7 and 8, a voltage at FSK (pin 9). The frequency of the output waveform

i« set by the current through the resistor R connected at pin 7 and is given by

0.327
f= =

This current must flow out of the IC and is kept within the limits
l1pA<I<3 mA

The voltage at pin 7 is kept 3V above V™ as shown in Fig. 5.29 (b). The current through the
resistor R is given by

I evinmdevoli , product of two inputs scaled by a multiplication
- 1f a vary ¢ voltage is connecte : : ,
BilE S S gL 18 conneeted at pin 1, the amplitude of the output (sine or

3V
I= —
R
12 4
9 9 - ___=l_
12
v v' W g v
Te—a. R,
g ——e M
8= R  xXR-2206 R 4+ -
| Ry,
S : o Fsk
Bypass — 10
3o—MULT
| G G wrF WF —
5 6 13 14 (b)

(a)

Fig. 5.29 (a) Pin configuration of XR-2206 (b) Circuit for setting the current 7

Chapter 5




SUMMARY
1. A comparator is an open loop op-amp with analog inputs and a digital outpy; ty
| v\‘t‘). ML
2. Reduced output voltage levels can be obtained by using back-to-back zener diodeg at t,
output. "
3. Zero crossing detector is a comparator with V. = 0.
4. A window detector determines when an unknown input is between two thresholq leve),
5. Schmitt trigger is a comparator with positive feedback.
G. In Schmitt trigger, the input voltage triggers the output every time it exceedsg certaip
voltage levels called upper threshold Vi and lower threshold V.
7. A Schmitt trigger converts slowly varying waveforms into square wave.
8. The frequency of a square wave generator depends upon the RC components and the
trigger levels of the comparator.
9. A monostable multivibrator is used to generate pulses of desired duration and jg also
called a gating circuit.
10. A triangular wave can be generated by integrating a square wave.
11. A sawtooth waveform has unequal rise time and full time.
12. A triangular wave generator can be converted into a sawtoolh wave generator simply by
applying a variable dc voltage to the non-inverting terminal of the integrator op-amp.
13. For self-sustained oscillation, two conditions must be satisfied:
(1) The magnitude of the loop gain A B must be equal to 1.
() The total phase shift of the loop gain must be 0°,
14. The phase shift and Wien bridge are the most commonly used sine wave oscillators for
audio frequencies. The frequency of oscillation depends upon RC components.
15. For generating high frequency sine waves in RF range, LC tuned circuits are used
Colpitt's & Hartley are the two types of LC oscillators.
16. A quadrature oscillator generates both sine and cosine waveforms.
17. A biphasic oscillater generates two identical sine waves that are 180° out of phase.
18. A function generator can produce sine, square & triangular wave simultaneaously and s
very useful in laboratories.
‘ REVIEW QUESTIONS _
5.1. Draw the characteristics of an ideal comparator and that of a commercially available
comparator.
5.2. List the different types of comparators.
5.3. What 1s the meaning of voltage limiting? Show how it is obtained.
5.4. Draw a circuit for converting a square wave into a series of positive pulses.
5.5. What is a window detector?
5.6. Explain how to measure the phase difference between two signals.
5.7. What is hysteresis? What parameters determine the hysteresis? gput
5.8.
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' ] § oo and O
Explain the operation of a square wave generator by drawing the capacitor and
voltage waveforms.
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ain how anon=symmetrical square wave ean be ohtained
N N AT ¥ ly 1] 11 ! ’ [ 1 1
vould you recognize that positive feedback in being used in an op-amp circuit?

H(l\\' \ )
510 What 18 the other name of one shot?
‘“.],\ Draw and t‘xl)»lf‘i“ the operation of a triangular wave generator,
':; What is the (:h{fgrcnco between a sawtooth wave and a triangular wave?
”‘ ‘l. Draw and explain ﬂl_c operation of a sawtooth wave generator.
“'l'r' Gtate the two conditions of oscillations.
1:‘) (Classify the oscillators.
N . . .
?'17. [n Wien bridge .oscﬂ.lator of Fig. 5.16, one set of circuit components determines the
*" frequency of oscillation and another set of components determines if the circuit will
oscillate at that frequency. Identify these two set of components.
518, Explain why RC oscillator can not generate high frequency signals?
5.19' How the frequency of oscillation is continuously varied in oscillator circuits?
PROBLEMS !
5.1, Draw the input and output waveforms of
the op-amp shown in Fig. P. 5.1.
59. Draw output of the op-amp shown in Fig. 220V
P. 5.2. (a) for given vy as in Fig. P. 5.2 (b) 50 Hz
when (i) V; =0 (i) V; = 4V.
Fig. P. 5.1
AV,
5V / / /
/ / 't
-5V /
iy}
(b) 5
e
Fig. P. 5.2 %
53. For the circuit shown in Fig. P- 5.3, what is the condition of each of the LEDs for (i) v, 5
5.4 ; LV (i) v, = 2V. 4 calculate the trigger points if supply voltage V =
A For the circui in Fig. P. 5.4, calcuia . SO .
circuit shown g s a 100 Hz triangular wave of magnitude £10 V.

$12 V., Plot the output voltage Up V8 ¢ if v, i '
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d49V

2.5 VO

Red
o—.
v, q,D
9V
+
_ = 4.7 kO
15V Green 46
-9V =
Fig. P. 5.3 Fig. P. 5.4

5.5. In the circuit of Fig. 5.7 (a) v; = 100 mV peak sine wave at 100 Hz, R = 1 kQ and Vi

= V2, = 6.2V and the op-amp is a 741 with supply voltages = 12 V. Draw the output
waveform.

5.6. For the circuit shown in Fig. P. 5.6 v; = 500 mV peak 100 Hz sine wave, R = 100 ¢,

Vz=62V, V,=0.7V and supply voltages = +15 V. Determine the output voltage swing
and draw the output waveform.

VZN
1% %
R
—0
Vo
Vi
Rcomp
Fig. P. 5.6

In a Schmitt Trigger circuit of Fig. 5.8 (a) hysteresis of 0.1 V is desired. Calculate Viet
Via and I, if Viyp = Vi, Ag), = 100,000 and loop gain is 1000 and R, = 1 k&
The Schmitt Trigger circuit of Fig. 5.8 (a) uses 9V zener diodes. Calculate R,/R: and Yt
f V=07V, Vyr=0and V;; =02 V. o
(@) In the Schmitt Trigger circuit of Fig. 5.8 (a), v, = 8V, Vyp = 4V and Vir 2
Calculate R\/R, and V.
(b) Calculate the value of V, so that Vi 1s negative.
(c) Calculate V. for Viyp = -V,
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. ¥ \ . " ll '
or ““\ Hl“"’”l\(‘llw””.‘, th]l““, c““””“n““”, H|

a0 I -
s apenit ghown in Fige PUboo, ealeulage (he  0ne—|-
cre : , L v o
t.hl‘i‘Sh”Id levels Vi and Vywoand the hysteresia ™ | L
V) < R,
I8 . . %
41, In the square wave oscillator of 1%g, 5,10 (n), [
" caleulate the frequency of oscillation if R, =10 o s
kQ Ry = 116 KQ, =100 kQ, C = 0.01 pJ, IF’\;
212, Design a square wave oscillator for /= 1 kHz, v0
The op-amp is a 741 with supply voltages + 15 Fig. P. 5.10
V.

513 Design a monostable multivibrator with trigger pulse shaping which will drive a LED on
for 0.5 second each time it is pulsed.

EXPERIMENT 5.1

() To study the operation of 741 op-amp as a comparator.
(b) To design a Schmitt trigger for Viyp = 0.5V and Vip = -0.5V and show its use for
generating a square wave output.

(a) Comparator

PROCEDURE
1. Connect the circuit shown in Fig. E. 5.1 (a) and adjust the 10 kQ potentiometer so that
V=105V,
2. Adjust the signal generator so that v, = 2V pp sine wave at 1 kHz.

3. Using a CRO observe the input and output waveform simultaneously. Plot the output
waveform.

4. Adjust the 10 kQ potentiometer so that V.., = — 0.5V. Repeat step 3.

5. To make a zero crossing detector, set V.., = 0V and observe the output waveforms.

(b) Schmitt Trigger
Design: In Fig. E. 5.1 (b)

R
Vorn = —2_‘/: .
v R+ Ry " Fol
and Vi = R2 (—V ) §
LT T o
For 74 1, with supply voltages = +15 V, the saturation voltage +V, = +14 V. ‘5
SO RQ
R+ R,
Op
01’ R, =27 R,
10080
R, =1kQ
8o ty

J R, =27kQ (take a 50 k€ pot)
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o t16V
o +15V R=R,|IR, (2)
) ®
1kQ . 1 :
F\M i, : 27 k o
741 0 Q!
3 e Vo @ R’§(50 KOS INTe
=) ¥ L-+/”14 OX ©_15y $Pot) ".7’ .
|
It O7WY @ 7.§|N750
? v
i R,(1 kQ) : =75y
Pin T 0—A\WWA—-0 Pin 4 :
10 kQ ¥ © v
(a) (b)
Fig. E. 5.1 (a) Comparator (b) Schmitt trigger
PROCEDURE

Connect the circuit of Fig. 5.1 (b) with the values obtained in the design. Please note tha

1.
Fig. E. 5.1 (b) has been numbered for PSPICE simulation given in Computer program 5.
2. Adjust the signal generator so that v; =2V pp sine wave at 1 kHz.
3. Plot the input and output waveforms.
4. Connect two zener diodes (IN 750, V, = 7.5 V) at the output and find value of R, to get

the same values of Viypr and Vi

Computer Program 5.1 (Schmitt Trigger)
Figure E. 5.1 (b) has been numbered for PSPICE simulation and its listing is shown below. The
input and output waveforms have been shown in Fig. C. 5.1 (a) and (b) for (i) without zener

diodes (i1) with zener diodes.

Program 5.1 Listing

*Schmitt Trigger- SINE WAVE INPUT

R 6 2 1K
R1 5 1 27K
R2 1 0 1K
*Zener Diodes at the output
*D1 5 7 DIN750
*D2 0 7 DIN750
*  Op-amp analysis
X1 1 2 3 4 5 UA741
.LUB EVAL.LIB
*  Power supplies
VCC 3 0 DC 15V
VEE 0 4 DC 15V
* Input signal source
Vi 6 0 SIN (0 2 1KHZ)
*  Qutput
.TRAN .001lms 3ms 1ms .00lms
.PROBE
.END

. oral
* In order to study the response with zener diodes connected at the output, modify the prog™
listing by removing stars(*) against diodes D, and D,

»”



V(6) Input
V(5) Output T('L")e

Fig. C. 5.1 Response of Schmitt trigger (a) Without zener diodes (b) With zener diodes

EXPERIMENT 5.2
Design a square wave oscillator for f

= 1 kHz and study its performance. Use a 741 op-amp

and dc supply voltage =12 V.

Design

In the circuit shown in Fig. 5.10 (a), use R,

1s given by,

Choose
Then

Take

So,

PROCEDURE

1. Make a circuit as shown in

design,

= 1.16 R, so that the frequency of oscillation fs

-1
°” 2RC
R, = 10 kQ,
R, = (1.16) (10 k@) = 11.6 kQ
__1 _ 1
R = orC T 2(10°)(0.05x10°)

= 10 kQ
10 kQ; R, = 11.6 kQ (take 20 kQ potentiometer)

10 kQ and C = 0.05 uF.

Chapter 5
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Fig. 5.10 (a) with the values of components as obtained in the
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oltage waveform (pin 2, . |

9

Sce the output waveform (pin 6) and the capacitor v
oscilloscope and measure amplitude and frequency.
3. Plot these waveforms on a linear graph paper.

4. To get reduced peak amplitude of the square wave,

the output terminal as shown in Fig. 5.10 (c).
5. See the output waveforms on a scope and plot the waveforms on a graph paper.

connect two zener diodes (V, . ¢

forms of the square wave oscillator designed above using PSPICE

Experiment 5.3
(a) To construct a phase shift oscillator for f, = 500 Hz and study its_ operation.
() To construct a Wien bridge oscillator for f, = 1000 Hz and study its operation.

Design equations and component values:

(a) Phase shift oscillator:
In Fig. 5.15,

1
-1 R >2R
fo= onde RC 1

Choose C = 0.1 pF,

Then R= : = 1.3kQ (use 15 kQ)
27 (500)(+/6)(10°7)
To prevent loading, R; 2 10 R
Therefore, take R, = 10 R = 15 kQ
R, =29 R, = 29 x 15 kQ
= 435 kQ
(Use R; = 500 kQ potentiometer)

(b) Wien bridge oscillator:
In Fig. 5.16 (a),

3 1
fo - 2n RC and Rf = 2Rl
Choose C = 0.05 mF

So, R = 1 )
27(1000)(0.05 x 106) oL k&
Take — R) = 10R = 30 kQ

and Ry = 2R, = 60 kQ (Use 100 kQ pot)

PROCEDURE

1. Set up the Phase shift oscillator of Fig. 5.15 with the values obtained in the desi¥
2. See the output waveform on an oscilloscope. Adjust R to obtain a sine wave output:
3. Measure the frequency of oscillator and voltage amplitude.

4. Repeat steps 1, 2 and 3 for the Wien bridge oscillator.



ELEE INTRODUCTION . ]

The phase-locked loop (PLL) is an important building block of linear systems. Electronic phase-
locked loop (PLL) came into vogue in the 1930s when it was used for radar synchronisation and
communication applications. The high cost of realizing PLL in discrete form limited its use
earlier. Now with the advanced IC technology, PLLs are available as inexpensive monolithic ICs.
This technique for electronic frequency control is used today in satellite communication systems,
air borne navigational systems, FM communication systems, computers etc. The basic principle
of PLL, different ICs and important applications are discussed.

ELE] BASIC PRINCIPLES e e

The basic block schematic of the PLL is shown in Fig. 10.1. This feedback system consists of:
1. Phase detector/comparator
2. A low pass filter
3. An error amplifier

4. AVoltage Controlled Oscillator (V CO).

The VCO is a free running multivibrator
running frequency. This frequency is deter
external resistor. It can also be shifted to eit
appropriate terminal of the IC. The frequenc
voltage and hence it is called a “Voltage C

If an input signal v, of frequency f,

and operates at a set frequency f, called free
mined by an external timing capacitor and an
her side by applying a dc control voltage v, to an
y deviation is directly proportional to the dc control
ontrolled Oscillator” or, in short, VCO.

