ECT 301 Linear Integrated Circuits Lecture Notes

MODULE1
OPERATIONAL AMPLIFIERS (OP AMPS)

1.1 INTRODUCTION

The operational amplifier, most commonly referred as ‘op-amp’ was introduced in 1940s. The first
operational amplifier was designed in 1948 using vacuum tubes. In those days, it was used in the
analog computers to perform a variety of mathematical operations such as addition, subtraction,
multiplication etc. Due to its use in performing mathematical operations it has been given a name
operational amplifier. Due to the use of vacuum tubes, the early op-amps were bulky, power
consuming and expensive.

Robert ]. Widlar at Fairchild brought out the popular 741 integrated circuit (IC) op-amp between
1964 to 1968. The IC version of op-amp uses B]Ts and FETs which are fabricated along with the
other supporting components, on a single semiconductor chip or ¢ wafer which is of a pinhead
size. With the help of IC op-amp, the circuit design becomes very simple. The variety of useful
circuits can be built without the necessity of knowing about the complex internal circuitry.
Moreover, IC op-amps are inexpensive, take up less space and consume less power. The IC op-amp
has become an integral part of almost every electronic circuit which uses linear integrated circuit.
The modern linear IC op-amp works at lower voltages. It is so low in cost that millions are now in
use, annually.

Because of their low cost, small size, versatility, flexibility, and dependability, op-amps are used in
the fields of process control, communications, computers, power and signal sources, displays and
measuring systems.

1.2 OP-AMP SYMBOL AND TERMINALS

The symbol for an op-amp along with its various terminals, is shown in the Fig, 1.1. The op-amp is
indicated basically by a triangle which points in the direction of the signal flow.
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Inverting input terminal ? +Vee
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Non-inverting input terminal
anp ® Vg

Negative
supply voltage

Fig: 1.1 Op-Amp Symbol
All the op-amps have at least following five terminals

The positive supply voltage terminal Vcc or + V.
The negative supply voltage terminal - Vgg or - V.
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R/
0‘0
R/
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The output terminal.
The inverting input terminal, marked as negative.
+ The noninverting input terminal, marked as positive.

7

The input at inverting input terminal results in opposite polarity (antiphase) output. While the
input at noninverting input terminal results in the same polarity (phase) output. This is shown
in the Fig. 1.2 (a) and (b). The input and output are in antiphase means having 180° phase
difference in between them while in-phase input and output means having 0° phase difference
in between them.
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Vin Op-Amp Vo t
[t

~Vee Inverted
output with
respect to input

Fig 1.2(a): Input applied to Inverting Terminal
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input

Fig 1.2(b): Input applied to Inverting Terminal

1.3 BLOCK DIAGRAM REPRESENTATION OF OP-AMP

As mentioned earlier, now a days op-amps are available in an integrated circuit form.
Commercial integrated circuit op-amps usually consists of four cascaded blocks. The block
diagram of IC op-amp is shown in the Fig. 1.3

Non-inverting

Input
—_—
Level Output
Input intermediate ___, Output :
stage ___  Stage ss':.“::“ > stage
—
Inverting
input

Fig 1.3: Internal Block diagram schematic of Op-Amp
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1.3.1 Input Stage

The input stage requires high input impedance to avoid loading on the sources. It requires two
input terminals. It also requires low output impedance. All such requirements are achieved by
using the dual input, balanced output differential amplifier as the input stage. The function of a
differential amplifier is to amplify the difference between the two input signals. The differential
amplifier has high input impedance. This stage provides most of the voltage gain of the amplifier.

1.3.2 Intermediate Stage

The output of the input stage drives the next stage which is an intermediate stage. This is another
differential amplifier with dual input, unbalanced i.e. single ended output. The overall gain
requirement of the op-amp is very high. The input stage alone cannot provide such a high gain.
The main function of the intermediate stage is to provide an additional voltage gain required.
Practically, the intermediate stage is not a single amplifier but the chain of cascaded amplifiers
called multistage amplifiers.

1.3.3 Level Shifting Stage

All the stages are directly coupled to each other. As the op-amp amplifies d.c. signals also, the
coupling capacitors are not used to cascade the stages. Hence the d.c. quiescent voltage level of
previous stage gets applied as the input to the next stage. Hence stage by stage d.c. level increases
well above ground potential. Such a high d.c. voltage level may drive the transistors into
saturation. This further may cause distortion in the output due to clipping. This may limit the
maximum a.c. output voltage swing without any distortion. Hence before the output stage, it is
necessary to bring such a high d.c. voltage level to zero volts with respect to ground.

The level shifter stage brings the d.c. level down to ground potential, when no signal is applied at
the input terminals. Then the signal is given to the last stage which is the output stage.

The buffer is usually an emitter follower whose input impedance is very high. This prevents
loading of the high gain stage.

1.3.4 Output Stage
The basic requirements of an output stage are low output impedance, large a.c. output voltage
swing and high current sourcing and sinking capability. The push-pull complementary amplifier
meets all these requirements and hence used as an output stage. This stage increases the output
voltage swing and keeps the voltage swing symmetrical with respect to ground. The stage raises
the current supplying capability of the op-amp

Stage 1: Input
+Vee Stage 2 : Intermadizts

Stage 3 :Level shiing
Stage 4 : Output

Fig 1.4: Overall Block diagram of an Op-amp
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1.4 IDEAL OP-AMP
The ideal op-amp is basically an amplifier which amplifies the difference between the two
input signals. In its basic form, the op-amp is nothing but a differential amplifier.

Ideal Op-amp Characteristics
An ideal op-amp has two input signals V1 and V2 applied to non-inverting and inverting
terminals, respectively.

Fig 1.5: Ideal Op-amp

1. An ideal op-amp draws no current at both the input terminals i.e. [1 = Iz = 0. Thus
its input impedance is infinite. Any source can drive it and there is no loading on
the driver stage.

2. The gain of an ideal op-amp is infinite (o), hence the differential input Vd =V1 - V2
is essentially zero for the finite output voltage Vo

3. The output voltage Vo is independent of the current drawn from the output
terminals. Thus its output impedance is zero and hence output can drive an infinite
number of other circuits.

These properties are expressed generally as the characteristics of an ideal op-amp.
The various characteristics of an ideal op-amp are:

a) Infinite voltage gain: It is denoted as AoL. It is the differential open loop gain and is
infinite for an ideal op-amp.

b) Infinite input impedance : The input impedance is denoted as Rin and is infinite for an
ideal op-amp. This ensures that no current can flow into an ideal op-amp.

c) Zero output impedance : The output impedance is denoted as Ro and is zero for an
ideal op-amp. This ensures that the output voltage of the op-amp remains same,
irrespective of the value of the load resistance connected.

d) Zero offset voltage : The presence of the small output voltage though V1 = V2= 0 is
called an offset voltage. It is zero for an ideal op-amp. This ensures zero output for zero
input signal voltage.

e) Infinite Bandwidth
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The range of frequency over which the amplifier performance is satisfactory is called its
bandwidth. The bandwidth of an ideal op-amp is infinite. This means the operating
frequency range is from 0 to oo . This ensures that the gain of the op-amp will be constant
over the frequency range from d.c. (zero frequency) to infinite frequency. So op-amp can
amplify d.c. as well as a.c. signals.

f) Infinite CMRR : The ratio of differential gain and common mode gain is defined as
CMRR. Thus infinite CMRR of an ideal op-amp ensures zero common mode gain. Due to
this common mode noise output voltage is zero for an ideal op-amp.

g) Infinite slew rate: This ensures that the changes in the output voltage occur,
simultaneously with the changes in the input voltage. The slew rate is important
parameter of op-amp. When the input voltage applied is step type which changes
instantaneously then the output also must change rapidly as input changes. If output does
not change with the same rate as input then there occurs distortion in the output. Such a
distortion is not desirable. Infinite slew rate indicates that output changes
simultaneously with the changes in the input voltage.

The parameter slew rate is actually defined as the maximum rate of change of output
voltage with time and expressed in V/ps.

dV,
Slew Rate =S = —

dt maximum

Slew Rate Equation

Let Vs be the input Voltage & Vo be the output voltage
Vs =VmSin wt

Vo = Vm Sin wt( output of Voltage follower)

dVo Vm( 0
— = Vm(wcosw
dt
av . av
But =2 = Slew Rate , for maximum value of—o, coswt =1;
at Ipax dt

Therefore S = avo
dt

= wVm
Max

S =2nfV, x 107 V/uS
h) Power Supply Rejection Ratio (PSRR):

The power supply rejection ratio is defined as the ratio of the change in input offset
voltage due to the change in supply voltage producing it, keeping other power supply
voltage constant. It is also called Power Supply Sensitivity.
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So if VEE is constant and due to change in Vcc, there is change in input offset voltage then
PSRR is expressed as,

Vios

PSRR =
AVee

Vgg constant

if Vcc is constant and due to change in VEE, there is change in input offset voltage then
PSRR is expressed as

Vcc constant
It is expressed in mV/V or uV/V and its ideal value is zero.

Ideal & Practical Characteristics can be summarized as

Ideal 741
Characteristics Symbol | Parameter | Parameter

Values Values
Open loop voltage gain AOL o) 200000
Input Impedance Rin o0 2MQ
Output Impedance Ro 0 750
Offset Voltage Voo 0 2mV-6mV
Bandwidth B.W © 1MHz
CMRR p o0 90dB
Slew Rate S o) 0.5V/uS
Power Supply Rejection Ratio PSRR 0 150uVv/V

1.5 EQUIVALENT CIRCUIT OF OPAMP

¢ Op-Amp Can be Modelled as Voltage controlled Voltage source (VCVS)
s AV,; — Equivalent Thevenian Voltage source
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¢ Ro- output Resistance
% Vo= AVid=A(V1-V2)
¢ Vid= Difference Voltage between inverting & non inverting Terminals

1.6 OPEN LOOP CONFIGURATIONS

The term open loop indicates ‘no connection’, either direct or via another network that
exists between the output and input terminals. That is, the output signal is not a feedback
in any form as part of the input signal.