. : _ is_ applied to the PLL, the phase detector compares the
phase and frequency of the incoming signal to that of the output v, of the VCO. If the two

signals differ in frequency and/or phase, an erroy voltage v, is generated. The phase detector
is basically a multiplier and produces the sum (fs +f,) and dLifference (f,— f,) components at its
output. The high frequency component (/s + f) is removed by the lhow (;)ass filter and the
difference frequency component is amplified and then applied as control voltage v, to VCO. The
signal v, shifts the VCO frequency in a direction to reduce the frequency dif'ferel;be between [
and f,. Once this action starts, we say that the signal is in the capture range. The VCO
continues to change frequency till its output frequency is exactly the same as the input signal
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Phase
detector

Low-pass
filter

o v v
7 co

o

Fig. 10.1 Block schematic of the PLL

freguenf:y. The circuit is then said to be locked. Once locked, the output frequency f, of VCO
is 1denI:1ca1 to f, except for a finite phase difference ¢. This phase difference ¢ generates a
corrective control voltage v, to shift the VCO frequency from f, to f; and thereby maintain the
lock. Once locked, PLL tracks the frequency changes of the input signal. Thus, a PLL goes
through three stages (i) free running, (1) capture and (iii) locked or tracking.

Figure 10.2 shows the capture transient. As capture starts, a small sine wave appears. This
is due to the difference frequency between the VCO and the input signal. The dc component of
the beat drives the VCO towards the lock. Each successive cycle causes the VCO frequency to
move closer to the input signal frequency. The difference in frequency becomes smaller and a large
dc component is passed by the filter, shifting the VCO frequency further. The process continues
until the VCO locks on to the signal and the difference frequency is dec.

The low pass filter controls the capture range. If VCO frequency is far away, the beat frequency
will be too high to pass through the filter and the PLL will not respond. We say that the signal
is out of the capture band. However, once locked, the filter no longer restricts the PLL. The VCO
can track the signal well beyond the capture band. Thus tracking range is always larger than

the capture range.
Some of the important definitions in relation to PLL are:

Lock-in Range: Once the PLL is locked, it can track frequency changes in the incoming

signals. The range of frequencies
over which the PLL can maintain -0 |
lock with the incoming signal is s
called the lock-in range OF tracking
range. The lock range is usually
expressed as a percentage of f,, the
VCO frequency.
Capture Range:
frequencies over which the . |
acquire lock with an input mgn{al is e T e
called the capture rangc This

par meter 18 4 80 eX resse (.l asp tﬂge Off .
2 2y 1€ 0 e ) W5BC a elcell o ‘ |
;‘ I” ’ l“_”ll‘ ’rl‘ I‘ h)t }ll tjlll() I,aken by the IJIJ to esta llSll ]()Ck 18 Culled pull-in tinle_ r]‘hic
‘ u -in 2y lll l (0] t h

depends on the initial phase and frequency difference between the two signals as well as on the

overall loop gain and Joop filter characteristics.

Locked

Low-pass filter output

I
I
I
I
4
I

Input fin range

Capture transient
The range of
pl;[; can

v
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LUIEY PHASE DETECTOR/COMPARATOR i |

. . . ; 21 3 o
The phase.detection is the most important part of the PLL system. There are two types of phage
detectors used, analog and digital.

10.3.1 Analog Phase Detector

The principle of analog phase detection using switch type phase detector is shown in Fig. 10.3(3 ).
An electronic switch S is opened and closed by signal coming from VCO (normally a square wave)
as shown in Fig. 10.3 (b). The input signal is, therefore, chopped at a repetition rate determine(
by VCO frequency. Figure 10.3 (c) shows the input signal v, assumed to be in phase (¢ = 0°) with,

Electronic switch

S Ve
¥y Input o/ o— » Output

signal
TVO

(Drive from VCQ)
(a)
v A v,
VCO output
bl
(b) | | I
Vit ve ! | | | |
] l___1 r___%___»:\
0=0° Error voltage
& | | | | [ positive
= I | I I
5 o o
2 4 I | (0 | | |
& vs Ve : I : I l [
|
|
$=90° \ i %A\ : %//i’\ : é\ 4 Error voltage
l | | | I \ a
' | |
I | (d)l |
vt ve | | | | Il I
| I I I | |
| r /\! | | |
$=180° ] .
i %”‘"ﬂ%‘—~%——— Error voltage
©) K negative

Fig. 10.3 Phase detector for PLL (a) Basic scheme (b

VCO ou . tput
waveform (hatched) of phase g ) output waveform. Input and outp

etector for (c) ¢ = 0 (d) ¢ = 90° (e) ¢ = 180°
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vCO output Vs Since the switeh S is closed | N
waveform v, will be half sinusoids (show sed only when VCO output is positive, the output
and ¢ = 180° is shown in I'ig. 10 "‘((l‘ ‘“’\r\‘n 'lmt,chud). Similarly, the output waveform for 6 = 907
ince the phase information for (.}!n]\v ; L).‘ llhm typo o'f phase detector is called a half wave detector.
output of the phase comparator ‘,l“m' ?“lf()i the input waveform is detected and averaged. The
D Gl e the avenase o i (.-)f.th when filtered through a low pass filter gives an error signal

It may be seen that the ermre,oll;,tp“t_Wﬂ\’eform shown by dotted line in Fig. 10.3 (c, d, ).
. 90°. So, for perfect lock, the VC‘(;) age is zero when the phase shift between the two inputs
il 4 output should be 90° out of phase with respect to the input

Analysis
A tpl;:.fi ;oxl\}%acl;atpr islbasiia]ly a multiplier which multiplies the input signal (v, = V; sin 21
f.t) by the signal (v, = V, sin (2r f,¢ + ¢)). Thus the phase comparator output is,

v, = KV, V, sin (2 ft) sin 2n [t + ¢) (10.1)

Whe?e Kis t_he phase comparator gain (or attenuation constant) and ¢ is the phase shift between
the input signal and the VCO output. Equation 10.1 can be simplified as,

KVV,
T =g [cos(2nfs - 2nft - 0) — cos(2mft + 27f + 0)] (10.2)
when at lock, that is, f; = /o

Then v, = K‘;SVO [cos(—d)) _cos(2m x 2fit + 0)] (10.3)

This shows that the phase comparator output contains a double frequency term and a dc
term (KV, V,/2) cos ¢ which varies as a function of phase 0, that is, cos ¢ between the two
signals. The double frequency term is eliminated by the low pass filter and the dc signal is
applied to the modulating input terminal of a VCO. It can be seen that in the perfect locked
state (f, = f,), the phase shift should be 90° (cos 90° = 0), in order to get zero error signal, that

is, v, = 0.
There are two problems associated w1

1. The output voltage Ve is proportiona :
since it makes phase detector gain and the loop gain

amplitude. : . :
2. The output 1s proportional to cos ¢ and not proportional to ¢ making it non-linear.

Both these problems can be eliminated by limiting the ampliu‘lde of the input _Signal, that
is, converting the input to a constant amphtqde square wave. A g1rc1ut which performs phase
comparison Wittt wave input 1 snewn 1o F~1g' 18.2 i Thls 15 8 balanced ﬁlf“dulntor used
as full- wave switching phase detector. Here the input signal is ﬂPPhed to t_he differential pair
@,Q,. Transistors Q4 and Q5@ are two sets of SPDT switches a(ftlvnted by the VCO
output. The input signal vy and the VCO output v, are assum e bisl, exough to cwitoh
the transistors in Fig. 10.4 (a) fully on or off. In F:Ig. '1‘0.4 (b) when v, and v, both are high
during the time 0 to (n—9) transistors @, and @, are driven on and apmsnt I oves fhrough
@, and Q. This gives an output voltage

Vg = - 1].; RL (101)

n v, is high and v, is low, transistors @, and @, are

th the switch type phase detector:

1 to the input signal amplitude V. This is undesirable
dependent on the input signal

Next for the period (T~ g) for T, wh?
driven on resulting in an output yoltage

Ve = Il‘:I{l, (10.5)
In this way, the output voltage waveform U, in Fig. 10.4 (b) is obtained.

Chapter 10
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The average value of the phase detector output v, can be calculated as,

(Ve)ay = 1 [(area A)) + (area Ay)]
T

i I+VCC
1

I T S
|
‘ Vo O“—AQQ; Q, Q Qs
! VCO
i Qutput

Fig. 10.4 (a) Phase detector for IC PLL

>ofe

+1
VTO I —» ot
s y || = 2r 3n 4r 5n
L
N
IR
| I |
+ 'I | f [ . —
” 0 : 2: : ; > ot
o d n 3r 4r
=] L'__‘ _-1——| I
| |
| I
l |

<
m_
A
o
o IO

’LERL A4 [2n [ Tan | [an | > o

Fig. 10.4 (b) Timing diagram of input and output Waveforms for balanced modulator circuit of Fig. 10.4 (a)
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phase-Locked 1Lo0ps

1

1
E[Ilcl‘l.\f’*‘ (- 11,31\’1‘)><(7r~(p)‘"| = ’m”l.[m l]

It

I

. n 0
———-n [(j} - :z-] Ibmco -’|.; = ZIQI

= Ky(¢ - n/2) (10.6)

V. A

| I 7\
Y ha w2 w4t SwA
Phase difference ¢
RS

ut dc voltage versus input phase difference of balanced modulator
full wave switching phase detector

DC component of phase detector output

Fig. 10.4 (c) Outp

ansfer coefficient or, the conversion ratio of the

where K, 1s the phase angle-to-voltage tr
between v, and ¢ 1s depicted in Fig. 10.4 (c).

phase detector. This linear relationship

10.3.2 Digital Phase Detector

Figure 10.5 (a) shows the digital type XOR (Exclusive-OR) phase detector. It uses CMOS type
4070 Quad 2-input XOR gate. The output of the XOR gate is high when only one of
the inputs signals f; or f,1s high. This type of detector is used when both the input signals are
nd output waveforms for f, = f, are shown in Fig. 10.5 (b). In this

square waves. The input a rm
figure, f, is leading f, by ¢ degrees, The variation of dc output voltage with phase difference

Pl o
LL
-
w
<
a
5
<"
9]
[e]
n
P

—5'4070
(a) V, = Output r H‘
0 n 2
< T »
(b)

clusive-OR phase detector, (b) Input and output waveforms

Fig. 10.5 (3) EX
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¢ is shown in Fig. 10.5 (¢). It can be seen de output .
that the maximum de output voltage — VO'e9°
occurs when the phase difference is « Vee ™ Vaar |
because the output of the gate remauns I
high throughout. The slope of the curve Vial2i[====

gives the conversion ratio &, of the phase /
detector. So. the conversion ratio K for a L~
supply voltage Voo = 8V is,

Ufe R o

Phase difference ¢
K, =2 =159 Viad  (10.7) © between f, and f,
T

P

o

Fig. 10.5 (c) DC output voltage versus phase

Another type of digital phase detector difference ¢ curve

is an edge-triggered phase detector as
shown in Fig. 10.6 (a). The circuit is an
R-S flip-flop made by NOR gates, such as CD 4001. This circuit is useful when f, (incoming
signal) and £, (VCO output) are both pulse waveforms with duty cycle less than 50 per cent.
The output of the R-S flip-flop changes its state on the leading edge of £, and f, as shown in Fig.
10.6 (b). The variation of dc output voltage vs phase difference between f; and f, is shown in
Fig. 10.6 (c). This type of detector has better capture tracking and locking characteristics as the
dc output voltage is linear upto 360° compared to 180° in the case of Exclusive-OR detector.

Digital phase detector is also available in independent monolithic IC form. A typical example

1s MC4344/4044. This IC gives input/output transfer.characteristics which is linear upto 41
radians or 720°.

1 cp 4001 ﬂ m
= 4
S y
! 1

T S

v
eyt e

RS A S R TR T R S e AR

—

— — ——

— — ] e

Output

(b)

- Slope=cqnversion gain K,

0 m 2t 3; an”?

Phase difference between fsand f,

(c)

] Fig. 10.6 (a) Edge-triggered phase detector using CD4001, Quad 2-input NOR gate, (b) Input and
output waveforms, (c) dc output voltage vs phase difference ()
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TR VOLTAGE CONTROLLED OSCILLATOR (Veoy /72l 7

A common type of VCO available in IC form is Signetics NIE/SIS566. The pin donfiguration and
basic mOCk d]?gr_m“ of 566 VCO ave shown in Ifig. 10.7 (a, b) Rcfcrri‘ng t;; Fig. 10.7 (b), a timing
capacitor Cy is linearly charged or discharged by a C(msi:m.t current source/sink. The amount
of current can be controlled by changing the voltage v, applied at the modulating input (pin 5)
or by changing the timing resistor Ry external to IC Lchip. The voltage at pin 6 is held at the
same voltage as pin 5. Thus, if the modulating voltage at pin 5 is increased, the voltage at pin
¢ also increases, resulting in less voltage across Ry and thereby decreasing the charging

T +Vee
R, 1 JB

current.

O—

6 Ly Constant
v current
/
Ground [1 | 8] *Vee 50— zpl:(rce
Modulating = = 50/\/\
chmitt
nc[2] NE/SE 566 7] Cr Input, v, . Buffer trigge;
Sq. wave VCOo . 111 ;
output@ 6] Rr ,j_—_ b. _o_l u L
Triangular Modulation Cr—°
\%ave 8] Input ! TE Ry R, Inverter
OUtpUt : | _L —  AM—— A
® ' o)

Fig. 10.7 Voltage controlled oscillator (a) Pin configuration, (b) Block diagram

A small capacitor of .001 uF should be connec:'ted between pin 5 f*md 6 to eliminate possible
oscillations. A VCO is commonly used in converting low frequency signals such as EEGs, ERG
Into an audio frequency range. These audio signqls can pe transmitted over telephone lines or
a two way radio communication systems for diagnostic purposes or can be recorded on a

magnetic tape for further reference. | | o
The voltage across the capacitor Cr is applied to the inverting input terminal of Schmitt

trigger A, via buffer amplifier /'1,. The output vo])t(zlllge s'wing oflthe Schmitt trigger is .designed
to Voo and 0.5 Voo IRy = R, in the positive fft ,)gcR [ogp. t 1eﬁv01M1on-1}}\.er g
if5ut terminal of Ay SWngs from 0.5 Vee to 0.25 Ve In F ig. 10,‘1 (C)..\\-ht_‘.ll the voltage on the
Ccapacitor Cy exceeds 0.5 Vee during cl_mrgmg, tll}l“(jl}tl)(l)lt‘)(:t ‘t!lc Schmitt trigger goes LOW (0.5
Vio), The capacitor now discharges f“_lfl ;f’lf‘?‘}"lt 1” ‘“ \ =Y : © th%’. output of Schmitt trigger
goes HIGH (V). Since the source m?d sink uu u)-_n;» tu,t lLfllld : 'L.apnlutor charges and discharges
for the same amount of time. Thi8 E1V€ atl “‘;’%l“]“% ‘} oltage ) aveform across Cy which is also
available at pin 4. The square Wave ”"tp.l‘ltl 0 “t.u“L c u'm‘tf:‘tugger is inverted* by inverter A
and is available at pin 3. The inverter Ay is basically a current amplifier used to drive the load.

The output waveforms are shown 1n Fig. 10.7 (©).

5
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The output frequency of the VCO can be ealeulated as follows:

0.5Vee T Ve
Output T 5
at pin 4 ? Ry
25V
y 9:85¥ 00 ? R, 6 8 P
. 41—°
Schmitt . 001|uF
tr '
;ugtgﬁ{ _ Modulating o-|| 5 566
0.5V¢e - input, v, JUL
‘R 3}—o
Veo § 2 7 1
Output
atpin3 T -L G
: T
inverted _ T
by A, 0.5Vee o
©) (d)

Fig. 10.7 (c) Output waveform, (d) Typical connection diagram

The total voltage on the capacitor changes from 0.25 V¢ to 0.5 Voe. Thus Av = 0.25 V.
The capacitor chargers with a constant current source. ° ' - ' .

S) & = L
At Cp
o 025Vee _ i
: Al Cr
0.25V..C
or, s ___E_T (108)

: :
The time period T of the triangular waveform = 2At. The frequency of oscillator f, is,
1 1 [ '

=T om = 0.5 VgeCy
. Ve —v.
But, =-LC_"c
g - (10.9)
where, v, is the voltage at pin 5. Therefore,
= 2(VCC—U )(
f, e (10.10)

The output fre(';uer}cy of the VCQ can be changed either by (i) Ry, (i1) Cy or (iii) the voltage
v at 'the modulatl_ng Input terminal pin 5. The voltage v, can be va;'ied by connecting a R|R;
circuit as shown in F‘lg‘ 10.7 (d). The components R, ancd Cr are first selected so that VCO
output f}‘equeﬂcy lieﬁjﬂ the centre of the operating frequency range. Now the modulating input
voltage is usually varied from 0.75 V(... to Vi, Which can produce a frequency variation of about
10 to 1. With no modulating input signal, if the voltage at pin 5 is biased at
(7/8) Vi, Eq. (10.10) gives the VCO output frequency as,

T The expression of f, depends upon the initial choice of the volt

5 . age v If the value of v, is taken as 083 Vie
then [, comes out w be 0.3//,Cy. 8e . ® value of v, is take L

(4]
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phase-Locked Loops

_ 2V~ (T8 Vo) 1 0.25 (10.11)
).11)

fn Co R - T
T I\"]‘ VC(" ‘11?![\ C'r . ]fl]‘ {;‘rl\

voltage to Frequency Conversion Factor

Apar

as

ameter of importance for VCO i .
p for VCO is voltage to frequency conversion factor I, and 18 defined

K &y

Y Av,
duce the frequency ghift Af, for a vCo. If

Here Av, 1s the modulation voltage required to pro
ney is f1, then

me that the original frequency is f, and the new freque

we assu
" 9V - -
o, = f = D +Av) _ AVoo=ve) _ _20% (10.12)
. CrRrVec CrR1Veo CrRrVee
Af, CrRV,
or, Av, = _O_IZ_T_—CE i (10.13)
Putting the value of CpRy from Eq. (10.11)
Av, = Af, Vool ' (10.14)
Af, 8T
or, K = —2==" >
o Voo (10.15)
o 2
-l =
Example 10.1 o D
In a VCO, if input signal frequency f; = 20 kHz, free running, frequency f, =21 kHz/V, voltage a 3
kHz/V, find the change ‘1 the de control voltage Ve during E B
B

to frequency conversion factor Ky is 4

lock.
Solution
The voltage to frequency conversion factor :
I{v = ._A__]f‘l—
AVe X
e \k
s, N\
SO, . _AVC ? i} 4
: K, ' b‘,(o
} .
Frequency shift Af, = 21 kHz - 20 kHz ot
' =1 kHz ° o
3 \*
1 x 10 _ ‘
Therefore AV = m 1’4 6\\/

=026 V:




LRSI LOW PASS FILTER . i

The filter used in a PLL may be either passive type as shown in Fig. 10.8 (a, b) or active ty,
as in Fig. 10.8 (¢).

R
R
O—— AN 0 oO—— MWV &
Input from | Output to R, Output to
phase c amplifier Input amplifier
detector E
(a) (b)
R R1 I(?
VWA 1
Input from
phase \
detector = Output to
y —° "vco

—

n|{l

(c)

Fig. 10.8 (a) Low pass filter, (b) Passive filter, (c) Active filter

The low pass filter not only removes the high frequency components and noise, but also
controls the dynamic characteristics of the PLL. These characteristics include capture and lock
range, band-width and transient response. If filter band-width is reduced, the response time
increases. However, reducing the band-width of the filter also reduces the capture range of the
PLL. The filter serves one more important purpose. The charge on the filter capacitor gives a
short time ‘memory’ to the PLL. Thus, even if the signal becomes less than the noise for a few
cycles, the dc voltage on the capacitor continues to shift the frequency of the VCO till it picks
up signal again. This produces a high noise immunity and locking stability.

Example 10.2

The free running frequency of a PLL is 300 kHz and the bandwidth of the low pass filter 13
10 kHz. Will the PLL acquire lock for an input signal of 320 kHz. Also what happens if the
cut-off frequency of the LPF is 25 kHz.

Solution
The phase detector outputs will be
fo + 1,= 320 kHz + 300 kHz
= 620 kHz




and fe = fy= 320 Kl = 900 Kily

= 20 kllz
f the bandwidth of the LPIF is 10 k1.
B\‘:’. PIEL will lock. of the LPIis 10 Ktz then PLL will not lock. However, for 25 kHz
[TXJ MONOLITHIC PHASE-LOCKED LOOP ]

All the different building blocks of PLL are available as independent IC packages and can be
externally interconnected to make a PLL. However, a number of manufacturers have introduced
monolithic PLLs too. Some of the important monolithic PLLs are SE/NE560 series introduced
by Signetics and LM560 series by National Semiconductor. The SE/NE 560, 561, 562, 564, 565
and 567 mainly differ in operating frequency range, power supply requirement, frequency and
pandwidth adjustment ranges. Since 565 is the most commonly used PLL, we will discuss some
of the important features of this IC chip.

ICPLL565
565 is available as a 14-pin DIP package
and as 10-pin metal can package. The N [14]NC
pin configuration and the block diagram
are shown in Fig. 10.9 (a, b). The output nput[ 2] [13]NC
frequency of the VCO (both inputs 2, 3 Input [3] 12]NC
grounded) as given by Eq. (10.11) can be
rewritten as, VCOoutput[4] NE/SES565 [11]NC
Phase comparator
= 0.25 1, (10.16) VCO input (5] [10] +Vc
RBCr Reference (6] 9] External capacitor
where Ry and Cp are the external output forvVCO
resistor and capacitor connected to pin 8 De_mod:ﬁ:)euc: 7] 8] E;t'\e;rcr;g resistor

and pin 9. A value between 2 kQ and
20 kQ is recommended for Rp. The VCO Fig. 10.9 (a) Pin diagram

free running frequency is adjusted with
Ry and Cy to be at the centre of the input frequency range. It may be seen that phase locked

loop is internally broken between the VCO output and the phase comparator input. A short

circuit between pins 4 and 5 connects the VCO output to the phase comparator so as to compare

f, with input signal f,. A capacitor C'is connected between pin 7 and pin 10 (supply terminal)
"

to make a low pass filter with the internal resistance of 3.6 kQ.
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+Veo
10 I »L c

9 3.6 k2 7 T Demodulated
% * output
'"p“tg ™ Phase »| Amplifior 5 R
Input & »| detector » Reference
Phase output
comparator
VCOQ input
O__—.
i 3
VCO output VCO |«
8 9 1
R, CT__/\/V\
Vee O =V
Fig. 10.9 (b) NE/SE565 PLL block diagram
Phase 6 VCO 7 g
comparator Reference control . Timing & Timi
: g iming
VED gt T voltageT resistor?capac:itoro

Fig. 10.10 Circuit diagram of LM565 PLL



Phase-Locked Loops

In Fig. 10.10, a ¢ —_— ‘
The :111:10:1(911(:\‘3; :i(zﬁlzlu‘lllt:)t:( i‘:‘:(i:'-‘““‘. §x LAGE Satitnn Sumi(:nml_l_u:t,ur) l.(: L i.g pmmm,t?d'
pairs with Q- together with‘ R “)l()ll()med o “'w V=@, @@y nd @02, (llffcrent.ml amplifier
R, (each 7.2‘ i{Q) serve 'N'tl ‘:11(.. s‘z) serving as a current sink bias source. Resistors [t and
detactor s Timitsd b as the load for the phase detector. The output voltage of the phase

el mited by the diode-connected transistors @, and @y to a maximum of £0.7 V which
s e e.ffect of high amplitude noise pulses and other transient effect on the operation
of the PLL. This makes the conversion ratio of the phase detector of 565 PLL as,

i, = S, L4 (10.17)
T n

.A balanced output is taken from the phase detector and supplied to the @,,~@,, differential
pau: which is biased by the @,y current sink. @,,~@,; serves as the amplifier stage (which is
designed for a gain of 1.4) after phase detector. A single ended output is taken from this stage
across the resistors Ry, (3.6 kQ). Resistor R, also serves as part of the LPF when an external
capacitor between pin 7 and ground of is connected.

The VCO consists of a voltage controlled current source (@, through @33). Equal charging
and discharging currents are supplied to external capacitor Cr connected at pin 9. Resistor Ry
is connected between pin 8 and positive supply +V¢c. The Schmitt trigger (Q,5 through @3¢) with
the differential amplifier output circuit (@33 and @) is part of VCO. This controls the turn-
on and turn-off of @,; and @y, for the switching action of the current source for the charging
and discharging cycles. Transistor @4, @ @30, Q35 are used as diodes to obtain the desired
level shift.

The important electrical parameters of 565 PLL are:

0.001 Hz to 500 kHz
+6Vtoxl2V

10 mV rms min. to 3V pp max
10 kQ typical

1 mA typical

300 ppm/°C. (parts per million
per degree centigrade)

1.5 per cent/V max

Operating frequency range

Operating voltage range

Input level

Input impedance

Output sink current

Drift in VCO centre frequency
with temperature

Drift in VCO centre frequency
with supply voltage

Triangle wave amplitude

Square wave amplitude

Bandwidth adjustment range

2.4 V,, at 6V supply voltage
5.4 V,, at 6 V supply voltage
< %1 to £60%

Derivation of Lock-in Range
If ¢ radians is the phase difference between the signal and the VCO voltage, then the output

voltage of the analog phase detector is given by,

v, = Ky(0 - n/2) (10.18)
where K, is the phase angle-to-voltage transfer coefficient of the phase detector. The control
voltage to VCO 1s,
v, = A6 =72 (10.19)
where A is the voltage gain of the amplifier. This v, shifts VCO frequency from its free running
frequency f, to @ frequency [ given by,
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= 1o+ Koo 020

ey 1 L is locked.:
where K, is the voltage to frequency transfer coefficient of the VCO. When 1 LL i8 locked-in t,

signal frequency /.. then we have

==t R (10.21)
since, v, = (fa — fIK, = A K, (¢ — 1/2) (10.22)
Thus, o = /2 + (f, — KA (10.23)

The maximum output voltage magnitude available from the phase detector occurs fpr 6 =1 and
0 radian (see in Fig. 10.4 (¢) and Uggay = = Ky /2 from Eq. 10.6. The corresponding value of

the maximum control voltage available to drive the VCO will be,

Uetmay) — * (n/2) Kq:A (10.24)
The maximum VCO frequency swing that can be obtained is given by,
- fo)max = K, Ut(max) — KvK¢A (/2) (10.25)

Therefore, the maximum range of signal frequencies over which the PLL can remain locked will
be,

fo=1fo %t (= fmax = fo £ KK, W2)A = fo £AfL (10.26)
where 2 A f; will be the lock-in frequency range and is given by,
lock-in range = 2Af1, = K, KA (10.27)
or, Afy, ==K, K A (/2) (10.28)

The lock-in range is symmetrically located with respect to VCO free running frequency fo-
For IC PLL 565,

K, = 8fo (from Eq. 10.15)

vV
where V= +VCC = (—Vcc)
. _ 14
Again, K, = == (from Eq. 10.17)
T
and A=14
Hence the lock-in range from Eq. 10.28 becomes,
Af, = 7.8 fJV (10.29)

Derivation of Capture Range

Initially, when PLL is not lockt_’ed to the signal, the frequency of the VCO will be free running
frequency f,. The phase angle difference between the signal and the VCO output voltage will be.
0 = (0t +0) — (@t +6) = (0, — 0t + A0 (10.30)

thus the phase angle difference does not remain constant but will change with time at & raté
given by

%‘i’_ = W, - 0, (10.31




Phase-Locked Loops

The phase detector
e / output voltnen wi ,
an ac voltage with a tri:mu]ll:j}r\\:-l]l;‘gI‘L will -““”'(![m‘“ not have i de component but will produce
(. = f) = A avelorm of peak amplitude IKy(n/2) and 2 fundamental frequency
The low pass filter (LPIM) ; :
2 er (LPF) is a simple RC network having transfer function
Gp = 1
; (10.32
L+ j(f/f) )

where f;, =1/2 n RC i r . . :
then 1 C is the 3-dB point of LPF. In the slope portion of LPF where (fif)* >>1,

T() = f—} (10.33)
difgéllinf;ng-igf;fs; il‘le;eric? 1:;3;‘12 supplied to the LPF by the phase.detector wi1‘l be the
R f> 3f,, the LPF transfer function will be approximately,
TAf = HIAf = A 1) (10.34)
The voltage v, to drive the VCO is,

v, =u, X T(f) x A

c

(10.35)

or, Ue(max) = Ue(max) 2 T(f) x A
= +K, (W2)A (f,/Af). (from Eq. (10.24))

Then the corresponding value of the maximum VCO ﬁequehcy shift is,
(f—fo)max = Kv Uc(max) = iI(v-Kq) (mlz)A (fl/Af) (10.37)

For the acquisition of signal frequency, we should put f = f;, so that the maximum signal
frequency range that can be acquired by PLL is,

(e fo)max = KK, @WDA (A

Now Afc = (fs - fo)max
f)? = K, K, W2)Af, (from Eq. (10.38))

since, Ay = +K K, (m/2)A
weget, ~ (Of)= £/ (10.39)

Therefore, the total capture range is,
2 Afc = 2 fi AfL

where the lock-in range = 24505

range 18 :
A
+ (10.41)

(10.36)

(10.38)

50,

(10.40)
K, K, An. In case of IC PLL 565, R = 3.6 kQ, so the capture

on(3.6 x10°)C

where C is in farads. Tl Tocated with .