When connected in open loop configuration, the op-amp simply functions as a high gain
amplifier. There are three open loop op-amp configurations:

¢ Differential amplifier

¢ Inverting amplifier
% Non-inverting amplifier

1.6.1 Differential amplifier

Fig. shows the open loop differential amplifier in which input signals Vin1 and Vinz are
applied to the positive and negative input terminals. Since the op-amp amplifies the
difference between the two input signals, this configuration is called the differential
amplifier

+V

cc
\ i V.= AV = Vi)
i R
Rin‘l Rin2 _VEE
+ +
Vinh>) Vin2 | Signal
— — source
-

Fig 1.6 : Differential Amplifier using OP-Amp

The op-amp is a versatile device because it amplifies both ac and dc input signals. This
means that Vin1 and Vinz could be either ac or dc voltage. The source resistance Rin1 and
Rinz are normally negligible compared to the input resistance Ri. Therefore the voltage
drop across these resistors can be assumed to be zero, which then implies that V1 = Vin1
and V2 = Vin2. Substituting these value in equation

Vo = AVig = A(V1 = V)

Vo = AVig = A(Vin1 — Vinz)
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1.6.2 Inverting Amplifier
In the inverting amplifier, input voltage is applied in the inverting input terminal. The
non- inverting terminal is grounded. Since V1 = 0 and V2 = Vin

Vo=AVyy = A(Vl - Vz)

VO = AVid == —AV2

Fig 1.7: Inverting Amplifier

The negative sign indicates that the output voltage is out of phase with respect to input by
180° or is of opposite polarity. Thus in the inverting amplifier the input signal is amplified
by gain A and is also inverted at the output

1.6.3 Non inverting amplifier

Fig shows the open loop non-inverting amplifier. In this configuration the input signal is
to the non-inverting (positive) input terminal, and the inverting terminal is connected to
ground

Signal
source

Fig 1.8: Non-Inverting Amplifier

From the circuit V; =V, and V, =0
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Vo = AV, —Vy) = Ay

This means that the output voltage is larger than the input voltage by gain A and is in
phase with the input signal.

1.7 VOLTAGE TRANSFER CURVE

The ideal op-amp produces the output proportional to the difference between the two
input voltages. The graphical representation of this statement gives the voltage transfer
curve. It is the graph of output voltage Vo plotted against the difference input voltage Vd,
assuming gain constant. This graph is called transfer characteristics of the op-amp.

Now the output voltage is proportional to difference input voltage but only upto the
positive and negative saturation voltages of op-amp. These saturation voltages are
specified by the manufacturer Vo in terms of output voltage swing rating of an op-amp,
for given value of supply voltages .These saturation voltages are slightly less than the
supply voltages.

Thus, the voltage transfer curve is a straight line till output reaches saturation voltage
level. Thereafter output remains ideal voltage transfer curve is shown in the Fig 1.9

Positive saturation voltage | ~--
*Vsar = * Ve

-V, - +Vy

Negative saturation voltage
== Vear= Ve

Fig 1.9: Ideal Voltage Transfer Curve

1.8 FREQUENCY RESPONSE CURVE

Ideally, an op-amp should have an infinite bandwidth. This means the gain of op-amp
must remain same for all the frequencies from zero to infinite. Till now we have assumed
gain of the op-amp as constant but practically op-amp gain decreases at higher
frequencies. Such a gain reduction with respect to frequency is called roll off.

This happens because gain of the op-amp depends on the frequency and hence
mathematically it is a complex number. Its magnitude and phase changes with frequency.

The plot showing the variations in magnitude and phase angle of the gain due to the
change in frequency is called frequency response of the op-amp.
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Lecture Netes

Vi o V,,
I/d Ry c
LB T

V, L

Fig 1.10: High Frequency model of Op-Amp

To obtain the frequency response, consider the high frequency model of the op-amp with
a capacitor C at the output, taking into account the capacitive effect present. It is shown in

the Fig.1.10.

Let -jXc be the capacitive reactance due to the capacitor C. From the Fig. 1.10, using

voltage divider rule

VO = AOLVd X

1

Vo
AOL(f) = V_

; Xo = 2nfC

AL
Ry +- 1 - 1+ j2nfR,C

:L

Let f;= p—— Cut off frequency of Op amp

RoC

U Ao
C

Aoy (F)] = ——201__
f 2

”(ﬁ)

As the frequency increases till fc the gain is almost constant but after fc the gain reduces

with a rate of -20 dB/decade
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Fig 1.11 Frequency Response of Op-Amp

1.9 DIFFERENTIAL AMPLIFIERS
The Differential Amplifier Amplifies the difference between two input voltage signals.
Hence It is called Differential Amplifier.

V -

Fig:1.12 Ideal Differential Amplifier

V1 and V2 are the two input signals while Vo, is the single ended output. Each signal is
measured with respect to the ground. In an ideal differential amplifier, the output voltage
Vo, is proportional to the difference between the two input Signals. Hence we can write,

Vo = Aq(Vy — Vp)------- (1)
Vo x (Vi —V3)
Differential Gain (Ad)

From Equation 1 we can write V, = A;(V; — V,) where Ad is the gain which differential
amplifier amplifies the difference between the two input signals. Hence called Differential
Gain

Vo = A4Vqy
Vo
A, =2
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Generally Differential Gain is expressed in dB.
Ay = 20log(Ad) indB

Common Mode Gain Ac.

If we apply two input voltages which are equal in all the respects to the differential
amplifier i.e. V1 = V2, then ideally the output voltage Vo. = (V1- V2) Aa must be zero. But the
output voltage of the practical differential amplifier not only depends on the difference
voltage but also depends on the average common level of the two inputs. Such an average
level of the two input signals is called common mode signal denoted as Vc

i+
c— 2

The gain with which it amplifies the common mode signal to produce the output is called
common mode gain of the differential amplifier denoted as Ac

Vo = AcVc
2 _Vo
“=ve

So the Total output of any differential amplifier can be expressed as

Vo = AdVd + AcVc

Common Mode Rejection Ratio CMRR

When the same voltage is applied to both the inputs, the differential amplifier is said to be
operated in a common mode configuration. Many disturbance signals, noise signals _
appear as a common input signal to both the input terminals of the differential amplifier.
Such a common signal should be rejected by the differential amplifier

The ability of a differential amplifier to reject a common mode signal is expressed by a
ratio called common mode rejection ratio denoted as CMRR. It is defined as the ratio of
the differential voltage gain Ad to common mode voltage gain Ac.

Ad

CMRR = p = |-

Ideally the common mode voltage gain is zero, hence the ideal value of CMRR is infinite.
For a practical differential amplifier Ad is large and Ac is small hence the value of CMRR is
also very large. Many a times, CMRR is also expressed in dB

Ad
CMRR indB = 20 log E| dB

The output Voltage can be expressed in terms of CMRR
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AcVce
Vo = Advd + AcVc = AdVd {1 + }

Advd
Vo= Advdil+ —_x V¢
0= +(@)Xﬁ
Ac
V—AdVd[1+ v Ye
°= CMRR " Vd

Features of Differential Amplifier

The various features of a differential amplifier are

High differential voltage gain.
Low common mode gain.

High CMRR

Two input terminals.

High input impedance.

Large bandwidth.

Low offset voltages and currents.
Low output impedance.

I S S S SIS

1.9.1 TRANSISTORISED DIFFERENTIAL AMPLIFIER

The transistorised differential amplifier basically uses the emitter biased circuits which
are identical in characteristics. Such two identical emitter biased circuits are shown in the

Fig
Wee "Vee
Rey Rea
C, C;
8, B,
Q, Q;
E, €
Res Re2
~Vee “Vee

Fig 1.13: Emitter Based Circuits
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The two transistors Q1 and Q2 have exactly matched characteristics. The two collector
resistances Rc1 and Rz are equal while the two emitter resistances Re1 and Rez are also
equal.

Thus Rc1, = Rcz and Re1= Re2

The magnitudes of + Vcc and - Vee are also same. The differential amplifier can be
obtained by using such two emitter biased circuits. This is achieved by connecting emitter
E1 of Q1 to the emitter E2 of Q2. Due to this, Re1 appears in parallel with Rez, and the
combination can be replaced by a single resistance denoted as Re. The base B1 of Q1 is
connected to the input 1 which is Vsi1, while the base Bz of Q2 is connected to the input 2
which is Vs2. The supply voltages are measured with respect to ground. The balanced
output is taken between the collector C1 of Q1 and the collector Cz, of Q2. Such an amplifier
is called emitter coupled differential amplifier. The two collector resistances are same
hence can be denoted as Rc.

The output can be taken between two collectors or in between one of the two collectors
and the ground. When the output is taken between the two collectors, none of them is
grounded then it is called balanced output, double ended output or floating output.

When the output is taken between any of the collectors and the ground, it is called
unbalanced output or single ended output. The complete circuit diagram of such a basic
dual input, balanced output differential amplifier is shown in the Fig.

*Vee

Re
V, ©
Rs2
Q,
+
RE X
\ Source Spurce/ T
Signal Signal =
-Vee

Fig 1.14: Dual input Balanced output Differential Amplifier

As the output is taken between two output terminals, none of them is grounded, it is
called balanced output differential amplifier.

Let us study the circuit operation in the two modes namely

+ Differential mode operation
+ Common mode operation
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Differential Mode Operation

In the differential mode, the two input signals are different from each other. Consider
the two input signals which are same in magnitude but 180° out of phase. These
signals, with opposite phase can be obtained from the center tap transformer. The
circuit used in differential mode operation is shown in the Fig.

o

=== <— Center tap transformer

% Source

Fig 1.15: Differential Mode Operation

Assume that the sine wave on the base of Q1 is positive going while on the base of Q2 is
negative going. With a positive going signal on the base of Q1, an amplified negative going
signal develops on the collector of Q1. Due to positive going signal, current through RE,
also increases and hence a positive going wave is developed across Re. Due to negative
going signal on the base of Q2, an amplified positive going signal develops on the collector
of Q2. And a negative going signal develops across RE, because of emitter follower action
of Q2.