The capture range 18 symmetx‘l)ca y located with respect to VCO free running frequency
f as is shown in Fig. 10.11. The PLL cannot acquire a signal outside the capture range, but
(#] ]
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once captured, it will hold on till the signal frequency goes bCY‘”_’d the lock-in range. In order
to increase the ability of lock-in range, large capture range 18 rcqlmred. H.owever, a large ca'pture
range will make the PLL more susceptible to noise and undemra.blc Slgnul: Hence a suitable
compromise is often reached between these two opposing requirements of the

K
(VCO control voltage) (M/2)KA
TVC Slope = 1/Ky
f-Af, f-Af,

}

[}

I
: f, f+Afg f,+Af,
|
|

2Af.=capture
range
¢——2Af =Lock-in range—bl

Fig. 10.11 PLL lock-in range and capture range

~(2)K A

capture range. Many a times the LPF band-width is first set for a large value for initial
acquisition of signal, then once the signal is captured, the band-width of LPF is reduced
substantially. This will minimize the interference of undesirable signals and noise.

Example 10.3

The free running frequency of a 565 PLL is 100 kHz, the filter capacitar is 2uF and supply

voltage is = 6V. Compute the lock-in-range, capture range frequency and the value of external
components Ry & Cr.

Solution

Given f, = 100 kHz, C = 2uF and Vi = + 6V.
We know that the lock-in range is given by

7.8
Af,= Vf" [from Eq. (10.29)]
_ . 18f,
Vee = (=Vee)
_ 4784100 _
“6-(-oV Hz
Thus lock-in range = + 65 kHz
The capture range, 2Af; is given by
- Af;
2Afo= L
“8ic \/ZTC(X3.6><103)C [from Eq. (10.41)]

'



Putting the values and solving, we get

240f¢ = 2.397 kHy
Further, the free running frequency f, 1s
v lo

_ 025
°" RyCq [from Eq. (10.16)]
Assuming Ry = 10K, we obtain
Cr = 250 pF.
Example 10.4

Con-1_pute the free ‘running frequency f,, lock-in range and capture range of PLL 565. Assume
Ry =20 KQ, Cp = 0.01 uF, C = 1 pF and supply voltage is % 6V.

Solution

Given Ry = 10 KQ, Cy = 0.01 pF and C = 1uF
The free running frequency of VCO is

/= 0.25 _ 0.25
° RyCp 10x10°x0.01x10°
= 2.5 kHz
The lock in range is given by
7.8f 7.8x2.5x10° o
= + 8 =4
A= 12 -
= 1.62 kHz g
The capture range is given by g
_ My O
20 = | (3.6 x10°)C
_ 2x1.62x10°
" V2nx(3.6x10%) x1x10°°
= 378 Hz
FTEJ PLL APPLICATIONS A SR |

The output from a PLL system can be obtained either as thf-f voltage signal v (t) corresponding
to the error voltage in the feedback loop, or as a frequency §1gnal at VCO output terminal. The
voltage output is used in frequency dlscrlmmatlor application whereas tlhe frequency output is
ol o el conditioning, frequency synthesis or glock recovery gppllcatlons.

Consider the case of voltage output. When'PLL 1? locked to an nput fl'e.quency, the error
voltage v,(t) is proportional to (f,—fo)- 1f the l?g?tl r;aqlri‘ehncy 1s varied as in the case of FM
signal, v, will also vary in order to m“”;]tm.n LfOC . Thus the voltage output serves as a
frequenc; Jiscriminator which converts the input frequency changes to voltage changes.
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In the case of frequency output, if the input signal is comprised of many frcquc:ncy_comprmcnta
corrupted with noise and other disturbances, the PLL can he quc to lock, selectively on one
particular frequency component at the input. The output of VCO would then regenerate that
particular frequency (because of LPIF which gives output for beat freguency) and f]@ter?uate
heavily other frequencies. VCO output thus can be used for regenerating or r_econdltlomng a
desired frequency signal (which is weak and buried in noise) out of many undesirable frequency
signals.

Some of the typical applications of PLL are discussed now.

10.7.1 Frequency Multiplication/Division

Figure 10.12 gives the block diagram of a frequency multiplier using PLL. A divide by N
network is inserted between the VCO output and the phase comparator input. In the locked
state, the VCO output frequency f, is given by,

fo =N f; (10.42)
The multiplication factor can be

obtained by selecting a proper scaling S !
factor N of the counter. Input | Phase s LpF s Amplifier i

Frequency multiplication can also ~ f; ! comparator { !
be obtained by using PLL in its o | I :
harmonic locking mode. If the input /N i :
signal is rich in harmonics e.g. +N fo 1 VEG :
square wave, pulse train etc., then (Frsc?.tgi?/riléer) ‘ | :
VCO can be directly locked to the :
n-th harmonic of the input signal Output PLL
without connecting any frequency — - ELENG

divider in between. However, as the
amplitude of the higher order
harmonics becomes less, effective locking may not take place for high values of n. Typically n
is kept less than 10.

The circuit of Fig. 10.12 can also be used for frequency division. Since the VCO output (a

square wave) 1s rich in harmonics, it is possible to lock the m-th harmonic of the VCO output
with the input signal f,. The output f, of VCO is now given by

Fig. 10.12 Frequency multiplier using IC PLL

A=% (10.43)

10.7.2 Freguency Translation

A schematic for shifting the frequency of an oscillator b
It can be seen that a mixer (or multiplier) and a low
PLL. The signal f, which has to be shifted and the o
as inputs to the mixer. The output of the mixer contains the sum and difference of f, and fo-
However, the output O.f LPF (j'ontalns only the difference signal (f, - £,). The translation or offset
frequency f,(f; << /) is applied to the phase comparator. When PLL is in locked state,
fu L fs = []
or - lh=Fhth (10.44)
Thus, it is possible to shift the incoming frequency f, by f,.

y a small factor is shown in Fig. 10.13.
pass filter are connected externally to Fhe
utput frequency £, of the VCO are applied
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~>{ Amplifier ]

—p Multiplier

Input LPF

i Phaso
o~1,)| comparator |

T Olffset freq. f,

Fig. 10.13 PLL used as a frequency translator

10.7.3 AM Detection

A PLL may be used to —

demodulate AM signals as o P;ﬂ?te > h?:gfg:r o LPE ——

shown in Fig. 10.14. The PLL.  AM 90° detector) Demodulated
is locked to the carrier input aipi
frequency of the incoming

AM signal. The output of »  PLL L

VCO which has the same oulpus

frequency as the carrier, but
unmodulated is fed to the

multiplier. Since VCO output .
is always 90° out of phase with the incoming AM signal under the locked condition, the AM

input signal is also shifted in phase by 90° before being fed to the multiplier. This makes both
the signals applied to the multiplier in same phase. The output of the multiplier contains both
the sum and the difference signals, the demodulated output is obtained after filtering high
frequency components by the LPF. Since the PLL responds gqu to 1.;he carrier frequencies
which are very close to the VCO output, a P.LL AM detf:ctor exhibits a high degree of selectivity
and noise immunity which is not possible with conventional peak detector type AM modulators.

Fig. 10.14 PLL used as AM demodulator

10.7.4 FM Demodulation

If PLL is locked to a FM signal, thg VCO tracks the instantanec_)us frequency of the input
signal. The filtered error voltage which controls the VCO and maintains lock with the input
signal is the demodulated FM output. The VC_O tranSfer_Ch?{mCtET{StICS @etél'lnine the linearity
of the demodulated output. Since, VCO used in IC PLL s highly linear, it is possible to realize

highly linear FM demodulators.

10.7.5 Frequency shift Keyfng (FSK) Demodulator

ation and computer peripheral, binary data is transmitted by me
hich is shifted.betw‘een two preset frequencies. This type of
uency shift keying (I SK) technique. The binary data can be retri

In digital data communic
of a carrier frequency W
transmission is called freq

ans
data
eved
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e e e RO ladder filler

) S

STV

__( et —) e e s
VEWRE

» as Lo o s
X 10k 0.020F | [0.02 nF [0.02 iF| 0.020F 45y
g 0.001 pF , : Output
. digital data
Fsk  0014F LA +\L at 150 Hz
Input 0— orar TS
(1070-1270 _
Hz) 2
-5V

using

<
<

600 Q< S —
); 2600 Q | 0.05 uF ,4— Comparator

05V

Fig. 10.15 FSK demodulator
a FSK demodulator at the receiving end. The 565 PLL is very useful as a FSK demodulator.

Figure 10.15 shows FSK demodulator using PLL for tele-typewriter signals of 1070 Hz and 1270
Hz. As the signal appears at the input, the loop locks to the input frequency and tracks it between
the two frequencies with a corresponding dc shift at the output. A three stage filter removes
the carrier component and the output signal is made logic compatible by a voltage comparator.

SUMMARY

1.

2
3.

o

10.1.
10.2.
10.3.

. The important characteristics of a PLL are: lock-in r

A phase locked loop consists of a phase detector, low pass filter, amplifier and a VCO in
feedback loop.

ange, capture range and pull-in-time.
The lock-in range is usually greater than the capture range. The capture range depends
upon the LPF characteristics.

. The phase detectors are of two types: analog and digital. The phase detector is basically

a multiplier.

The frequency of VCO can be set by an external capacitor and resistor. The output

frequency £, of VCO is compared with the incoming signal fs- When f, = f,, the PLL is
said to be locked. .

The low pass filter may be passive or active type. The LPF controls the capture range
and lock range of PLL.

Signetics SE/NE 560 series —
the blocks of a PLL are also a
make a PLL.

The PLLs are used as fre
demodulator etc.

569, 561, 5.62, 564, 565 and 567 are monolithic PLLs. All
vailable as independent ICs and can be interconnected to

quency multiplier, divider, AM and FM demodulator, FSK

REVIEW QUESTIONS

List the basic building blocks of a PLL,
Define capture range, lock-in range and pull-in-time,
Which is greater ‘Capture range’ or ‘Lock-in range'?
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10.4. What is the major differonce between digi

102 o W e ween digital and analog PLLa?
10.5. g}l}\lztt::et}ilog; djx\‘{,lf:lm of 1(1.5(‘)(3 VCO and explain its r[;purul,i(;n.
10.6. What 18 ange o modulating input vollnge applied to a VCO?
10.7. List the applications of P11, S

3. Draw the circwi a P
10.8. Draw the circuit of a PLL AM detector and siepliibi. e s Enbion;

PROBLEMS

10.1. In t..he VCO of Fig. 10.7 calculate the change in output frequency if the gupply voltage 18
varied between 9 V and 11 V. Assume V, =12V, Ry = 6.8 k2, Cp =75 pF, [, = 15 k€2 and
R-z = 100 kQ.

10.2. Detel.'mine the dc control voltage v, at lock if signal frequency f, = 10 kHz, VCO free
running frequency is 10.66 kHz and the voltage to frequency transfer coefficient of VCO
is 6600 Hz/V.

10.3. If f. = 100 kHz, the voltage to frequency transfer coefficient of VCO, K, = 2 MHz/V, f,
the VCO frequency is 5 MHz and N = 100 in the frequency multiplier of Fig. 10.12, what 1
is the dc control voltage at lock?

10.4. Calculate output frequency f,, lock range A f,, and capture range
=10 kQ, Cy = 0.01 pF and C = 10 pF.

10.5. Repeat Problem 10.4 for Cp = 470 pF.

Af, of a 565 PLL if Ry

EXPERIMENT
(a) To study the operation of NE 565 PLL. -
(b) To use NE 565 as a multiplier.

PROCEDURE
1. Make connections of the PLL as shown in Fig. E. 10.1 (a).
9 Measure the free running frequency of VCO at pin 4, with the input signal V., set equal

B to zero. Compare it with the calculated value = 0.25/RyCr.
3. Now apply the input signal of 1 V,, square wave at a 1 kHz to pin 2.

of the scope to pin 2 and display this signal on the scope.
?4'6 Vv

Chapter 10

Connect one channel

—1puF

5
|

o Demodulated output

v | o Reference output
" NE 565

4 4 —o VCO output (f)

w
O
-

-6V

Fig. E. 10.1 (a) NES65 PLL connection diagram
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Gradually increase the input frequency till the PL.liis lucl(c.\d to t,h.e inpuh'frequncy, This
frequency f, gives the lower end of the capture range. Goon increasing the input frequency,
till PLL tracks the input signal, say, to a frequency /. This frequency /, gives the upper
end of the lock range. If input frequency is increased further, the loop will get unlocked.

Now gradually decrease the input frequency till the PLL is again locked. This is the
frequency f;, the upper end of the capture range. Keep on decreasing the input frequency
until the loop is unlocked. This frequency f; gives the lower end of the lock range.

+78f,
1

The lock-in range Af;, = (f, - f,). Compare it with the calculated value of o the

capture range is Af, = (fy — f,). Compare it with the calculated value of capture range.

1
Af, =+ =1 2
¢ (2r) (3.6) 10°)x C

To use PLL as a multiplier, make connections as shown in Fig. E. 10.1 (b). The circuit
uses a 4-bit binary counter 7490 used as a divide-by-5 circuit.

T+6 \%
RT %20 kQ “_C
. T10uF
2kQ 0 001 F
? M
C,

2 VCO output

3 5
il 5
C, 1 7490 (+5) °
Y —lJo.m F
H 236 710
6V LI T 17

Fig. E. 10.1 (b) NE 565 as a frequency multiplier

Set the input signal at 1 Vpp square wave at 500 Hz.

Vary the VCO frequency by adjusting the

20 kQ i : s locked.
Measure the output frequency. It should b potentiometer till the PLL is loc

| e b times the input frequency.
Repeat steps 8, 9 for input frequency of 1 kHz and 1.5 kHz



FERY INTRODUCTIO
Most of the real-world physical quantities such as voltage, current, temperature, pressure and
time etc. are available in analog form. Even though an analog signal represents a real physical
parameter with accuracy, it is difficult to process, store or transmit the analog signal without
introducing considerable error because of the superim-position of noise as in the case of amplitude
modulation. Therefore, for processing, transmission and storage purposes, it is often convenient
to express these variables in digital form. It gives better accuracy and reduces noise. The
operation of any digital communication system is based upon analog to digital (A/D) and digital
to analog (D/A) conversion. , . , i
Figure 11.1 highlights a typical application Wlthln w.h1(':h A/D and D/A_conversmn 1s gsed.
The analog signal obtained from the transducer 18 bal?d limited by antialiasing filter. The signal
is then sampled at a frequency rate more than twice the maximum frgqugncy qf the bar}d
limited signal. The sampled signal has to be held constant while conversion 1s taking place_in
A/D converter. This requires that ADC s‘hou‘ld be pr.eceded b'y a sample and .h_old
(S/H) circuit. The ADC output is a sequence 11 b}nary digit. Th(_a micro-computer or digital
) ations of the desired control algorithm. The

. : i
8 erforms the numerlcal- calcu . .
D]%: ?.]c)rll):g:fesrs (i); tI(J) convert digital signal into analog and hence the function of DAC is exactly

,, - is usually operated at the same frequency as the
g ADC. The D/A converter 1s usually g0 : : 1e! y as
Z%)(%Sl'}‘; to t}zat :f)fa D/A converter is commonly a staircase. This staircase-like digital output
- , det(;]u Pugh 4 SMOO0 the effect of quantization noise.

passed throu

thing filter to reduce

] S '_—W'r Analog | Antialiasing Band limited | Sample Rispelo, Ar&?gl;i)tglto Discrete,
7 ens(cj) g oer liemrms filter analog signal | &hold | analog | conyerter| digital
ransduc signa C e et fianls Computer
E RS e or digital
S signal
2 B B e o processor
— Staircase signal D-A Digital binary signal
Analog signal | Smoothing =" paeESe s
—— filter r\”r converter
...... — e e e e

Fig. 11.1 Gircuit showing application of A/D and D/A converter
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The scheme given in Fig. 11.1 is used either in full or in part in uppli(:utinnﬂ such as digita]
audio recording and playback, computer, music and video synthesis, [)L!IHU (,tmle modulation
transmission, data acquisition, digital multimeter, direct digital control, digital signal processing.
microprocessor based instrumentation, . . ‘

Both ADC and DAC are also known as data converters and are available in 1C form, [t may
be mentioned here that for slowly varying signal, sometimes sample and hold circuit may be
avoided without considerable errvor. The A-D conversion usually makes use of 4
D-A converter so we shall first discuss DAC followed by ADC.

EEEY BASIC DAC TECHNIQUEST T

ety ks Bagames e . . S
N et s e kit AT it il il s bl 8 il e e A e 2 e e o NS5

The schematic of a DAC is shown in toVy -
Fig. 11.2. The input is an n-bit binary T (
word D and is combined with a d, (MSB) I
reference voltage Vj, to give an analog o] e A
output signal. The output of a DAC ‘5‘(‘;3% d_, DAC v,
can be either a voltage or current. d, o f——0._
For a voltage output DAC, the D/A (L5B)
converter is mathematically »
S S s ' Fig. 11.2 Schematic of a DAC

Vo=K Vgg (d27' +dy22+ ... +d2™ (11.1)
where, V, = output voltage

Vs = full scale output voltage
K = scaling factor usually adjusted to unity
dyd,... d;, = n-bit binary fractional word with the decimal point located at the left
d; = most significant bit (MSB) with a weight of Vpg/2
d, = least significant bit (LSB) with a weight of Vpg/2"

There are various ways to implement Eq. (11.1). Here we shall discuss the following resistive
techniques only:

Weighted resistor DAC’
R-2R ladder ~ /
Inverted R-2R ladder

11.2.1 Weighted Resistor DAC

One of the simplest circuits shown in Fi
weighted resistor network. It has n-electr
word. These switches are single pole d
particular switch is 1, it connects the resj
bit is 0, the switch connects the resistor
I, for an ideal op-amp can be written as

g- 11.3 (a) uses a summing amplifier with a binary
onic switches d;, d,, . . ., d,, controlled by binary input
ouble throw (SPDT) type. If the binary input to a
stance to the reference voltage (- Vp). And if the input
to the ground. From Fig. 11.3 (a), the output current

]0=Il+12+---+1n



! I, lRl
'”‘I, } | al ~
3 o}l ] bl "
<2'R > S < + Vv,
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(a)
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B R e
6., |
B R i
5 -
= B .
bt A/
S 4 .
Qo — — Z
o BVR P
o 3 |
4] ,’
é EVR_ ,II
2., L
EVR ’r
1 "
-B_VR B ,(/I
z ] L L l ] | ]
000 001 010 011 100 101 110 111
\ Digital input code

(b)
Fig. 11.3 (a) A simple weighted resistor DAC, (b) Transfer characteristics of a 3-bit DAC

= %&(dl 314 22+, 4 dy2) rE
The output voltage P % -
Vo =LA = VR%{_(dlz—l + 22 +...+dy27") (11.2) g
Comparing Eq. (11.1) with Eq. (11.2), it can be seen that if Ry = R then K = 1 and ‘
VR'S‘I‘ }?e‘gi{;cuit <hown in Fig. 1 1.3 (a) uses a negative reference voltage. The analog output

voltage is therefore positive otaircase as shown in Fig. 11.3 (b) for a 3-bit weighted resistor DAC.

It may be noted that
(i) Although the op-amp 1
connected In non-inverting mode.

' ' t to voltage converter
- ) -+ gimply working as a curren : .
(5:3 'f‘ﬁe gg 1;;?3, l(ff theri'efewnce voltage is chosen in accordance with the type of the switch
e

d. For example, for TTL compatible switches, the reference voltage should be +5 V and
used. Fo ;

the output will be negative.

n Fig. 11.3 (a) is connected in inverting mode, it can also be
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The accuracy and stability of a DAC depends upon the anccurncy of I.‘Im redistory ;,n,',l the
tracking of each other with temperature, There nrve hnwnw-r. a number of IJ":’!'I""'H faBoCiated
with this type of DAC. One of the disadvantages of hi‘n:lt‘y weighted "-Y”“ [)A({ I the W""’ range
of resistor values required. 1t may be observed i.h:lt‘ I(?r !)('Hvr resolution, the |;|pui', hinary wor
length has to be increased. 'l‘lm:-:: as the mulnhur ol l‘n(t. mr:tl'cm-:qu, the r:l’;m(:r ,‘, rr:'Hmt,nnr,r: v;:lue
increases. For 8-bit DAC, the resistors required ave 278, 2718, 271, ..., 2'I.The largest resigtor
is 128 times the smallest one for only 8-bit DAC. Ifor a IlZ-l)iL‘ DAC, the Iurp;m‘-al, registance
required is 5.12 MQ if the smallest is 2.5 kQ. The I'nhricnhqn of such a Inrgg resistance in [()
is not practical. Also the voltage drop across such a large resistor due L(? the bias current woul(
also affect the accuracy. The choice of smallest resistor value as 2.5 kQQ is reasonable; otherwige
loading effect will be there. The difficulty of achieving and maintaining accurate ratios over
such a wide range especially in monolithic form restricts the use of weighted resistor DACs to
below 8-bits.

The switches in Fig. 11.3 (a) are in series with resistors and therefore, their on resistance
must be very low and they should have zero offset voltage. Bipolar transistors do not perform
well as \‘olt{;ge switches, due to the inherent offset voltage when in saturation. However, by
using MOSFET, this can be achieved.

Different types of digitally controlled SPDT electronic switches are available of which
two are shown in Fig. 11.4. A totem-pole MOSFET driver in Fig. 11.4 (a) feeds each resistor
connected to the inverting input terminal ‘a’ of Fig. 11.3 (a). The two complementary gate inputs
Q@ and 6 come from MOSFET S-R flip-flop or a binary cell of a register which holds one bit of
the digital information to be converted to an analog number. Assume a negative logic, i.e. logic
‘I’ corresponds to — 10 V and logic ‘0’ corresponds to zero volt. If there is ‘1’ in the bit line,
S=1and R=0so that @ =1 and @ = 0. This drives the transistor @, on, thus connecting
the resistor R, to the reference voltage —VR whereas the transistor @, remains off. Similarly
a ‘0’ at the bit line connects the resistor R, to the ground terminal.

Another SPDT switch of Fig. 11.4(b) consists of CMOS inverter feeding an op-amp voltage
follower which drives R, from a very low output resistance. The circuit is using a positive logic
with V(1) = Vp =+5 V and V(0) = 0 V. The complement 6 of the bit under consideration is
applied at the input. Thus _Q— = 0 makes transistor @, off and @, on. The output of the CMOS
inverter is at logic 1, that is, 5 V is applied to resistor R, through the voltage follower. And if
@ =1 the output of the CMOS inverter is 0 V connecting the resistance R, to ground.

—V(-10V) VR(5V)
Q o
Bit line
| R‘i
L AMN—Q 8
Q o—0
Op-amp = Op-amp
@ - input line “| Ly input line

.,q]

(b)

Fig. 11.4 (a) A totem pole MOSFET switch (b) CMOS inverter as switch
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11.2.2 R-2R Ladder DAC

This can be avoided

vide range of resistors are required in bi | |
\ g re required in binary weighted resistor type DAC.
d. It is well guited

by qsmg R-2R lil.ddL‘F‘ type })z\(f where only two values of resistors are require
for }x\tcgmto.d.cu‘cmt 1'}\:\117.:1ti()11. The typical value of 1t ranges from 2.5 k€2 to 10 k2.

For simplicity, consider a 3-bit DAC as shown in Fig. 11.5 (a), where the gwitch position
d, d:_, d corresponds to the binary word 100. The circuit can be gimplified to the eq uivalent form
of Fig. 11.5 (b) and finally to Fig. 11.5 (c). Then, voltage at node C can he easily calculated by
the set procedure of network analysis as

_VR(%R)
8. Ve
2R+gR 4
3
The output voltage 1s , g’}
L
V= ﬁ{_‘_/&}:‘_’&:ﬁﬁ_ NV
° R\ 4) 2 2 Q/
R,;= 2R /
ﬁ\c
ot
N\
Y
Yy o .
A B 4 i 3
—VVAN—
R R cC R : i
Y 5
R 2R EZR R o o
o
_— = = —Vr = E A
’ (b) o !
A

| §

a) R-2R ladder DAC, (b) Equivalent circuit of (a), (c) Equivalent circuit of (b)

Fig. 11.5 (
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) " § [ ] (: IH sho ‘ -
h “WitCh pﬂ‘:i“ﬂl\ (‘m'nn-:pnnding {o thl‘ l)ll\.'ll'y \\’(Hl(l ”“l ;.l;‘-'l I)Ill-l I‘).A(h) I’I‘htl J:lrli' I l'“—fv
I e 8 3 v ) T der( \ - 'Iif. R ' ' ) ,“u(lH “I
11 1 l ireuit ¢ 5 bl I ”](‘ (‘(]lllV.lll nt form o ! '
G al. ‘hC circuit can h(‘ b lmpllfl( d {o . ‘ ‘ h : . ° : '
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the output voltage becomes

. 21\‘) _‘_’n)l& -V
Ve = (__I\T L 16/ 8 8

R=2R 21 5 A R,= 2R
l \\'\\\ *avn _32—\/" 16VH /f//,
) 8 0 ‘
R R R | |
=t AT AMT AN \ 2R R R R |
i S— Y O—ANA—O——ANN—( ""\N\/\V"' A ~Ced |
4 i RV IRY) A B C los
SR SR SR 3R .+ L —+ v
S2R J2R 3 2 it 0
© 0 ldet 140 24,0 2R 2R jzR
"—_';!‘ < ‘\\‘ \: & 9 ¢ ':Ef' il 1 i
- ‘ Y
(a) : (b)

Fig. 11.6 (a) R-2R ladder DAC for switch positions 001, (b) Equivalent circuit

In a similar fashion, the output voltage for R-2R ladder type DAC corresponding to other 3-
bit binary words can be calculated.

Example11.1

Consider a 4 bit R-2R ladder DAC of the type shown in Fig 11.5 (a). Given R = 10 KQ and

V=10 V. Determine the value of the feedback resistance R; for the following output conditions.
(1) value of 1 LSB at the output is 0.5V

(@) analog output is 6V for a binary input of 1000
(1) full scale output voltage is 10 V

Solution
(1) Given R = 10 KQ, Vg =10V and n =4
The resolution of a R — 2R ladder DAC is given by

Resolution, V = 1 X Ve x R;
2" R
Thits 05V = 14)( 10V X R,
2* x10x 103
or R, =8 KQ
(1) FOF’ binary digital input 1000, setting d, = 1 anqd dy = ds=d,=0in Fig 11.3(a), we can
write 1
V.=V Ef_

0 R°p (dlz_l +d, 2 +cl32’3 +d, 2‘4)
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R, x 10V x 2!
= ——— —(asd, =dy=d, =0)

10x10"
Therefore, R, =12 KQ
() Now d, =d, = dy =d, = 1. Thus for getting the full scale voltage of 10V,
R, x-—lq-_g(z“‘ +22429427) =10
10x10
Thus Ry = 10.667 KQ

11.2.3 Inverted R-2R Ladder

In weighted resistor type DAC and R-2R ladder type DAC, current flowing in the resistors
changes as the input data changes. More power dissipation causes heating, which 1n turn.
creates non-linearity in DAC. This is a serious problem and can be avoided completely in
‘Inverted R-2R ladder type DAC’. A 3-bit Inverted R-2R ladder type DAC is shown in Fig. 11.7 (a)
where the position of MSB and LSB is interchanged. Here each input binary word connects the
corresponding switch either to ground or to the inverting input terminal of the op-amp which
is also at virtual ground. Since both the terminals of switches d; are at ground
potential, current flowing in the resistances 1s constant and independent of switch position,
i.e. independent of input binary word. In Fig. 11.7 (a), when switch d; is at logical ‘0" 1.e., to
the left, the current through 2R resistor flows to the ground and when the switch d; 1s at
logical ‘1 i.e., to the right, the current through 2R sinks to the virtual ground. The circuit
has the important property that the current divides equally at each of the nodes. This 1s
because the equivalent resistance to the right or to the left of any node is exactly 2 R. The
division of the current is shown in Fig. 11.7 (b). Consider a reference current of 2 mA. Just
to the right of node A, the equivalent resistor is 2 R. Thus 2 mA of reference input current
divides equally to value 1 mA at node A. Similarly to the right of node B, the equivalent
resistor is 2 R. Thus 1 mA of current further divides to value 0.5 mA at node B. Similarly,
current divides equally at node C to 0.25 mA. The equal division of current in successive nodes
remains the same in the ‘inverted R-2R ladder’ irrespective of the input binary word. Thus
the currents remain constant in each branch of the ladder. Since constant current implies
constant voltage, the ladder node voltages remain constant at Vg/2° Ve/2!, Vg/22. The
circuit works on the principle of summing currents and is also said to operate in the current
mode. The most important advantage of the current mode or inverted ladder 1s that since the
ladder node voltages remain constant even with changing input binary words (codes), the stray
capacitances are not able to produce slow-down effects on the performance of the circuit.