So signal voltages across RE, due to the effect of Q1 and Q2 are equal in magnitude and
180° out of phase, due to matched pair of transistors. Hence these two signals cancel each
other and there is no signal across the emitter resistance. Hence there is no a.c. signal
current flowing through the emitter resistance. Hence RE in this case does not introduce
negative feedback.

While Vo is the output taken across collector of Q1 and collector of Q2. The two outputs
on collector 1 and 2 are equal in magnitude but opposite in polarity. And Vo is the
difference between these two signals, e.g. +10 - (-10) = + 20. Hence the difference output
Vo is twice as large as the signal voltage from either collector to ground.
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Common Mode Operation

In this mode, the signals applied to the base of Q1and Q2 are derived from the same
source. So the two signals are equal in magnitude as well as in phase. The circuit diagram

is shown in fig.
JU N ¥
Cy

.vCC

~J) Vg1 * Va2

Fig 1.16: Common ode Operation

In phase signal voltages at the bases of Q1 and Q2 causes in phase signal voltages to
appear across RE, which add together. Hence RE carries a signal current and provides a
negative feedback. This feedback reduces the common mode gain of differential amplifier.
While the two signals causes in phase signal voltages of equal magnitude to appear across
the two collectors of Q1 and Q2. Now the output voltage is the difference between the two
collector voltages, which are equal and also same in phase, e.g. (10) -(10) = 0. Thus the
difference output Vo is almost zero, negligibly small. Ideally it should be zero.

Types of Differential Amplifiers

The differential amplifier, in the difference amplifier stage in the op-amp, can be used in
four configurations.

X/
L X4

Dual input, balanced output differential amplifier.
Dual input, unbalanced output differential amplifier
Single input, balanced output differential amplifier.
Single input, unbalanced output differential amplifier.

X3

S

X/
L X4

X/
L X4

The differential amplifier uses two transistors in common emitter configuration. If output
is taken between the two collectors it is called balanced output or double ended output.
While if the output is taken between one collector with respect to ground it is called
unbalanced output or single ended output. If the signal is given to both the input
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terminals it is called dual input, while if the signal is given to only one input terminal and
other terminal is grounded it is called single input or single ended input.

Out of these four configurations the dual input, balanced output is the basic differential
amplifier configuration. This is shown in the Fig. 1.17 (a). The dual input, unbalanced
output differentia: amplifier is shown in the Fig. 1.17 (b). The single input, balanced
output differential amplifier is shown in the Fig. 1.17 (c) and the single input, unbalanced
output differential amplifier is shown in the Fig. 1.17 (d).

?+Vee

(a) Dual input balanced output (b) Dual input unbalanced output

+Vee ? +Vee

~Vee

(c) Single input balanced output . (d) Single Input unbalanced output

Fig 1.17

The operation of dual input balanced output differential amplifier in differential mode
and common mode is already discussed in the last section. This configuration is also
called symmetrical differential amplifier.

1.10 D.C. ANALYSIS OF DIFFERENTIAL AMPLIFIER

The d.c. analysis means to obtain the operating point values i.e. Icq and Vceq for the
transistors used. The supply voltages are d.c. while the input signals are a.c.,, so d.c.
equivalent circuit can be obtained simply by reducing the input a.c. signals to zero. The
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d.c. equivalent circuit thus obtained is shown in the Fig. 1.18. Assuming Rs1, = Rsz, the
source resistance is simply denoted by Rs.

The transistors Q1 and Q2 are matched transistors and hence for such a matched pair we

can assume

< Both the transistors have the same characteristics.

X Re1 = Re2 hence Re= Re1 || Rez.

< Rc1 = Recz hence denoted as Re.

X |[Vce | = |Vee | and both are measured with respect to ground.

To ground ~Vee To ground
Vsi1=0 Vs2=0

Fig 1.18: DC equivalent Circuit

As the two transistors are matched and circuit is symmetrical, it is enough to find out
operating point Icq and Vceq, for any one of the two transistors. The same is applicable for
the other transistor. Applying KVL to base-emitter loop of the transistor Q1

_IBRS - VBE - ZIERE + VEE = 0 fen nan wee wes wee e (1)
Butl, =Bl =1, ;Iz=-2Z

Therefore Equation (1) becomes

_IZRS - VEE - ZIERE + VEE - 0 ................. (2)
-R
Iy [TS — 2Rg| + Vg = Vg = O (3)
VEE-VBE
IE R_S+2RE ...................................................... (4)
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Generally % < 2R

From the equation (5), we can observe that

i) Re determines the emitter current of Q1 and Q2 for the known value of VEk.
ii) The emitter current through Q1 and Q2 is independent of collector resistance Rc.

Now let us determine Vck. As It is known and It = Ic, we can determine the collector
voltage of Q1

VC - VCC - ICRC [ (6)

Neglecting the drop across Rs, we can say that the voltage at the emitter of Q1 is
approximately equal: to -Ves. Hence the collector to emitter voltage is

Ve =Ve = Vg = (Veec — IcRe) — (—VpE)
o VCE - VCC + VBE — ICRC 500 000 000 o o (7)
Hence Iz = I = I¢g while Veg = Vg for given values of Vee  and Vgg

Key Point: In the equation (5), the sign of Vek is already considered to be negative, while
deriving it. Hence while using this equation to solve the problem, only the magnitude of
Ve should be used and negative sign of Vet should not be used again.

Thus for both the transistors, we can determine operating point values, using equations
(5) and (7). With the same biasing arrangement, the d.c. analysis remains same for all the
four possible configurations of differential amplifier

_ Veg — Ve

Ip=—=1
E 2R, cQ

Vee = Vee + Ve — IcoRc

1.11 A.C. ANALYSIS OF DIFFERENTIAL AMPLIFIER USING H-PARAMETERS

In the a.c. analysis we will calculate the differential gain Ad, common mode gain Ac, input
resistance Ri and the output resistance Ro of the differential amplifier circuit, using the h-
parameters..

Differential Gain (Ad)

For the differential gain calculation, the two input signals must be different from each
other. Let the two a.c. input signals be equal in magnitude but having 180° phase
difference in between them. The magnitude of each a.c. input voltage Vs1 and Vs2 be Vs /2.
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The two a.c. emitter currents leiand lez are equal in magnitude and 180° out of phase.
Hence they cancel each other to get resultant a.c. current through the emitter as zero.
Hence for the a.c. purposes emitter terminal can be grounded. The a.c. small signal

differential amplifier circuit with grounded emitter terminal is shown in the Fig.1.19

+Vee

Fig 1.19: AC equivalent circuit for differential operation

As the two transistors are matched, the a.c. equivalent circuit for the other transistor is
identical to the one shown in the Fig. 1.19. Thus the circuit can be analysed by considering

only one transistor. This is called as half circuit concept of analysis.

The approximate hybrid model for the above circuit can be shown as in the Fig. 1.19,

neglecting hoe,

@ oV

thIb RC

Fig 1.19: Approximate hybrid model

Applying KVL to the input Loop

Vs
—I,Rs — Ihi, + ? =0 (D)
Vs
~Iy(Rs + hie) = ——
Vs
I .(2)

— m TETTIT I

Applying KVL to output Loop
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VO = _hferRC (3)
Sub eqgn (2) in (3)

Vs

Vo= —hfe——>—R
0 fez(Rs+hie) ¢

E _ _hfeRC
Vs 2(Rs + hy)

The negative sign indicates the phase difference between input and output. Now two
input signal magnitudes are % but they are opposite in polarity, as 180° out of phase.

Vs Vs
o= ()

The magnitude of the Differential gain Ad is

Vo  —heR
Ag=—2=—TC . (5)

Vs 2(Rs + hye)
What we are interested is to obtain Ad for the differential amplifier with the balanced
output. Balanced output is across the two collectors of the transistors Q1 and Q2, which
are perfectly matched. Such balanced output is double than that obtained above, with
unbalanced output. Hence the-expression for Ad with balanced output changes as

_hfeRC

A, =2 X ——mM
¢ 2(Rs + hie)

_ & _ hfeRC

= —=—"—""— (Magnitide) ... ..... (6
TV T Rt hig) Y &

This is the Differential Gain for Dual input Balanced output Differential Amplifier Circuit.

Common Mode Gain (Ac)

Let the magnitude of both the a.c. input signals be Vs and are in phase with each other.
Hence the differential input Va = 0 while the common mode input Vc is the average value
of the two

ViV, Vs+Vs
¢ 2 7 2 7

While the output can be expressed as
VO == A(:VS . (8)

_Vo
¢ ys

. (9)
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But now both the emitter currents le1 = le2 = le, flows through Rk in the same direction.
Hence the total current flowing through Rk is 2le.

As the two transistors are matched, ac. equivalent of common mode operation can be
shown, considering only one transistor, as in the Fig. 1.20 operation can

+Vee

~Vee

Fig 1.20: AC equivalent circuit for Common mode operation

The approximate hybrid model is

oV,

.|[,}

Fig 1.21: approximate hybrid model

As the current through Rk is 2le, for simplicity of derivation the current can be assumed to
be le, and effective emitter resistance as 2 Re. Hence the emitter resistance is shown 2 Re
in the Fig. 1.21.