It may be noted that the switches used in Fig. 11.7 (a) are the SPDT switches discussed
earlier. According to bit d,, the corresponding switch gets connected either to ground for d, = 0
or to -V} for d; = L. The current flows from inverting input terminal to -V for d; = 1 and from
ground to —Vg for d, = 0. Regardless of the binary input word, the current in the resistive
branches of the inverted ladder circuit remains always constant as explained in Fig. 11.7(b).
However, the current through the feedback resistor R is the summing current depending upon
the input binary word. It may further be mentioned that, Fig. 11.7 (b) shows only the current
division for making the analysis simple, though it is a voltage driven DAC.

Chapter 11
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Fig. 11.7 (a) Inverted R-2R ladder DAC, (b) Inverted R-2R ladder DAC showing division
of current for digital input word 001

Example 11.2

Consider the inverted R — 2R ladder DAC shown in Fig 11.7 (a) Given R = R; = 10 KQ and
'r = 10V. Calculate the output voltage for the binary input of 1110

Solution
In Fig 11.7 (a),

V 10V
=2 = = 0.5 mA
' 2R 2x10x10°
I
12 = — = 0.25 mA
2
I,
and I, = ol 0.125 mA

Therefore, current L=1, + 1, + I
= 0.5 + 0.25 + 0.125 mA
= 0.875 mA

The output voltage, Vo=1,x R,

= 0.875 x 107 x 10 x 103
=875V




DA and A-D Converters

11.2.4 Multiplying DACs

A digital to ane svivastng wi ; :
K malog converter which uses o varying reference voltage V,, is called a multiplying

:))\f.'\ converter (MDAC). Thus il in the I3q. (11.1), the reference voltage vy, i a sine wave given
vp() =V, cos 2rft
T'hen, V(1) =V, cos 2r/ft + 180°)

\\'hcre‘\ om Will vary from OV to (1-27") V,  depending upon the input code. When used like this,
MDAC behaves as a digitally controlled audio attenuator because the output V, is a fraction of
tl.m‘\'olt.ngo representing the input digital code and the attenuator setting can be controlled by
digital logic. If followed by an op-amp integrator, the MDAC provides digitally programmable
integration which can be used in the design of digitally programmable oscillators, filters.

11.2.5 Monolithic DAC: 1408DAC

Monolithic DACs consisting of R-2R ladder, switches and the feedback resistor are available for
8. 10, 12, 14 and 16 bit resolution from various manufacturers. The MC 1408L is a 8-bit DAC
with a current output. The SE/NE 5018 is also a 8-bit DAC but with a voltage output. There
are hybrid D/A converters available in DATEL DAC-HZ series for current as well as voltage
output.

A typical 8-bit DAC 1408 compatible with TTL and CMOS logic with settling time around 300
ns is shown in Fig. 11.8 (a). It has eight input data lines d, (MSB) through dg (LSB). It requires
92 mA reference current for full scale input and two power supplies Vo =+5 Vand Vgg -5V
(Vgg can range from —5 Vto-15 V). The total reference current source s determined by resistor
R,, and voltage reference Vy and is equal to Vi/R,, =5 V/2.5 kQ =2 mA. The resistor R\; = Ry,
match the input impedance of the reference source. The output current I, is calculated as

Ve [< -
Ioz K Zdl 2_1 ;di=00r1

For full scale input (i.e. dg through d, = 1)

I = 5V
°" 25kQ
The output is 1 LSB less than the full scale reference current of 2 mA. So, the output voltage

Vv, for the full scale input is
V,=2 mA (255/256) X 5 kQ =9.961V

o
ol
8 _ SR
(leZ“] = 2 mA (255/256) = 1.992 mA 3
i=1 ou
:m_
S
O

In general, the output voltage V, is given by

_ VR ,‘fl_ _Cé_.{.(_l:l.f +ﬁ_
V“'Tz;R‘[er:; 8 " 256

The 1408 DAC can be calibrated for bipolar range from -5 V to +5 V by adding resistor Ry
(5 kQ) between Vy and output pin 4 as shov_vn in Fig. 11.8 (b). The resistor Ry supplies 1 m:&
(= Vp/Ry) current to the output in the opposite direction of the current generated by the input
signal, Therefore the output current for the bipolar operation I is
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H

I = I - (Vy/Ry) = (VulR)) [Zd,z "]— (Vie/ 1)

iel

For binary input word = 00000000, i.c. zero input, the output becomes,

u=IJ&=%—\NMNﬁ=w—BWBMDX5kQ=ﬁ5V
For binary input word = 10000000, output V, becomes

V, = (I, - VR R, = [(Vi/Ryy) (d/2) = (Vi/Rp)] By

= [(5V/2.5 kQ) (1/2) - (5 V/5 k)] 5 kQ =(1 mA — 1 mA) X 5 kQ=0V
For binary input word = 11111111, output V, becomes
V., = [(Vi/Ryy) (255/256) — (Vi/Rp)IR; = (1.992 mA — 1 mA) X 5 kQ
=0.992 mA x 5 kQ = +4.960 V

Vec(+5V)
Ryq
13
(MSB) d,—{5 14 —AAAA—o0 V(+5 V)
d, g 2.5kQ
d;—7
d4'_"‘8 R
f :549 e 'vv\;v
; s—10 5 kQ
: d;— 11 o
| dy—
{
i
{

b

1408
JE‘?_.121§‘7
UH T se, L
15pF % 2.5kQ :
Veel5V)

(b)

Fig. 11.8 1408 D/A converter (a) Voltage output in unipolar fange (b) Modified circuit for bipolar output
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Example 11.3

The basic step of a 9-bi o
_ 1Sic s a9-bit DACis 10.3 mV, If (&
if the input is 1011011117 SRR

Solution

presents 0V, what output is produced

Thelgl“;l)u{v voltage for input 101101111 is

=103 mV (1 X284+ 0x 27+ 1 x 9041 x 9 + 1 g : (
. & 9 0 x 2 4 Y 02 9l v 9l
= 10.3 mV (367) = 3.78 V B bem e e L

Example 11.4

Calculate the values of the LSB, MSB and full scale output for an 8-bit DAC for the 0 to 10 V range.
Solution

ISB=1_-_1
28 256
For 10 V range, LSB = M=39 mV
256
1
and MSB = (EJ full scale =5V

Full scale output = (Full scale voltage — 1 LSB)
=10V -0.039V =991V

Example 11.5
What output voltage would be produced by a D/A converter whose output range 1s 0 to

10 V and whose input binary number is

(i) 10 (for a 2-bit D/A converter)
(i) 0110 (for a 4-bit DAC)
(i) 10111100 (for a 8-bit DAC)

Solution
, 1 1 _5V
G V,=10V 1X-2-+0XZ =

Chapter 11

5 1 1 1 1
(i1) Vo=10V[Ox§+1x5§+1x5§+0x2—4j

11
= ~+=|=8.75V
10(}+3]
Gy V, =10V (1 x U2 +0 X U284 1x 127+ 1x 12T+ 1x 172

+ 1% 1/2540x 12T +0x 1/28)
— 10V (1/2 + 1/8 + 1/16 + 1/32 + 1/64) = 7.34 V

wn in Fig. 11.9 provides the function just opposite to that of
e V, and produces an output binary word d\d,...d,, of

The block schematic of ADC-sho
a DAC. It accepts an analog input voltag
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_ Start EOC
functional value D. so that " A

D:({12.1+(i22--2 + ...+ d.on (”_:n ‘L

n= d; b= \MSB

where d, is the most significant bit and d, is the least dy s |
significant bit. An ADC usually has two additional control Analog | Digial
lines: the START input to tell the ADC when to start the input v, T '
conversion and the EOC (end of conversion) output to ; "
announce when the conversion is complete. Depending Y | S
upon the type of application, ADCs are designed for
microprocessor interfacing or to directly drive LCD or ' Ve(Reference)
LED displays. . : Fig. 11.9 Functional diagram of ADC

ADCs are classified broadly into two groups according
to their conversion technique. Direct type ADCs and
Integrating type ADCs. Direct type ADCs compare a given analog signal with the int
generated equivalent signal. This group includes

Flash (comparator) type converter

Counter type converter

Tracking or servo converter

Successive approximation type converter

Integrating type ADCs perform conversion in an indirect manner
analog input signal to a linear function of time or fre
most widely used integrating type converters are:

(1) Charge balancing ADC

(1) Dual slope ADC

The most commonly used ADCs are successive a
successive approximation ADCs are used in applicati
where conversion speed is important. The success
faster but generally less accurate than integrating type converters. The flash (comparator) type
1s expensive for high degree of accuracy. The Integrating type converter 1s used in applications
, panel meter and monitoring systems where the conversion accuracy 18

ernally

by first changing the
quency and then to a digital code. The two

pPproximation and the integrator type. The
ons such as data loggers and instrumentation
lve approximation and comparator type are

critical.

DIRECT TYPE ADCs

11.3.1 The Parallel Comparator (Flash) A/D Converter

This is the simplest possible A/D con the fastest and most

it diedd \ 3-bit A/D converter. The circuit consists of 8

encoder). ’I.‘he comparator and its truth table jg shown in Fig. 11.10 (b). A small amount of
hysteresis is built into the comparator to resolve any problems that. mighé LA)CCLUI' if both mputs
were of equal voltage as shown in the truth table. Coming back to Fig. 11.10 (), at each node
of the resistive divider, a comparison voltage is available. Since a]) t};e réqiqt:),.’q‘.m: of equal
value, the voltage levels available at the nodes are equally divided l)et\;’t:’ll ;l;e veferenct
voltage Vi and the ground. The purpose of the circuit is to compare t;w analog inpu!
voltage V, with ea'ch 7(‘)f the node voltages. The truth table f(t; ti\ . f.l‘l'-ih t\?pt‘ AD
converter is shown in Fig. 11.10 (¢). The circuit hag the advantage of l:igh‘;pevt-l as the
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8-line
to
3-line
priority
encoder

> Y,(MSB)
i ¥
3 (LS

Fig. 11.10 (a) Basic circuit of a flash type A/D converter

Voltage input

Logic output X

Vg om————ri+ \

Vo > Va X=1 ~ X

Vo, < Vg X=0 Vi 0] — /7/./"

V, = Vg Previous value P

Fig. 11.10 (b) Comparator and its truth table

Input voltage V, X, Xo X Xg X5 X X Xo , Yi %
0to W/8 ' o 0 o O O 0 0 1 0O 0 0
/8 to Vi/4 o o 0 0O O 0 1 1 0 0 1
V4 to 3 /8 o o o o o0 1 1 1 0 1 0
3 V/8 to /2 o o 0 o0 1 1 1 1 0 1 1
Vf2 to 5 V8 o o o0 1 1 1 1 1 1 0 0
5 V/8 to 3 W/4 o o 1 1 1 1 1 1 1 0 1
3 W/4to7 W8 0 ¥-_1.-1 1.1 1 .14 1 1 0
7 W/8 to K 1" 1 t-ado0 03 .11 1 1 1

Fig. 11.10 (c) Truth table for a flash type A/D converter

Fl'
-
[

Q
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{4 = 8
i 4
(=

(6




~ Linear Integrated Circuits

conversion take place simultancously rather than sequentially. Typical cai Ll 19 II(J()
ns or less. Conversion time is limited only by the speed of the comparator nmlrc‘)l the prfm'fl.y
encoder. By using an Advanced Micro Devices AMD 686GA comparator and o T1147 priority
encoder, C(;n\‘(’rS{On delays of the order of 20 ns can be ubtuinUfl. |

This type of ADC has the disadvantage that the number of cm.m):n'.'lAtm'H required almost
doubles for each added bit. A 2-bit ADC requires 3 comparators, 3-bit ADC needs 7, whereas 4-
bit requires 15 comparators. In general, the number of comparators required are 2" — l. where
n is the desired number of bits. Hence the number of comparators approximately doubles for each
added bit. Also the larger the value of n, the more complex is the priority encoder.

11.3.2 The Counter Type A/D Converter

The D to A converter can easily be turned around to provide the inverse function A to D
conversion. The principle is to adjust the DAC’s input code until the DAC’s output comes within
= (1/2) LSB to the analog input V, which is to be converted to binary digital form. Thus in
addition to the DAC, we need suitable logic circuitry to perform the code search and a comparator

of adequate quality to announce when the DAC output has come within
= (1/2) LSB to V.

A 3-bit counting ADC based upon the above

principle is shown in Fig. 11.11 (a). The
counter 1is reset to zero count by the reset pulse. U

pon the release of RESET, the clock pulses
go through the AND gate which is enabled

_ as the input of a D/A converter whose output
1s a staircase of the type shown in Fig. 11.11 (b). The analog output V4 of DAC is

compared to the analog input V, by the comparator. If Va>Vy, the output of the comparator
becomes high and the AND gate 1s enabled to allow the transmission of the clock pulses to
the counter. When V, < Vi, the output of the comparator becomes low and the AND gate 1s
disabled. This stops the counting at the time V, < V4 and the digital output of the counter
represents the analog input voltage V.. For a new value of analog input V,, a second reset
pulse is applied to clear the counter. Upon the end of the reset, the countiang begins again

as shownin Fig. 11.11 (b). The counter frequency must be low enough to give sufficient time

Vi
Volts Vv

; ‘ Binary
counter MSB

\

Counter stops
. t —_?“‘*\‘w»‘ﬁ}} Digital / r
om (o) S
parator v, 1 r *Lsé' output g . 1
_~-{;}_‘"**__ *“{DACJ 012345678910 01 2
Vl 0_—‘..#_"___._\._,‘_,] T e
Analog input =
Clock —_|1[ L”.ﬂ”_m_ U
(a) reset -—. [mhwl
End T T Baain End
reset ®) reset reset

Fig. 11.11 (a) A counter type A/D converter, (b) D/A output staircase waveform
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feir “?0 DAC to settle and for the comparator to respond. Low speed is the most serious dra whack
nft111§ nn‘tho-d.. The conversion time can be as Inng\nﬂ (2"~ 1) elock periods depending upon the
mngmtudg of input voltage V,. For instance, a 12-hit system with 1 MHz clock frequency, the
counter will tnk.c (2% = 1) ps = 1,095 ms to convert a full scale input. -»

Iftl}t‘ m.mlog input voltage varies with time, the input signal is sampled, using a sample and
hold circuit before it is applied to the comparator. If the maximum value of the analog voltage
is represented by n-pulses and if the clock period is 7'seconds, the minimum interval between
samples is nT seconds.