So current through Re =load current I
effective emitter resistance = 2 Re
current through emitter resistance = IL+Ib
current through hoe = (I, — hsl},)

Applying KVL to the input side,
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—I,Rs — Iyhje — 2R, (I, + 1) + Vs =0

VS ES Ib (RS + hie + ZRe) + IL(ZRe) ...... (10)

Whl]e VO = _ILRC ............. (11)
Applying KVL in output loop

—(I, — hyely)

- ZRE(IL + Ib) - ILRC = 0
h’O@

_IL hfe
+2%1, — 2RI, — 2RI, —LR; = 0
hoe hoe

h 1
I [—e - 2Re] =1, [— + 2R, + RC]
hoe hoe

Iy(hre — 2Rohoe) = IL[1 + hye (2R, + R(]

R (hfe — 2Rohye)

) Ib [1 + hoe(ZRe + RC]

I,[1+ h,e (2R, + R(]

oo 2hn) (12)

Ib:

Substitute the Value of Ib in equation (10)

I[1+h,.(2R, +R
V=L[ 0e(2Re C](R5+hie+2Re)+IL(2Re)

s (hfe — 2Rohoe)

Ve [1+4h,.(2R.+R
s _ | 0e(2Re C](R5+hie+2Re)+(2Re)

I~ (hpe — 2Rohye)

Vs [14hoe2Re + hoeRel + (Rs + hie + 2R.) + (2Re) (hye — 2ReRoe)
I (hfe — 2R.hoe)

_ R(1+2Rchoe) + ReRchoe + hie(1+ 2Rohoe) + highoeRe + 2R [1 4+ Roe2R, + hoeRe] + (2Re) (hpe — 2Rchoe)
(hfe — 2Rchye)

Ry + 2R.hye) + RRchoe + hig(1 + 2Rohoe) + highoeRe + 2R, + 4R.*hoe + 2RohoeRe + 2Rohye — 4R,y
B (Rye — 2R, hye)
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_ Ry(1+ 2Rchoe) + ReRchoe + hie(1 + 2Rohoe) + hichoeRe + 2R, + 2RohoeRe + 2R, hye
h (Rre = 2Rohoe)

_ Rg(1+2Rchoe) + 2R (1 + hre) + hie(1 + 2Rohoe) + hoeRc(2R. + Rs + hye)
(hfe — 2R.hoe)
_ 2R.(1+ hge) + (Rs + hie)(1 + 2Rehoe) + hoeRc (2R, + Ry + hye)
(hfe — 2R.hoe)

Neglecting the terms of h,. R as practically h,,R; < 1

Vs _ 2Re(1+ hye) + (Rs + hie) (1 + 2R, hoe)
I (Rre — 2Rchoe)

_ Vs(hre — 2Rchoe)
2R, (1 + hse) + (Rs + hie) (1 + 2R, hye)

Iy

Substituting the Value of I.in Equation (11)

B —Vs(hse — 2Rohoe)Re
B 2Re(1 + hfe) + (RS + hie)(l + ZRehoe)

Vo

Hence the Common mode gain can be written by neglecting the terms of h,,

& _ _hfeRC
Vs 2Ro(1+hse) + (Rs+ hie)

c =

. (13)

Common Mode Rejection Ratio(CMRR
Once the Ad & Ac are obtained ,the expression for CMRR can be obtained as

Ag

CMRR = e (14)

Cc

2R.(1+ hse) + (Rs + hye)

CMRR =
(Rs + hie)

e . (15)

Differential Input Resistance (Ri)

It is the equivalent resistance between one of the input and the ground when the other
input terminal is grounded.

V.
R, =-=....(16)
Iy

Sub eqn (2) in (16)
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Vs
R; = Ve
2(Rs + hie)

Output Resistance (Ro)

It is defined as the equivalent resistance between one of the output terminals with respect
to ground. As seen from the Fig. 1.19, the resistance between output terminal with respect
to ground is Rc.

RO = RC ......... (18)

1.12 METHODS OF IMPROVING CMRR

Higher the value of CMRR, better is the performance of differential amplifier. Hence in
practice the efforts are always to improve the CMRR of the differential amplifier. Along
with the basic circuit, various other circuits are used to improve the performance of
differential amplifier.

EFFECT OF Re

To improve the CMRR, the common mode gain Ac, must be reduced. The common mode
gain Ac. approaches zero as Rk tends to infinity. This is because Rk introduces a negative
feedback in the common mode operation which reduces the common mode gain Ac. Thus
higher the value of Rg, lesser is the value of Ac, and higher is the value of CMRR. The
differential gain Ad is not dependent on Re. But practically Re can not be selected very
high due to certain limitations such as

1. Large Re needs higher biasing voltage to set the operating Q point of the transistors.
2. This increases the overall chip area.

Hence practically instead of increasing Re various other methods are used which Provide
effect of increased Rk without any limitations. Such two methods are

++ Constant current bias method.
s Use of current mirror circuit.

Differential Amplifier with Constant Current Source

Without physically increasing the value of R, the Rk is replaced by a transistor Operated
at a constant current. Such a constant current source circuit gives the effect of a very high
resistance without affecting the Q point values of the differential amplifier. The
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differential amplifier using constant current bias circuit instead of Re is shown in figure
1.22.

The transistor used is Q3 and the values of R1, R2 and R3 are selected so as to give the
same operating point values for the two transistors Q1 and Q2.

Circuit Analysis

Let current through R3 be Ie3; while current through R1 is I. Neglecting the base current of
Q3 which is very small due to large Bac, we can assume that current through Rz is also 1.

Constant current
source circuil

Fig 1.22 : Use of constant current source
Applying Kirchhoff's law
—IR1 — IRZ + VEE =0

VE E

I =
R, +R,

Now Vy = —IR,

VE E

Vy = ————
B R, + R,

Ry

Now VE = VB - VBE
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Ve = (=V&e)
IE3 - R—3

Substitute the values for Vg & Vg

=V
ﬁ& — Vgg + (Vgg)

I =
E3 R3

R,
Ver |y ] — Ver
Igs = R
3

Neglecting Iz; we can write

Ies = Igs

Thus as Veg, R1, R2, R3 and VgE are constants, current Ic3 is almost equal to Ig3, and also
constant. Thus circuit with transistor Q3, acts as a constant current source

Constant current Bias using Zener

The problem of temperature dependent characteristics of the transistor can be solved by
using zener diode. This is because zeners are available over a wide range of voltages and
can have a matching temperature coefficient of voltage to those of transistors. Constant
current bias circuit using zener is shown

I031
Ve
Q; 1
V \/ ‘Tl
g BE

[«]
~Vgg

Fig 1.23: Constant current bias using Zener
Circuit Analysis
The Voltage at the base of transistor Q3
Vg = —Vgg + 15

Vg =V — Vg
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_ Vz —Vpg
A

While the value of R1 is selected in such a way that zener diode always conducts in
reverse region,it can be calculated as

VEE - VZ

R, =
1 i

The common mode gain is almost zero, providing very large value of CMRR, with a
constant current bias. To offer extremely large resistance under a.c. conditions, a simple
circuit of constant current source, with less number of components is now a days used.
This circuit is called current mirror or current repeater circuit

CURRENT MIRROR CIRCUIT

The circuit in which the output current is forced to equal the input current is called as
current mirror circuit. In a current mirror circuit, the output current is the mirror image
of input current. The current mirror circuit is often referred to a Current Controlled
Current Source or CCCS.

In figure Q3 & Q4 are perfectly matched,
Vpes = Vppaand lps = Ipy  Ic3 = Ica
Applying KCL at Node X

12 = I + Ic4 .......... (1)

Applying KCL at Node Y
Note that
I=IB3+IB4- ........... (2) 1332134
Iez = Ica

I = 2133 = 2[34 ...... (3)
Substitute equation (3) in equation (1)
12 = 2134_ + IC4 = 2133 + IC3

Now g = ’%3
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[ ec
Re g Rc
Vor Vo2
—0 o0
O_—KQ‘ sz——o
Vi Vi

_VEE

Fig 1.24 : Current Mirror Circuit

Generally S is very large - % isnegligibly small

I = I3
Thus Collector current of Qs is nearly equal to the current I2
[2 can be obtained by applying KVL for the base emitter loop of transistor Qs
—I;R; — Vpgz — Vgg =0

IR, = Vgg — Vpgs
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VEE - VBE3

=

By selecting Rz, appropriate I2 can be set for current mirror circuit

Wilson Current Source Circuit

Another widely used current source using current mirror technique is Wilson current
source. High output resistance is the feature of Wilson current source. The Wilson current
source circuit is shown in the Fig. 1.25.

The high output resistance is achieved due to the negative feedback through Q3. It also
provides base currents cancellation making I, nearly equal to Iref

+Vee

b IL - >1 ‘
= %1
|

Igo
1 Icq l
c3
Q, —— Q,
g1 Ig3

Fig 1.25: Wilson Current Source Circuit

Applying KCL at node b,
Lier = Icq + gz oo ... (D
Igy = I3+ Igq + g3 ... ... (2)
v gy =Ipy = Ip3 =Ip
Igy = I3 + 215 .....(3)
Also Ig, = Ipy + I, also Igy =1y + 15 ... ... (4)

Iep = Ig—1p

ICZ = Icg + ZIB_IB = Ic3 + IB (5)
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I, = I¢1 as all transistors are equal
ey =1cg + 1 e ... (6)
From equation (1) Ler =Icy + g oo ve v v e v v e (7)
Comparing Eqns (6) and (7) We can say
Iy = Ligp = Iz o v vvv e e (8)

Now I, = I3 + 215; But g = "373

Ics
IEZ - Ic3 + 2?
2

: I 1 1+p
From Equation (4) Iz, = I¢y + g = Iy + % =Icy (1 + E) = (T)
B

m) e (10)

Iez = I, (

Substitute equation (9) in (10)

Iz = e (1)
(1+5)(4)

From equation (1) Les = I¢q + I

ICZ

e v (12)

Iey = I

Since Transistors are identical I3 = I
~ Compairing Equations (11)and (12)

Ic, Ic,

= lrep-—
(15) ()

By solving we get
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B%+26+2
I\ 77T = Iref

B2 +p)
. 2P \_, (B?+2p+2-2)
camre\pz+2p+2) TN\ pr+2p+2

2
lea = ooy (1~ r52552)

The equation shows that the output current I, and .. differ by only a factor which is in

the order of %

Widlar Current Source

In operational amplifier low input current is required. Hence input stage is biased at very
low current, typically at a collector current of the order of 5 pA. Currents of such low
magnitude can be obtained with a modified circuit called Widlar current source. The
circuit is shown in the Fig 1.26

+Vee

1

Fig 1.26: Widlar Current Source

The two transistors are identical to each other, but due to emitter resistance Rg, Vee1 &
Vge2 are different. In fact Vgp, < Vg and hence I, < I .Due to asymmetric nature of
the base emitter loop, the circuits is called “lens” rather than a “mirror”

Applying KVL in Base emitter loop,
Veg1 = Vpgz + (Upz + Ic2)Re. (1)

Vg1 — Vpez = (Upz + Ic2)Rg ... ... (2)
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For the transistor we can write

VBE1
IClzlserT

VBE2
IczzlserT

VBE1
I IcXeVr VBE1—-VBE2
ﬂzs_vz( )
] BE2
cz IsxXeVr

By taking natural log on both sides

(IC1) Vee1r — ViE2
nl—)|=——=

Icz Vr
Iy
VBEI - VBEZ = ln I_ X VT re wes wee e (3)
c2
Comparing equation (2) and (3)
Iy
(IBZ + ICZ)RE = ln — | X VT
Ic;
Neglecting the value of I, for large value of [,
Iy
162XRE:ln e XVT ...... (4)
Icz

Problem 1

For the Widlar current source shown in the Fig, design the value of Rk to get I, as 20 pA.
Assume Ve = 0.7 V. Neglect base current.