11.3.3 Servo Tracking A/D Converter

An improved version of counting ADC is the tracking or a servo converter shown in Fig.
11.12 (a). The circuit consists of an up/down counter with the comparator controlling the
direction of the count. The analog output of the DAC is V; and is compared with the analog
input V,. If the input V, is greater than the DAC output signal, the output of the comparator
goes high and the counter is caused to count up. The DAC output increases with each incoming
clock pulse and when it becomes more than V,, the counter reverses the direction and counts
down (but only by one count, LSB). This causes the control to count up and the count increases
by 1 LSB. The process goes on being repeated and the digital output changes back and forth
by +1 LSB around the correct value. As long as the analog input changes slowly, the tracking
A/D will be within one LSB of the correct value. However, when the analog input changes
rapidly, the tracking A/D cannot keep up with the change and error occurs as shown in Fig.

11.12 (b).

Tracking error

Clock 4 Vv / ‘\
’ Up-down Up-down / ’
p- counter )
control MSB Analog signal | &)
—2 | Digital (dark line) N
Comparator 4o | output with D/A output 13
LSB superimposed 1
DAC i B
e
Up/Down input
to counter
V,o (Up=1, Dn=0) >
Analog input 5 Time
i (a) (b)
Fig. 11.12 (a) A tracking A/D converter, (b) Waveforms associated with a tracking A/D converter
The tracking ADC has the advantage of being simple. The disadvantage, however, is the time

needed to stabilize as a new conversion value is directly proportional to the rate at which the

analog signal changes.

11.3.4 Successive Approximation Converter

The successive approximation technique uses a very efficient code search strategy to complete
n-bit conversion in just n-clock periods. An eight bit con‘ve;-ter would require eight clock pulses
to obtain a digital output. Figure 11.13 shows an eight bit converter. The circuit uses g

Chapter 11
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successive approximation register (SAR) to Sterte % EOC
find the required value of each bit. by trial l

and error. The cireuit operates as follows.
With the avrival of the START command,
the SAR sets the MSB d, = 1 with all other
bits to zero o that the trial code is 10000000. |
The output Vy of the DAC is now compared ({]ﬁ

with analog input V. If V, is greater than
the DAC output Vy then 10000000 is less
than the correct digital representation. The
MSB is left at ‘1" and the next lower signifi-
cant bit is made ‘1" and further tested.

However, if V, is less than the DAC
output, then 10000000 is greater than the
correct digital representation. So reset MSB
to ‘0" and go on to the next lower significant
bit. This procedure is repeated for all
subsequent bits, one at a time, until all bit
positions have been tested. Whenever the DAC output crosses V,, the comparator changes state
and this can be taken as the end of conversion (EOC) command. Figure 11.14 (a) shows a
typical conversion sequence and Fig. 11.14 (b).

A

DAC

Fig. 11.13 Functional diagram of the successive
approximation ADC

Correct digital Successive approximation register output Comparator oulput
representation V, at different stages in conversion

11010100 10000000 1 (initial output)
11000000 1
11100000
11010000
11011000
11010100
11010110
11010101
11010100

OO OO

Fig. 11.14 (a) Successive approximation conversion sequence for a typical analog input

One conversion cycle

l{ »l
I ]
: Load output
- Jregister
256} —>| — Actual analog
192 s N e EO 4|</‘/ Signal Va

128

Digital output

Time

Fig. 11.14 (b) The D/A output voltage is seen to become successively closer
to the actual analog input voltage
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ghows the associnted wave [
&‘:::sm‘ ‘llkl\i HII:‘N::(“I!‘::::: ::“:l;;‘::";'l"“:;':t ‘:”I]l‘ l"" i .”“” 7|.|n' ”(/\ output voltage hecomes succeasively
output vegavdless of (he \"1|u\I [ lrl\.“ Al I.I' requires cight pulses to establish the accurate
ke ool She it e |i‘m‘.‘ ( tll | h .“.“”.]“H nput., If(:WﬂVu:‘_ one additional clock pulse is used
A et o ;,l.l | nng I(‘lllllf,]ll[f’/.t' Ilu-l (:n'«:ml..‘ ‘
e ,\1;(‘ l 0 hpvvfl HI“HII cight If”' tracking ADC and an eight hit successive
9 ton ADU s made in g, 1116, Given the same clock frequency, we see that the
tl'llt*l\lll_ﬂ cirewt 18 l:hmtm' only for small changes in the input. In general, the successive
:IPP‘FOXlln“.tm“ tuch“!‘llw is more versatile and superior to all other circuits discussed 80 far.
b‘ucces;en-o “Pl‘l‘o_xlmntiun ADCs are available as self contained 1Cs, The AD7592 (Analog
DO\‘ICL‘§ Co.) a 28-pin dual-in-line CMOS package is a 12-bit A/D converter using puccessive
approximation technique. 7

Conversion time for a tracking
A/D is directly proportional to

he)
o 4 the relative change in input value
= 16} from one conversion cycle to the next
g 14}
% 12r Conversion time for a successive approximation
= 13' A/D is always the same, regardless of input value
x 1
S 6f |
(8]
5 4 |
| A R
g 24 6 | 10121416 Input change
= Tracking Successive approximation —» (Number of increments)
“device device faster
faster
Fig. 11.15 Comparison of conversion times for tracking and successive approximation A/D devices
Example 11.6

An 8-bit A/D converter is used for converting 0 to 10V input voltage. Determine :

@) input voltage required to change by 1 LSB
d to generate all 1's at the output

(i) input voltage require
(iii) the digital output for an input voltage of 4.8V :
¥ :- ::"
Solution % -
10V o
1 = — =39,1 mV o
() 1 LSB - 5

(ii) Since digital output starts from 0 in a A/D converter, therefore the maximum full-scale
input voltage will produce output less by 1 LSB for all digital output Us.

Thus, V. = 10V — 39.1 mV = 9961 V. o
(iii) The digital output for an input voltage of 4.8V is given by

4.8V
39.1mV

= 122.76

D=

=123
Converting this to binary gives the digital output as 01111011.
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Example 11.7
The conversion rate of a 8:bit ADC is 9 ps. Find the
that can be digitized.

maximum frequency of the input sine wave

Solution
The maximum frequency is given by

A
2n(Ty)2"

f'l.“ ax =

1
21 x9x107% x 28

69.07 Hz.

Integrating Type of ADCs

The integrating type of ADCs do not require a S/H circuit at the input. If the input changes
during conversion, the ADC output code will be proportional to the value of the input averaged
over the integration period.

11.3.5 Charge Balancing ADC

The principle of charge balancing ADC is to first convert the input signal to a frequency using
a voltage to frequency (V/F) converter. This frequency is then measured by a counter and
converted to an output code proportional to the analog input. The main advantage of these
converters 1s that it is possible to transmit frequency even in noisy environment or in isolated
form. However, the limitation of the circuit is that the output of V/F converter depends upon
an RC product whose value cannot be easily maintained with temperature and time. The
drawback of the charge balancing ADC is eliminated by the dual slope conversion.

11.3.6 Dual-Slope ADC

Figure 11.16 (a) shows the functional diagram of the dual-slope or dual-ramp converter. The
analog part of the circuit consists of a high input impedance buffer A,, precision integrator
A, and a vol?age comparator. The converter first integrates the analog input signal V, for
a fixed duration of 2" clock periods as shown in Fig. 11.16 (b). Then it integrates an internal
reference voltage V of opposite polarity until the integrator output is zero. The number N of
clock cycles requi?‘ed to return the integrator to zero is proportional to the Va.Iue of V. averaged
ovefr 1ﬁhe integration period. Hence N represents the desired output code. The circuft operates
as follows:
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R ¢
VIAA
: “ ~ J . L [Vr. Intagrator
V,\;\ : \ §\‘N1 +A, . :A_, | :CMF, | cn:l“p‘::l voltage
-VJVR\:%_\A - Ao C\I,Jlr}/»‘)rej‘ 1,21 ,!4'“’)'/""’2{_‘ Auitozera
) Cr: ‘L P . L ‘L\ . ‘/ ’ Tin 'i‘
[P B N ; ; \/
art - » —Q V| 25 " =
oo B [T 2 e
A /d, ' v _3;!

(@) (b)

Fig. 11.16 (a) Functional diagram of the dual slope ADC (b) Integrated output
waveform for the dual slope ADC

Before the START command arrives, the switch SW, is connected to ground and SW, 1s
closed. Any offset voltage present in the A,, A,, comparator loop after integration, appears across
the capacitor Cyy till the threshold of the comparator is achieved. The capacitor C; thus
provides automatic compensation for the input-offset voltages of all the three amplifiers. Later,
when SW, opens, C,; acts as a memory to hold the voltage required to keep the offset nulled.
At the arrival of the START command at ¢ = ¢, the control logic opens S, and connects S,
to V, and enables the counter starting from zero. The circuit uses an n-stage ripple counter and
therefore the counter resets to zero after counting 2" pulses. The analog voltage V, is integrated
for a fixed number 2" counts of clock pulses after which the counter resets to zero. If the clock
period is T, the integration takes place for a time T, = 2" x T and the output is a ramp going
downwards as shown in Fig. 11.16 (b).

The counter resets itself to zero at the end of the interval T, and the switch SV, is connected
to the reference voltage (— Vg)- The output voltage v, will now have a positive slope. As long as
v, is negative, the output of the comparator is positive and the control logic allows the clock
pulse to be counted. However, when v, becomes just zero at time ¢ = t;, the control logic issues

an end of conversion (EOC) command and no further clock pulses enter the counter. It can be
shown that the reading of the counter at f3 is proportional to the analog input voltage V7.
In Fig. 11.16 (b)
2" counts
= — = — ) 11.4)
Ty =t = b= ock rate {
digital count N _
=15 = 11.5)
and ty = b clock rate WD

For an integrator,

Av, = (FV/RC) V(4) (11.6)
will be equal to vy at the instant ¢, and can be written as
v, = (-I/RC) Valt; - t)

is also given by

o, = (-1IRO) Vi) 2= 1)

The voltage v,

The voltage v,

Chapter 11
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So, Valta = 1)) = Villty = 1)
Putting the values of (t, - t,) = 2" and (t; - t,) = N, we get
V@Y = (VN

or, V, = (V) (N2 (11.7)
The following important observations can be made:

1. Since Vi and n are constant, the analog voltage V), is proportional to the count reading
N and 1= independent of R, C and 7.
The dual-slope ADC integrates the input signal for a fixed time, hence it provides excellent
noise rejection of ac signals whose periods are integral multiples of the integration time
T,. Thus ac noise superimposed on the input signal such as 50 Hz power line pick-up will
be averaged during the input integration time. So choose clock period T, so that 2"T'is an
exact integral multiple of the line period (1/50) second = 20 ms.
The main disadvantage of the dual-slope ADC is the long conversion time. For instance,
if 2" — T = 1/50 is used to reject line pick-up, the conversion time will be 20 ms.

(&)

=

Dual-slope converters are particularly suitable for accurate measurement of slowly varying
signals. such as thermocouples and weighing scales. Dual-slope ADCs also form the basis of
digital panel meters and multimeters.

Dual-slope converters are available in monolithic form and are available both in microprocessor
compatible and in display oriented versions. The former provide the digital code in binary form
whereas the display oriented versions present the output code in a format suitable for the direct
drive of LED displays. The Datel Intersil ICL7109 is a monolithic 12-bit dual-slope ADC with
microprocessor compatibility.

Example 11.8

A dual slope ADC uses a 16-bit counter and a 4 MHz clock rate. The maximum input voltage
1s +10 V. The maximum integrator output voltage should be — 8 V when the counter has cycled

through 2" counts. The capacitor used in the integrator is 0.1 uF. Find the value of the resistor
R of the integrator.

Solution

16
Time period (t, - t,) in Fig. 11.16 (b) = —2_ - 65836 _ o0

4 N a
For the integrator THz 4 MHz

AL‘O = (— 1/RC) Va (tz = tl)
So, RC =-(10V/-8V) 16.3 ms = 20.47 ms

R = 20.47 ms

=204.7kQ =
O LiF 205 kQ

Example 11.9

If the analog signal V, is +4.129 V in the example 11.4, find the equiv
Solution

Since, V, = Vx(N/2")

So the digital count N' = 2" (V,/Vy) = 65536 (4.129 V/8 V) = 33825 for which the binary
equivalent is 1000010000100001.

alent digital number.
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[EEY DAC/ADC SPECIFICATIONS S B 1
Both D/A and A/D convertors | o |

are .']\‘;]illlljhl “”']l ' 3 ¢ e i "
i 3 " S o v L A wide I "W it H, v VArIous
important specifications of cony le range of specifieations, The various

A M . Ay g "
erters generally specified by the manufacturers are analyzed,

Resolution: The resoluti 0 Conve i
tion of a converter is the smallest change in voltage which may he

yroduced at the output (or inn e ‘ ,
?’S——l = 255 equs] illt}t‘l‘\-"\(]q “l‘ ll?)‘ of the converter, o example, an 8-bit /A converter has
p i‘ ey als. Hencee the smallest change in output voltage is (1/255) of the full
scale output range. In short, the resolution is the value of the LSB.

e P _
Resolution (in volts) = 5‘__“ =1LSB increment (11.8)
However, resolution is stated in a number of different ways. An 8-bit DAC is said to have

: 8 bit resolution

: a resolution of 0.392 of full-scale

: a resolution of 1 part in 255

Similarly, the resolution of an A/D converter is defined as the smallest change in analog
input for a one bit change at the output. As an example, the input range of an 8-bit A/D
converter is divided into 255 intervals. So the resolution for a 10 V input range is 39.22 mV
(= 10 V/255). Table 11.1 gives the resolution for 6-16 bit DACs.

Table 11.1 Resolution for 6-16 bit DACs

Bits Intervals LSB size LSB size
(% of Full Scale) (10 V Full Scale)
6 63 1.588 158.8 mV
8 256 0.392 39.2 mvV
10 1023 0.0978 9.78 mV
12 4095 0.0244 244 mV
14 16383 0.0061 0.61 mv
16 65535 0.0015 0.15 mVv

Linearity: The linearity of an A/D or
D/A converter is an important measure of its
accuracy and tells us how close the con\_fer_ter s 5
output is to its ideal transfer characteristics.
In an ideal DAC, equal increment in the
digital input should produce equal increment
in the analog output and the transfer curve
should be linear. However, in an actual DAC,
output voltages do not fall on a straight line [
because of gain and offset errors as shown by 2

the solid line curve in Fig. g 'Fs /

Analog signal
w

11.17. The static lV

1 1

. y i .rmine ittin . L . L :
performance of a DAC is determined by hitng 000 001 010 011 100 101 110 114

: :  easure tput
a straight line through the mwhuir:ljiyz:: ltho ki By
oi The linearity error mea 2 - . .
points. The linearity fitted Fig. 11.17 Linearity error for 3-bit DAC

deviation of the actual output from the
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line and is given by £/A as shown in Fig. 11,17, The error is usually (JX[.)E'G"HHL'(I a8 0 ’I'rm:t,irm
i of LSB increment or percentage of full-seale voltage. A pood converter exhibits a linearity orpor
: of less than + (1/2) L.SB.
i Accuracy: Absolute accuracy is the maximum devintion between the uc‘Lu."ll (:um'/(,-rl,ur output
* and the ideal converter output. Relative accuracy is the maximum deviation after gain ang
offset errors have been removed. Data sheets normally specify relative accuracy rather than
absolute accuracy. The accuracy of a converter is also specified in terms of LSB increments or
percentage of full seale voltage.