+Vg = 30V

R< 33.3k0
l|:11 1 Icz

Q, Q,

.||||_4

Solution:

As the Base current is neglected,
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Ve — Vpg
G

o= 0707 ) er08 ma
€17 333%x103 o oom

Ico = 204

I
ICZ X RE = VT X ln(ﬂ>
Ic;

Assuming VT=26mV at room temperature

) ) 0.8798 mA
20X 1076 X Ry = 26 X 10 3xln(—)

204
Ry = 4.920

Problem 2

For the widlar current source shown in Fig design the value Rk to get Ic as 25 mA. Assume
VBe = 0.7 V neglect base current.

Ve = 35V
ICiR
33.3 KQ
Ig Y I
QH > Q,
Igy Bes '\L
‘ Re =

ICZ == ZSmA

I
ICZ X RE = VT X ln(2>
Ic;

Assuming VT=26mV at room temperature
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1.03 mA)

25X 1073 X R, =26 x 1073 x 1 (—
E "\ 2514

R = 3.867KQ
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Linear Integrated Circuits

Vo= 09 (14)=-28mV
50100

Example 5.3

A Schmitt trigger with the upper threshold level Viyr = 0V and hysteresis width V<o
converts a 1 kHz sine wave of amplitude 4V, into a square wave. Calculate the t:3 V
duration of the negative and positive portion of the output waveform. mg

Solution v 4
Vir =0
Voy=Viyr - Vi =02V
So, Vipr =-02V
In Fig. 5.9, the angle 68 can be calculated as
~-02=V_sin(n+6)=-V,sin6=-2smn06

0 = arc sin 0.1 = 0.1 radian Yod ﬂT“l:
The period, T = 1/f = 1/1000 = 1 ms
wT, = 21 (1000) Ty = 0.1 i P — —>
T, = (0.1/2 ) ms = 0.016 ms [
So, T,=T2 + Ty = 0.516 ms Fig. 5.9 Circuit for Example 5.3
and T, =T/2 — Ty = 0.484 ms
X3 SQUARE WAVE GENERATOR (ASTABLE MULTIVIBRATOR) i

A simple op-amp square wave generator is shown in Fig. 5.10 (a). Also called a free running
oscillator, the principle of generation of square wave output is to force an op-amp to operate
in the saturation region. In Fig. 5.10 (a) fraction B = R,/(R, + R,) of the output is fed back
to the (+) input terminal. Thus the reference voltage V. is Bv, and may take values as

R VQA
vV VANA—
Vsal =
VU
| ey
A 2 T 6
1 O
?3;/'“‘** + Vo
1 red R1 ?
T C |
Ve T .
ﬁvu RZi )
! -/R
T —- —L = Vsat[1_(1+B)e C]

(a) ) )

Fig. 5.10 (a) Simple op-amp square wave generator (b) Waveforms




Consider an instant of t%me when the output is at +Vea- The capacitor now starts charging
owards +V, through resistance R, as shown in Fig. 5.10 (b). The voltage at the (+) input
srminal 18 held at +BV,, by R, and R, combination. This condition continues as the charge
o C rises, until 1t has just éxceeded + BVt the reference voltage. When the voltage at the
) input terminal becomes just greater than this reference voltage, the output is driven to
;1'm[, 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
-harges more and more negatively until its voltage just exceeds — BV,,,. The output switches
hack to + Vg The cycle repeats itself as shown in Fig. 5.10 (b).

The frequency 1s determined by the time it takes the capacitor to charge from — BV, . to

' sat
+BV_, and vice versa. The voltage across the capacitor as a function of time is given by,

Uc(t)' = Vf + (‘fl — Vf )e—t/RC (5.4)
where, the final value, Vi,=+V

sat

and the initial value, Vi =-BV,,

Therefore,
Uc(t) = Vsat + (- BVsat o Vsat) e_”RC
or v(t) = Vg, — V.. (1 + B)e?BC (5.5)
Att =T, voltage across the capacitor reaches BV, and switching takes place. Therefore,
v(T)) = BVsat = Vsat — Vsat (1 + B)E_TI!’RC (5.6)
After algebraic manipulation, we get,
_ 1+
T} = RCIn 5.
1 o (5.7)
This give only one half of the period.
Total time period )
T
T = 2T, = 9RC In 11D 5.8 B
1- 2
ang [he 0 . . O
| Utput wave form is symmetrical. U

fR. =
T Ry = R, then B = 0.5, and T = 2RC In 3. And for R, = 1.16R,, it can be seen that

Ut
1
/o 2RC
Th
¢ OutpUt e
swings from +V_, to — V,,,, 80,

Vs Peak-to-peak = 2 V

sat

(5.9)

4
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R=10 kq
R W
—/ NAVN—
(Vz+Vo)
741
v

:I:C R, V, |
1" ——C=0.1 yF § R0k
v

* T v v
(d)

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 Varlying the power 8upply voltage
However, a better technique 1s to use back to back zener diodes as shown in Fig. 5.10 (0).

The output voltage is regulated to = (Vz + Vp) by the zener diodes.
v, peak-to-peak = 2 (V7 + Vp) (5.10)
Resistor R, limits the currents drawn from the op-amp to,

-V
Vsat Z 6.1 )
Ry

This circuit works reasonably well at audio frequencies. At higher frequencies, however,

slew-rate of the op-amp limits the slope of the output square wave.
If an asymmetric square wave 1s desired, then zener diodes with different break down

voltages V,; and Vy, may be used. Then the output is either V,; or V,, whe1.'e 1=Vt
V, and V,, = Vg, + Vp. It can be easily shown that the positive section is given by,

T, = RC In 1B Vee/Vox (.12
1-3

The duration of negative section T, will be the same as given by Eq. (5.12) with V., and

, interchanged.
An alternative method to get asymmetric square wave output 1s to add a dc voltage source

V in series R, as shown in Fig. 5.10 (d). Now the capacitor C swings between the VOM%E
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.

The {:1'1'('.31.1.1't

I, =

V.

0

X5} MONOSTABLE MULTIVIBRATOR

Monostable multivibrator has one stable state and the other is quasi stable state. o
is useful for generating single output pulse of adjustable time duration in response ol
triggering signal. The width of the output pulse depends only on external components @Pgleamr.
to the op-amp. The circuit shown in Fig. 5.11(a) is a modified form of the astable multiviof

e




Comparators and Waveform Generators

Vln

R _
WA, T ,lT 'l t
p
(b)
Vel 1S |
B § = Vo | To Vg,
| ’
+ R §R1 v oy 4
D.N =— { ¢ ' Vo
1 | } T_T :L tp
= -%- anl éRZ :
- VI
i 'ﬂ?-'-‘ B sal -:——--——-Ec_) _______ rx
|| I A A ' N
0 1< T 2 | L ~To-V
VU mC‘l Dz vanl : : ° =
i R‘ VDT
(a) - - ’lh— tb
_Vsal

(d)

Fig. 5.11 (a) Monostable multivibrater, (b) Negative going triggering signal,
(c) Capacitor waveform, (d) Output voltage waveform

. Adiode 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 Uo 18 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 +BV,,. 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)] < 0.7 V), 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 —Viae through the resistance R. The voltage at the (+) Input
. terminal is now — 3 V.. When the capacitor voltage v, becomes just slightly more negative
 than —B V,,,, the output of the op-amp switches back to + Ve The capacitor C now starts
| charging to +V,, through R until v, is 0.7V as capacitor C gets clamped to the voltage.
| Various waveforms are shown in Fig. 5.11 (b, ¢, d).

. The pulse width T 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 fina) values is,

v, = Vi + (V, = Ve '/RC (5.13)

l. * For the cireuit, Vi = -V, and V. = V|, (diode forward voltage).
The output U, 18,

" Ve = —VHHL t (V]) + Vaul.) G-HRC (511)
P at | = T
f Vo = — annt. (515)
Th@l‘(}f()rtf,
“ ‘hl[ =~ Vit : (VD T anL)P--’Hm‘l

Chapter 5



where B = Ry/(R, + Ry)
If, Vi >> Vp and R, = R, so that B = 0.5, then

T=0.69 RC (5.17)

For monostable operation, the trigger pulse width T, should be much less than T, the
pulse width of the monostable multivibrator. The diode D, is used to avoid malfunctioning
by blocking the positive noise spikes that may be present at the differentiated trigger input.

It may be noted from Fig. 5.11 (b) that capacitor voltage v, reaches its quiescent valye Vi
at T" > T. Therefore, it is essential that a recovery time T’ —T be allowed to elapse before
the next triggering signal is applied. The circuit of Fig. 5.11 (a) can be modified to achieye
voltage to time delay conversion as in the case of square wave generator. The monostabje
multivibrator circuit is also referred to as time delay circuit as 1t generates a fast transitiop
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 useq tq
gate parts of a system.

EXJ TRIANGULAR WAVE GENERATOR Fostn

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 +V__
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 avold the saturation problem at low frequencies as
in the case of practical integrator.

R R,=10R,
VAVAVAVAY —VVVWA—
| |
JUL C,
Y —_ ?V;
N\ —
R, —0
—+ + v,
— C R,
Rmmp
R,
k4 T

(a) (b)

Fig. 5.12 (a) Triangular waveform generator, (b) Output waveform

Another triangular wave generator using lesser number of components is shown 11 Fig.
5.13 (a). It basically consists of a two level comparator followed by an integrator. The Ol_ltput
of the comparator A, is a square wave of amplitude + V,,, and is applied to the (-) mpu
terminal of the integrator A, producing a triangular wave. This triangular wave 1S fed bac

as input to the comparator A; through a voltage divider R,R..




Fig. 5.13 (a) Trianguiar waveform generator using lesser components, (b) Waveforms

1nnally. let us consider that the output of comparator 4, is at + V... The output of the
wor A, will be a negative going ramp as shown in Fig. 5.13 (b). Thus one end of the
«itage divider RoR; 1s at a voltage + V_; and the other at the negative going ramp of A..
At atime t = {;. When the negative going ramp attains a value of —V 2z, the effective voltage
g2 point P becomes shghtly less than OV. This switches the output of A, from positive
sturation W negative saturation level —V_ . During the time when the output of A, is at
_V_. the output of A, increases 1n the positive direction. And at the instant f = ¢, the
woltage at point P becomes just above 0 V. thereby switching the output of 4, from -V, to
-V The cvcle 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
o 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
gener diodes. The frequency of the trangular waveform can be calculated as follows:

The effective voltage at point P durning the tme when output of 4, 1s at +V__ level is given
5.

R -
Vo ELF. +Veat = (= Viamp)| (5.18)
At t = t,. the voltage at point P becomes equal to zero. Therefore. from Eq. (5.18),
. _ R, -
— vramp = _R_3(+ Vsat) (5.19)
Similarly, at t = t,, when the output of A, switches from - V_, to + V..
: —1y _ Ry <
4 - (= Vear) (Veat) (5.20)
ramp R3 sat R3 t

Therefore, peak to peak amplitude of the triangular wave is,
0y OP) =+ Voo — (Vi) = 2 -I-;Rlvm (3.21)
3

meThe output switches from -V, to +Vramp In half the time perniod 772. Putting

values in the basic integrator equation

Chapter 5
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1
v = ~Rg V19!
T2
1 Vsat (T)
= - V)dt = |
_ v, (pp)
or, T = 2 Rlcl V (522)

sat

Putting the value of v, (pp) from Eq. (6.21), we get

7= 4R,C,R,
R,
Hence the frequency of oscillation f 1s,
1 R,
— - 2.2,
fo = T IR.C.R, .

Therefore, the triangular wave oscillates between + 7V and — 7V.

Sawtooth Wave Generator

The difference between the triangular and sawtooth waveforms is that the rise time of a
triangular wave is always equal to its fall time. That is, the same amount of time 1s taken by
the triangular wave to swing from -V, to + V., as from + V., to =V . On the other
hand, the sawtooth waveform has unequal rise and fall times. That is, 1t may rise many times
faster than it falls negatively, or vice versa. The triangular wave generator is as shown in

Fig 5.14.

+

§ = *Vee Rulv 02 kQ
R, :

+—WWW > _Vee
Duty cycle adjust

Fig. 5.14 Sawtooth Wave Generator




Comparators and Waveform Generators

angular wave generator can be converted into a sawtooth wave generator by applying

- vanable dc voltage mto the noninverting Ft‘lminzﬂ of the integrator A,. This can be accompalished
| pv usLNE the potennometeriand conne(::tmg it to the +V o and +V} as shown in Fig 5.14.

" pepending on the R, setting. a certain dc level is inserted in the output of A,. Now, supposc

- pat the output of -4, 1s a square wave and the potentiometer R, is adjusted for a certain de

ovel. This means that the output of A, will be a triangular wave, rising on some dc level that

< 3 function of th_e R, settlr}g. The duty cycle of the square wave will be determined by the

- polarity and amplitude ?.f this dc }evel. A duty cycle less than 50% will then cause the output

- A, to be a sawtopt_h. With t.he: 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 15 moved toward —Vig. the rise time of the sawtooth wave becomes longer than the fall

gme as shown 1n Flg 9.15.

The t11

4 Voltage

LA AN
VIV

< >
Risetime| < T —

Fig. 5.15 Sawtooth waveform
On the otherhand, as the wiper is moved towards +Vcc, the fall time becomes longer
 than the rise time. Also, the frequency of the Sawtooth decreases as R, 1s adjusted towards +Vc
3 DI"'VEE
However, the amplitude of the sawtooth wave is independent of the R, setting.

r 5

- Example 5.4
- Design a sawtooth wave generator for 10V peak and frequency of 200 Hz. Assume V,; =2V and

- Ver= 10V,

L Solution

" Thf" ramp signal rises at a rate of 2V/ms. Therefore, choose a time constant of R,C to produce
- 4Ume period of 1.0 ms.

A ¥
if*.—fi 1

o

f_..i
B

Let R =10 kQ and C = 0.1 uF. We know that f:fl\Vi
1 : ; ROV,
TherEfOre /"___ 1 : (E) — 900 Hz
(10 x10%) (0.1 x107°) \10
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EXA BASIC PRINCIPLE OF SINE WAVE OSCILLATORS

The basic structure of sine wave oscillators based on the use of feedback in amplifiers g
in Fig. 5.16. It consists of an amplifier with gain A and a frequency selective feedback n:
(having 1nductor or capacitive components) with the transfer ratio B. It may be noteg that
loop 1s incomplete as the terminal 2 is not connected to terminal 1. To understand the oper tt-:he
of the circuit, consider the situation where an input signal U; 1s applied at the inpyt ter;hl]oar}

1 of the amplifier, so that the output v, = A v,. The feedback signal Up at terminal 2, theyef,
1s Uy = AP v,. The quantity AP, therefore, represents :

howy,
twork

the loop gain of the system. If the valuesof Aandp 1 Y Basic V.<Ay
are adjusted so that Af = 1, the feedback signal vy amplifier A ]» ~
will be 1dentically equal to the externally applied signal 20 v,=AB v
v;. If the terminal 2 is now connected to terminal 1 o
and the external signal v, is removed, the circuit will Frequency I
continue to provide output as the amplifier can not selective
distinguish whether v, is coming from external source = feedback | —e—
or from the feedback circuit. Thus, output signal can TIOWALS: P
be continuously obtained without any input signal if Fig. 5.16 Basic structure of 3
we can satisfy the condition on the loop gain, that 1s, feedback osdillator
AB =1 (5.24)

This is called Barkhausen criterion for oscillations. The condition AP = 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, Bou, =1 £0° (5.25)

There are infact two conditions in Eq. (5.25), cne 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 27 and the
magnitude of the loop gain, AP should be equal to umty. That 1s

|AB| =1 (5.26)
ZAB = 0° or multiples of 2 (5.27)

The condition |AB| =1 is usually difficult to maintain in the circuit as the values of A and
B vary due to temperature variations, aging of components, change of supply voltage etc. If A gL
becomes less than unity, the feedback signal v; goes on reducing in each feedback CYCIE_and_t S
oscillations will die down eventually. In order to ensure that the circuit sustains OSFIHBUOZ
inspite of variations, the circuit is designed so that | AB| is slightly greater than unity- Noaﬂ'
the output amplitude will go on increasing with every feedback cycle. The signal, howfaver, ih :
not go on increasing and gets limited due to the non-linearity of the device, that 18 ashjCh
transistor enters into saturation. Thus it is the non-linearity of the transistor because of W .
the sustained oscillations can be achieved. The value of AB is usually kept greater
to 5% to ensure that | AB| does not fall below unity. In explaining the principle 0

ﬂ___—nﬂﬁﬂ.'
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in Fig. 5.14, we had assumed that we first connect a signal source to start the oscillations and
ater remove 1t. In a practical oscillator, however, it is not done so. The output waveform is
{ obtained as soon as power is turned on. Actually, there is noise signal always present at the
input (1.€. base) of the transistor due to temperature (called Johnson’s noise) or variation in the
| carrier concentration (Schottky noise). The noise signal at the frequency at which the circuit
| satisfies the condition |AB| =1 is picked up and amplified. Since |AB| > 1 in the circuit, the
: output signal goes on Increasing
| until it is limited by the onset of
' non-linearity of the transistor (as

__ transistor enters 1into saturation) /v = + f

' a5 shown in Fig. 5.15.

There are different types of Noise voltage at
. . : the frequency for

' sine-wave oscillators available - AB| = 1 Oscillations grow |

according to the range of as |AB| > 1 Ampltlﬁﬂdde becomes

| . constant as transistor

. frequency. The R'C-phase Shﬂft goes into saturation

. oscillators can provide frequencies

' varying from a few hertz to

 several hundred kHz. LC

' oscillators are suztable 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 — ___ _______________ Y _Amolifier
" in Fig. 5.16 (a). The op-amp is used in the inverting : R LR
. mode and therefore provides 180° phase shift. The |
' additional phase of 180° is provided by the RC A \
| feedback network to obtain a total phase shift of : — o
|
b
|
!

Fig. 5.17 Showing constant output amplitude as transistor
goes into saturation (|AB| > 1)

!
|
1

- 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

ul]l VA% I

| | | |
| I | | !
‘ A C C l
. botal phase shift is 180°. However, if we use non- : 2 !
- identinat L . v|'9 R R R |
. “éntical stages, it is possible that the total phase : ' Feedback
shift is 1800 for more than one frequency. This ' ¥ N < :” network

l:’h‘?l'l'i)l:nenon can lead to undesirable inter-modal
'_ 0301|lation5_

_ The feedback factor B of the RC network can be
:_ Caleulateq by writing the KVL equations from Fig. 5.16 (b).