Monotonicity: A monotonic DAC is the one whose analog output increases for an increage
in digital input. Figure 11.18 represents the

e e e S

transfer curve for a non-monotonic DAC, since %VFS i y
- the output decreases when input code changes %Vps
from 001 to 010. A monotonic characteristic 5
is essential in control applications, otherwise I ?VFS -
; oscillations can result. In successive > Vest
| approximation ADCs, a non-monotonic @ 3y
i‘ characteristic may lead to missing codes. = ? e

If a DAC has to be monotonic, the error _§ 7 Ves[
should be less than +(1/2) LSB at each output & %VFS i

level. All the commercially available DACs
are monotonic because the linearity error
never exceeds +(1/2) LSB at each output level. . . )
Settling time: The most important dy- Fig. 11.18 A non-monotonic 3-bit DAC
namic parameter is the settling time. It represents the time it takes for the output to settle
within a specified band +(1/2) LSB of its final value following a code change at the input (usually
a full scale change). It depends upon the switching time of the logic circuitry due to internal

parasitic capacitances and inductances. Settling time ranges from 100 ns to 10 pus depending on
word length and type of circuit used.

z 1 1 1 1 1 1 1
000 001 010 011 100 101 110 717
Digital word ———»

Stability: The performance of converter changes with temperature, age and power supply

variations. So all the relevant parameters such as offset, gain, linearity error and monotonicity
must be specified over the full temperature and power supply ranges.

A brief overview of ADC and DAC selection guide is given below:

; A/D converters:
AD 7520/AD 7530 10-bit binary multiplying type
: AD 7521/AD 7531 12-bit binary multiplying type
: ADC 0800/0801/0802 8-bit ADC
D/A converters:
DAC 0800/0801/0802 8-bit DAC
? DAC 0830/0831/0832

| microprocessor compatible 8-bit DAC
| DAC 1200/1201 12-bit DAC

DAC 1208/1209/1210 12-bit microprocessor compatible DAC
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Example 11.10

We are familiar with 3% digit Jio:

1-0:-111‘“-1\- in t;:u\\[Ttlh ';"2 digit d‘m_‘“] voltmeter (DVM) and 1% digit DVM which are being used

Coﬁ,pfu.o‘d to 4% (‘;“):“MI")“!-:)‘. ()1)\:1()ll.ti|_\' 3% digit DVM is less coatly as its resolution is poor
: o 'F"t VM which is relatively costlier and have better resolution. Let us

calculate the resolution of these DVMs

Solution

In 3% (‘.llg%t D\’_N.. the MSB can be either 0 or 1 whereas the 3 digit LSBs can be 000 to 999.
Hence 1n 3% dlglt: DVM, the reading variation can be from 0000 to 1999, that is 2000. The
reference \'P.Itage 18 2 V. Hence the resolution is (2/2000) V = 1 mV; that is voltage variation
below 1 mV is not detectable. Similarly, in 4% digit DVM the total variation is from 0 0000 to
1 9999 'and reference voltage is 2 V. Hence the resolution is (2/20000) V = 0.1 mV. Thus, the
resolution of a 4% digit DVM is ten times better than that of 3% digit DVM.

Example 11.11

Find the__ resolution and dynamic range of a D/A converter, if the maximum peak to peak output
voltage is 5V and the input signal is a 10 bit word.

Solution
The 10-bit word represents 2!° = 1024 levels. The step size is given by
5V
= —— =488 mV
1024 -

Thus the system can identify input changes as low as 4.88 mv.
The dynamic range is the ratio of the largest value to the smallest value that can be

converted. Therefore,

5V
4.88mv

Dynamic Range

= 1024

The dynamic range is usually given in dBs, so 201ogl0** = 60 dB.

SUMMARY

1. The output of a DAC can be either a voltage or current.
9. A multiplying DAC is the one in which the analog signal is allowed to vary.
3. Three resistive techniques for D/A conversion are: weighted resistor DAC, R-2R ladder and

inverter R-2R ladder. | |
DAC essentially requires: resistors, electronics switches and an op-amp.
Two types of digitally controlled SPDT electronic switches are in use: a totem-pole MOSFET
driver, a CMOS inverter. ‘ ' |
A weighted resistor DAC requires a wide range of resistor values for better resolution
whereas a R-2R ladder type DAC requires only two values of resistors.

| Chapter 11
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egistors remains constant, irresgpective

In an inverted R-2R ladder, the current through the r e r ) :
liminate stray capacitance effect

of the input data. The constant node voltages therefore ¢
and improve circuit performance. _
Monolithic DACs for 8, 10, 12, 14 and 16 bit resolution ar¢ available.

A/D converters are either direct type or indirect type. Most direct type ADCs require a
D/A converter.

The important direct ADC techniqu :
Tracking type and Successive approximation technique. .
Integrating type ADCs perform conversion in an indirect manner. The two important
converters are: Charge balancing ADC, Dual slope ADC.

The parallel comparator ADC is the fastest technique. But it has the dis',advantage of
using maximum hardware. A counting type A/D converter has low spe_ed with conversion
time as long as (2"—1) clock periods for n-bit ADC. A tracking ADC 1s simple but gives
error when analog signal changes rapidly.

Successive approximation type ADC is the most versatile. It completes n-bit conversion in
just n-clock periods. Most monolithic ADCs are successive approximation type.

Dual slope converters are suitable for precise measurement of slowly varying signals. All
digital voltmeters use dual-slope ADC. The disadvantage is of long conversion time.
Monolithic dual slope ADCs are available in microprocessor compatible and display-oriented
versions.

The important converter characteristics are: Resolution, Linearity, Accuracy, Monotonicity,
Settling time, Stability etc.

os are: Parallel comparator (Flash), Counting type,

REVIEW QUESTIONS

Classify DACs on the basis of their output.

Name the essential parts of a DAC.

Describe the various types of electronic switches used in D/A converter.

How many resistors are required in a 12-bit weighted resistor DAC?

Why is an inverted R-2R ladder network DAC better than R-2R ladder DAC?
List the various A/D conversion techniques.

Which is the fastest ADC and why?

Give the conversion time for (i) counting ADC (i1) successive approximation ADC
(iii) dual-slope ADC.

Explain the operation of Dual-slope ADC.
Explain how Dual-slope ADC provides noise rejection.

Explain the important specifications of D/A and A/D converters.
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D-A and A-D Converters

PROBLEMS

1.1,

11

113,

11.4.

11.

10.6.

11.7.

11.8.

re

_C,TI'

How many levels are possible in a two-bit DAC? What is its resolution if the output
range i1s 0 to 3 V?

A 5-bit D/A converter is available. Assume that ‘00000’ corresponds to an output of +10 V
m?d that the D/A converter is connected for — 0.1 V per increment, what output voltage
will be produced for ‘11111'?

;f a 10-bit D/A converter spans a range of 0 to 10 V and is always within 1 mV of its
ldleal output. What is its linearity as a per cent of full-scale range?

Find the voltage at all nodes 0, 1, 2, ... and at the output of a 5-bit R-2R ladder DAC.
The least significant bit is 1 and all other bits are equal to 0. Assume V =-10 V and
R =10 kQ.

The Fig. P. 11.5 shows a binary weighted resistor D/A converter.

(i) Show that the output resistance is independent of the digital word and that

_ 2N—1

R, = R
° 2N 1 v
VYR
(i) Show that the analog output voltage for the —0\0_4_3 " 0
MSB is 1 1
= o
N-1 ! 2R a
Vv, =2 v, o sa—amane=t, =) -]
2N -1 : i - |
(i) Show that the analog output voltage for the - R,
ILSBis  hemmemmeemm e
1 ' N-1
Vo v _1 *} 5 O AAAA——

(a) Draw the circuit diagram of a
6-bit inverted R-2R ladder DAC.

() For V(1) = 5V, what is the maximum output
voltage?

(© What is the minimum voltage that can be resolved?

The analog input signal ranges for -5 to +8 V in a nine bit A/D converter.

Fig. P. 11.5

(i) How many quantization levels are available with this A/D converter?

(i) What is the resolution in volt per increment?
(iii) What binary number will be produced when the analog input is zero volt?

A counting A/D converter uses a 7-bit DAC. The MSB of DAC output voltage is +5V.
(i) If the analog input voltage is +6.85 V, what will be the R-2R ladder output voltage

when the clock stops?
(i) What is the number of clock pulses that occur between the release of reset and

stopping of the clock?

Chapter 11
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11.9. The ADC in problem 11.8 uses a 100 kHz clock. How long did it take to digitize 6.85 V7

11.10. What is the conversion time of a 10-bit successive approximation A/D converter if itg
input clock is 5 MHz?

11.11. A dual slope ADC uses a 18-bit counter with a 5 MHz clock. The maximum input voltage
is +12 V and the maximum integrator output voltage at 2N count is — 10 V. If R = 100
kQ, find the size of the capacitor to be used for integrator.

11.12. The dual slope ADC of problem 11.11 has an input voltage of +5.237 V. Determine the
digital number in binary which represents the count in the register.

EXPERIMENT 11.1

To construct a 4-bit R-2R ladder type D/A converter. Plot the transfer characteristics, that is,
binary input vs output voltage. Calculate the resolution and linearity of the converter from the
graph.

(i) Choose R = 10 kQ, 2R = 20 kQ of tolerance £1% or less.

(ii) For logic ‘0’ short to ground and logic ‘1’ connect to a +5 V supply.

PROCEDURE

1. Set-up the circuit shown in Fig. E. 11.1.
2. With all inputs (d, to dj) shorted to ground, adjust the 20 kQ-pot until the output is 0

V. This will nullify any offset voltage at the input of the op-amp.

2R
—  AAAAA———

20 kQ

+15V
2R R R R R 1 7

[——JV\.’ - —AANAA AVAYAVAYA 2 = 5
T \/TV\/\/V\/ A o . VD
T 2 ‘ +15V [i +

<2R § 2R 2R 2R - /{4

[ 20 kQ -15V
d, d, d, d, 100 kQ
(LSB) e (MSB),  -15v ¥

Digital input

Fig. E. 11.1 A 4-bit R-2R ladder D/A converter
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Voltage comparaltor J v,
: STt |
Ve ! 15k~ [
) e =t VWA= T4 |
4 bit weighted : £73 S/L : _1 1.
register D/A : s . Analog
converter S A i input(-)
[ 1]
A B C D
(MSB)
(MSB) TA D
_ Q I
Lo o
-=J Cr _gJ Cr
= 7476 : K7476

Y i
‘1
Latch

I1 l
circuit

Q,(MSB) Qg Q Q QEc
‘ r
OS_g_nal : (Shift register used Cr
In 7496 as ring counter)

Fig. E. 11.2 (a) Successive approximation A/D converter (b) 4-bit weighted resistor D/A converter
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3. Measure the output valtage for all binary inputs (0000 to TTTT) states and plot a graph
of binary mputs ve output voltage.

4. Measure the size of ench step and henee ealeulnte resolution.

5. Caleulate linearity using the definition given in See. 114,

EXPERIMENT 11.2

To set-up a 4-bit successive approximation type A/D converter and study its performance,
PROCEDURE

(1) Set-up the circuit as shown in Fig. E. 11.2 (a). Use the circuit of Fig. E. 11.2 (b) for
4-bit weighted resistor D/A converter.

(1) Connect the Cr terminal to ground momentarily to clear all the flip-flops and the shift
resistor IC 7496.

() Connect the Pr terminal momentarily to logic ‘1’ to set the shift register (being used as
ring counter) output as Qp = 1, @, = Qs = Q¢ = @p = 0, this will also enable the AND
gate for the clock to be transmitted.

(iv) Apply an analog voltage of — 10 V. Apply clock pulses, and observe the stable digital output
available at the outputs @p, Q, @B, @4 of the J-K flip-flops.

(v) Vary the input voltage for 0 to —10 V and repeat steps (ii), (iii) and (iv).




APPENDIX-I1

ANSWER TO SELECTED PROBLEMS

Chapter-2

2.1
2.5.
2.11.
2.15.

100 pVvV
-10
-2.585V
137.5 kQ

Chapter-3

3.1.
3.3.

606 mV
0.606V, 5V

Chapter-4

.1
4.3.

4.10.

4.15.

0.979V, 2.22 kQ
—2 sin 10% — 5x 10%¢

0.33 x 107
s +1.67 x 10¢

Chapter-5

5.4.
5.7.
5.12.

3.836 V,—3.836 V
5V, £ 5V, 99 kQ
11.6 kQ, 10 kQ, 5 kQ,

0.01 uF

Chapter-6

6.1.
6.4.

25 Q)
R, =830

2.3.
2.9.
2.12.
2.18.

3.2.

4.2
4.9.

4.11.

5.5
5.9.

6.3.
6.6.

10 kQ, 90 kQ

100 pV, 0V, 0.01V
0.1V, 4.9V

7.5 mA, 2.5 mA

048V

3V

— 1.64 (t) + 3.24(¢t — 250)
— 1.64 (t — 500)

20 dB, 16.989 dB

+69YV
15, 3.73V, -2.66V, 0V

3R,
200

=
nnnu

100 Q for I}, = 50 mA
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7
5 7.3. 1 kHz, 1.74
9 7.6. 1.6 kQ, for Ry = R; = 10 kQ;
C = 0.1 pF
1 -8
7.7. 2050 Hz, 1950 Hz 7.10. @) 2o 7 ™ Fias 1
Chapter-8
8.2. 6.06 kQ 8.3. 62.1 us, 46.92 s,
9.18 kHz, 43%
8.4. 0.1 uF, 108.75 kQ, 72.5 kQ 8.5. 0.1 uF, Ry, = Rg = 725 Q
Chapter-9
9.1. 653.6 kHz 92. -01V
83 25V
9.4. 2500 Hz, £812.5 Hz, £59.95 Hz
95. 2756 Hz
Chapter-10
10.1. 4, 33.33% of full scale 10.2. 6.9V
10.3. 0.102
104. —333V,-166V,-0.82V,-0.39V,-0.156V
10.7. 512,0.0254V 10.10. 2 us
10.11. 0.629 pF 10.12. 101000100001100001