Fig. 5.18 (a) Phase shift oscillator

Chapter 5
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I, (R+—-1—}—12R =V, (5.28) + }
sC

Vv
sC |
Fig. 5.18 (b) Calculating B from the ph
0-I,R +1, (2 f +'s_15) - A 9 548 O i network hase
and Ve= LR (5.31)
Solving Egs. (5.28), (5.29) and (5.30) for I3, we get
V. R%°C’
I = 222, I8Pl (5.32)
1+ 5sRC + 6s°C°R* +s°C°R
V. R3s3C°
= = > 5.33
- Vi= L 1+ 5sRC + 6s’C?R? + s°C°R° (533
= ; 15 1 (5.34)
- +
Lt ke T S2CR? T SO°R
Replacing s = jo, §° = —»? and s® = —jo°, we get
- - 0.3
B_ 1 6 B A N 1 ( .« 5)
joRC ?R*C? jw’R°C’
= - (5.36)
(1-502)+ jo(6 - o)
! 3
where o= B (5.37)
For AB = 1, B should be real, that 1s the imaginary term in Eq. (5.36) must be zero. Thus
o (6 —0)=0 (5.38)
or, o’ =6
o= 6
That 1s 1. J—
’ wRC 6

The frequency of oscillation, f,, is therefore given by

1 (5.39)
on RC V6

fo=
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purting o> = 6 in Eq. (5.36), we get

B = 219 (5.40)
The negative sign indicates that the feedback network produces a phase shift of 180°.
>0- e 2];9
Since |ABl > 1
Therefore, for sustained oscillations,
|A| > 29 (5.41)

. That is the gain of the inverting op-amp should be atleast 29, or R; = 29 R,. The gain A,
E kept greater than 29 to ensure that variations in circuit parameters will not make |[A, |

<1 otherwise oscillations will die out.
For low frequencies (< 1 kHz), op-amp 741 may be used, however, for high frequencies, LM

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 pF. Then from Eq. (5.25)

1
R = —6.49 kO
J6 21 (10°7)(100)

Use R = 6.5 kQ |
To prevent loading of the amplifier by RC network, R, < 10 R
Therefore, let R, = 10 R = 65 k(2
Since R, =29 R,
R, = 1885 k{2

 Wien Bridge Oscillator

| Another commonly used audio frequency .
oscillator is a Wien bridge oscillator. The circuit 1

18 shown in Fig. 5.19. It may be noted that the
feedback signal in this circuit is connected to

Chapter 5

:

C,
the non-invertin g (+) input terminal so that the v, T T
_.O’p-amp 18 working as a non-inverting amplifier. l -
Therefore, the feedback network need not provide R,S C
f" a"}' Phase shift. The circuit can be viewed as a
: 1 &"a bridge with a series RC network ir} one
_ - };’j i para].]”el RC network in the adj(?lmng 2 R,
" es1stors | and Ry are connected in the _J_

l'emr T i
'lhif: ;Tsug ZW(; arms. The condition of zero phase =
; Nnd the civelnit . i ,

__'the bridge_ e circuit is achieved by balancing Fig. 5.19 Wien bridge oscillator

b,
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The circuit has been redrawn to show the
bridge network in Fig. 5.20. The output ac signal
of the op-amp amplifier is fed back to point A of
the bridge. The feedback signal, V; across the
parallel combination R,C, is applied to the non-
inverting input terminal of the op-amp. The gain
of the op-amp amplifier is

R
A= 1+-F (5.42
R, (5-42)
and feedback factor, B from Fig. 5.18 is

N
A
O
wf-l—— < —p +

v 7 Fig. 5.20 Wien bridge oscillator showing
B= L = 2 (5.43) the bridge network
V, 2Z,+Z,
1 sRC, +1
where Z,= R, + sC) sC, (5.44)
R,
= 5.4
Ly 1+sR,C, o)
Putting the values of Z; and Z, in Eq.(5.43), we get
p= 1+sR,C, . R,
sC, 1+sR,C,
1+s(R,C, + R,C, + R,C,)+s°R,R,C.C,
Putting s = Jo,
B = JOR,C, (5.45)
1+ jo(R,C, +R,C, +R,C,)- ®*R,R,C,C,
In order B to be a real quantity
Thus, the frequency of oscillation,
- 1 (5.49
’ 2n\R,R,C,C,
70) .
and p e o7

" RC,+R,C, +RC,
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Iy = (5.51)

1
3 (5.52)
1

| AP
| A

for sustained oscillations, ;

v IV

A= 1+—I?E-
R,

3=1+EF—

3
Rp=2R;  (5.53)

. or,

. keep growing and it may clip the output sinewave. R
. This problem is eliminated by a practical Wien
| bridge oscillator with adaptive negative feedback
. as shown in Fig. 5.21. In this circuit, resistor R,
s initially adjusted to give a gain so that
| oscillations start. The output signal grows in C

-~ amplitude until the voltage across R; approaches 2 2
. the cut-in voltage of the diode. As the diodes begin

. 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 T

18 in parallel with the resistance R;. 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.

i The two op-amp RC oscillator circuits studied are suitable for the frequency range of
‘___ 10 Hz t0 100 kHz (maximum 1 MHz). The size of R and C components becomes very large for
| Benerating low frequencies. Thus, the low frequency limit is dictated by the size of passive
- Pmponents 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 |
| Clrcuits are usually designed using BJT and LC tuned circuits or crystal oscillators. |

If the gain |A| > 3, sometimes oscillations E
1

o

R3
| l V
o
R,

Chapter 5

LC OSCillaiim“’s

For Benerating high frequency sine waves in the RF range, LC tuned circuits are used. The
H{ost commonly used LC oscillators are Colpitts oscillator and Hartley oscillator which are
- SCussed here.




ACTIVE FILTERS

[ZY INTRODUCTION e ]

Electric filters are used in circuits which require the separation of signals according to their

frequencies. Filters are widely used in communication and signal processing and in one form
~or another 1n almost all sophisticated electronic instruments. Such filters can be built from, (1)

~passive RLC components, (11) crystals or (iii) resistors, capacitors and op-amps (active filters).
~ In this chapter, we are discussing (i) RC active filters and () switched capacitor filters.

Further, active filters in its low-pass, high-pass, band-pass, band elimination configura-tion and
_ state variable filter have been discussed.

' RC ACTIVE FILTERS s - :

: A frequency selective electric circuit that passes electric signals of specified band of frequencies
md attenuates the signals of frequencies outside the band is called an electric filter. Filters may
lﬁe analog or digital. Our point of discussion, in this chapter, will be analog filters.

The simplest way to make a filter is by using passive components (resistors. capacitors,
~inductors). This works well for high frequencies, that is, radio frequencies. However, at audio
_ Brequencies, inductors become problematic, as the inductors become large, heavy and expensive.
| ?01' low frequency application, more number of turns of wire must be used which in turn adds
?0 the series resistance degrading inductor’s performance, i.e. low @, resulting in high power
AIsapation,

 The active filters overcome the aforementioned problems of the passive filters. They use op-
D 48 the active element, and resistors and capacitors as the passive elements. The active
1 by enclosing a capacitor in the feedback loop, avoid using inductors. In this way,
lductorless active RC filters can be obtained. Op-amps filters have the advantage that they can
%?@m"ide gain. Thus, the input signal is not attenuated as in the case of passive filters. Also, as
2 P-amp is yged in non-inverting configuration, it offers high input impedance and low output
Mpedance, This wil] improve the load drive capacity and the load is isolated from the frequency
h “'_'det‘ermining network. Because of the high input impedance of the op-amp, large value resistors
be used, thereby reducing the value (size and cost) of the capacitors required in the design.

¥ _— e e JR— T R i, A —
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The active filters have their limitation too. High frequency response 1s limited by the 2ain.

bandwidth (GBW) product and slew rate of the op-amp. MoFeovel', th,e hi'gh frequency active
filters are more expensive than the passive filters. The passive filter in high frequency range

is a more economic choice for applications.
The most commonly used filters are:

Low Pass Filter (LPF)
High Pass Filter (HPF)
Band Pass Filter (BPF)
Band Reject Filter (also called Band Stop Filter) (BSF)

The frequency response of these filters is shown in Fig. 7.1, Where'dashed curve indicateg
the ideal response and solid curve shows the practical filter response. It 1s.n0t possible to achieve
ideal characteristics. However, with special design techniques 1t 1s possible to closely approx;.

mate the 1deal response.
A Gain
AGain

Actual

Ideal
I
| Stop band—»
:
|
» f
fy
(a)
gGain |deal
1 1—=== c—--"- ':‘/
Stop e N Stop .
band l : band
0.707[ , A
¢ Pass|band-»
] 1 | _’ f

f £, f
(c)

Fig. 7.1 Frequency response of filters, (a) Low-pass, (b) High-pass, (c) Band-pass, (d) Band-reject

Active filters are typically specified by the voltage transfer function,
V,(s) |
Vi (s)
Under steady state conditions (i.e., s = j®)
H (jo) = |H (jo)|e/ ¢

where | H (jw)| is the magnitude or the gain function and ¢ () is the phase function.
the magnitude response is given in dB as

20 log |H (jo)|

H(s) =

(7.1)
Usually

(7.2
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qase response 18 given in degrees ag
— ¢ (0) X 57.296 degrees (7.3)

qomenmeb active filters are specified by a loss function V. (s)/V, (s). The use of loss function
 carry over from passive filter design.

:i; ‘ﬂd the ph

Chapter 7

F.‘ | 7‘2‘1 First Order Low Pass Filter

A,cﬂ‘e filters may be of different orders and types. A first order filter consists of a single RC
- pef“ ork connected to the (+) input terminal of a non- mvertmg op-amp amplifier and is shown
m Fig. 7.2 (a). Resistors R, and Ry determine the gain of the filter in the pass band.

Y |
T'ff R oltage gain
a R RF
{_\W -Q— VWY Ao _L
4 ok {17 F ) S .. 20
; ] - , Slope:
- V. o V. ! -20 dB/decade
V + 1
4 ' D—m’_cj_ i
.- 4 :
& < Pass band b:ri— Stop band —
v ¢ >
f, f
(a) (b)

Fig. 7.2 (a) First order low-pass filter, (b) Frequency response

The voltage V, across the capacitor C in the s-domain is

1
Vi(s) = AS—C—V (s)
R+—
sC
. el
b Vi(s) RCs+1 (7.4)
_;"hefe V(s) is the Laplace transform of v in time domain.
The closed loop gain A, of the op-amp is,
V, (s) R
A = 1+ F - 5
Vi (s) [ Ri) 5)
3 S° the overall transfer function from Egs. (7.4) and (7.5) is
' _ Vo(s) V,(s) Vils) Ag
H gy 200, 100 7.6
Lr(8) V.s) Vi(s) V.:(s) RCs+1 L5
A an

RC
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mﬁmffm. l[]‘]:(ﬁ'}. — V9 (8} = j— — A’—(%— (= .
Vils) 8 .1 s+ /5
O,

This 1s the standard form of the transfer function of a first order low pass system
To determine the frequency response. put s = jo in Eq. (7.8). Therefore. we get

Hyp(w) = - SR }

PV = T e RC T 1+ A1) 7

here s s il f-2

Wi v = 2xRC = ox

At very low frequency, ie. f<<f;

H pjo) =~ A, (7.10,

At /: fh*
H (o) = %:0.70744,, a1,

At very high frequency 1.e. f >> f;
H, p(jo) << A, = 0 (7.12)

The frequency response of the first order low pass filter 1s shown in Fig. 7.2 (b). It has the
maximum gain, A at f=0 Hz. At f; the gain falls to 0.707 time (i.e. -3 dB down) the maximum
gain (A). The frequency range from 0 to f} 1s called the pass band. For f > f, the gain decreases
at a constant rate of -20 dB/decade. That 1s, when the frequency is increased ten times (one
decade). the voltage gain is divided by ten or in terms of dBs, the gain decreases by 20 dB (=
20 log 10). Hence, gain rolls off at the rate of 20 dB/decade or 6 dB/octave after frequency, f,.
The frequency range [ > [, 1s called the stop band. Obviously, the low pass filter characterstics
obtained 15 not an 1deal one as the rate of decay 1s small for the first order filter.

7.2.2 Second Order generalised Active Filter (Sallen-key filter)

An improved filter response can be obtained by using a second order active filter. A second order
filter consists of two RC pairs and has a roll-off rate of — 40 dB/decade. A general second order
filter (Sallen-Key filter) 1s shown 1n Fig. 7.3. The results derived here can be used for analysing

low pass and high pass filters.
The op-amp 12 connected as non-inverting amplifier and hence,

R
v, = (1 + ——f-] UB - A” Uy (713)
i,
R =
where A = ”“ﬁt (7.14)

and vy 15 the voltage at node B.
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kirchhoff's current law (KCL) at node A gives

R Re
0 Y, = oYy + Yo + Yy -0 Y, - 0y, ____E'VW i | ':‘
] @
— - -
(Y, + Yot Yy - Yy - VX2 (7.15) Q
E A, VA e v B=
= YI ' Yg Ol + Vo R -
where Uy 18 the voltage at node A. i Iq IB -
| KCL at node B gives, Y, v
|
_ U,(Y5 +Y,
[-J‘.'\Y.’., s l'”(}/-’} + Yl) - D( jl‘) 4) T ] j-?-_
Fig. 7.3 Sallen-Key filter
_u,(Ys+Yy) (General second order filter)
Ua Mz (7.16)
Substituting Kq. (7.16) in Eq. (7.15) and after simplification, we get the voltage gain as
L - A 1Yo
U Y + Yy (Y + Y, + V) + VoY, (1- Ay) (.17
To make a low pass filter, choose, Y, = Y, = 1/R and Y3=Y, =sC as shown in Fig. 7.4.
b For simplicity, equal components have been used.
_;- ' From Eq. (7.17), we get the transfer function H(s) of a low pass filter as,
H(s) = 4
O R RIT:CRG A+ (7.18)
- This 1s to note that from Eq. (7.18), H(0) = A, for s = 0 and H (=) = 0 for s = e and obviously
| the configuration 1s for low pass active filter. It may be noted that for minimum de offset R,Ry/
(Ry + R) = R + R = 2R should be satisfied. . .
. Second order physical systems have been ' .
studied extensively since long back and their =
#lep response, damping coefficient and its cause R R |
iand effect relationship are known. We shall f LA VVAVN—O—] v,
€xploit those ideas in case of second order RC - =
nctne filter. The transfer function of low pass b
#cond order system (electrical, mechanical, T
hydraulic or chemical) can be written as, B N
9 Fig. 7.4 Second order low-pass filter
A, 0
Hp(s) = 5—>D— (7.19)

$° +0LmyS + Oy

{”h = upper cut-off frequency in rqdlana/qecond
@ = damping coefficient

COmparmg liq. (7.18) and Eq. (7.19), we get,
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1
“h T RC (7.20)
a=(3-4)

(7.2])
That 1s, the value of the damping coefficient o for low pass active RC filter can be determipe d

by the value of A, chosen.
Putting s = yo in Eq. (7.19), we get

Hyp (0) = —— 0
Lp 0 (j o/, )? + jo (o/o,) + 1 (7.22)
the normalized expression for low pass filter is
A
Hip (o) = - .
Lp ) sf +as, +1 v

()
where normalized frequency s, = J (—5—-)
h

The expression of magnitude in dB of the transfer function 1is,

20 long(Jﬂ))l %8 1+ jo(w/op) + (Jo/oy Y
A
= 20 log > = .
[ ) 0 2
\ \ Wy On

The frequency response for different values of & is shown in Fig. 7.5. It may be seen that
for a heavily damped filter (o > 1.7), the response is stable. However, the roll-off begins very

+10
0.5
0.866 e
0 S _ 0.766
1.06 Chebyshev

~10
5 1.414 Butterworth
T -20 - 1.73 Bessel

I
_30 o
40 . N

0.1 0.2 0.3 1 2 3 4 5 10
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4 v to the pass band. As 0. is reduced, the response exhibits overshoot and ripple begins to
e ot },u. .t the early stage of pass band. If o is reduced too much, the filter may become
| apf‘fj‘awry_ The flattest pass band occurs for damping coefficient of 1.414. This is called a
: mlt orworth filter. Audio filters are usually Butterworth. The Chebyshev filters are more
.. Buh oy damped, that is, the damping coefficient a is 1.06. However, this increases overshoot and
:'liiging oCCurs deteriorating the pulse response. The advantage, however, is a faster initial roll-

of 1.73. This gives better pulse response, however, causes attenuation in the upper end of the

::bﬁIKL
ass | o |
We shall discuss only Butterworth filter in this text as it has maximally flat response with
4amping coefficient o = 1.414. From Eq. 7.24, with o = 1.414, we get

. R’
J0log |Hyp(jo)| = 20 log| =2 | =20 log ——Ze -

S

. Hence for n-th order generalized low-pass Butterworth filter, the normalized transfer function
. (or maximally flat filter can be written as

H p(jo) 1 )
A ] (7.26)

()

| 7.2.3 Higher Order Low Pass Filter

. A second order filter can provide —40 dB/decade roll-off rate in the stop band. To match with

' 1deal characteristics, the roll-off rate should be increased by increasing the order of the filter.

- Each increase in order will produce —20 dB/decade additional increase in roll-off rate, as shown

_in Fig. 7.6. For n-th order filter the roll-off rate will be —n X 20 dB/decade.

. Higher order filters can be built by cascading a proper number of first and second order
filters. The transfer function will be of the type,

A =1
- =1 _20 dB/decade
_20'- =
o T 3\ 40
‘E’ —40&
; 1\4 \_-60
© 50 N5 |
A | i -80
I\
= |
-80 B h
N ! 2 |
-100 =
i F _I -120 :
__120 I L 1 | T L 3 1 L1
0.1 1 2 10 20 40 100

0.3 k 3k 6 K

Fig. 7.6 Roll-off rate for different values of n

o compared to Butterworth. A Bessel filter is heavily damped and has a damping coefficient

Chapter 7
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I{( ) _ 'Aﬂl A:}‘Z . Ai‘l
S) = 2 2 1
s, +o;s, +1 s, +0s, +1 8, +
seoond another second firet order
order section order section section

Each term in the denominator has its own damping coefficient and critical frequeney
Table 7.1 shows the denominator polynomials upto 8-th order Butterworth filter (see f\pp{t-ndﬁ

7.1).

Table 7.1 Normalized Butterworth polynomial

—— — - = — —— —_— — __—_-—__'—'—'—-—._
Order Factors of polynomials
n

S, +1
53+1.4145,,+1

1
2
3 (s + 1) (85 + 5 +1)

4, (§2+ 0765 5 + 1) (52 + 1.848 5, + 1)

5. (5, + 1) (2 + 0618 s, + 1) (52 + 1618 § + 1)

6 (£ + 05185 +1)(§+1414 5 + 1) (§ + 19325 + 1)

7 (S +1)(§§+0445 5, + 1) (§7 + 1.247 5, + 1) (§ + 1.802 5, + 1)

8. (5 + 0390 5, + 1) (§ + L111 § + 1) (§ + 1663 5, + 1) (§ + 1.962 s, + 1)

m__—___—'_—'_‘_'_—-—_-_—_—_-__—_____h

Example 7.1
Design a second order Butterworth low-pass filter having upper cut-off frequency 1 kHz Then

determine its frequency response.

Solution

Given f, =1 kHz =1/2 n RC. Let C = 0.1 uF, gives the choice of R = 1.6 kQ From Table 7.1.
for n = 2, the damping factor a = 1.414. Then the pass band gain A =3 —a =3 - 1414 =
1.586. The transfer function of the normalised second order low-pass Butterworth filter is

1.586
s:+1.414 s +1

Now 4, =1+ Rp/R, = 1.586 = 1 + 0.586. Let Ry = 5.86 kQ and R, = 10 k2. Then we get
4, = 1.586. The circuit realized is as in Fig. 7.4 with component values as R = 1.6 k2. € =
0.1 uF. Ry = 5.86 kQ and R, = 10 kQ.

For minimum dc offset R. ||R: = 2R (at dc condition. capacitors are open) which has not been
taken into consideration here. otherwise,.we would have to modify the values of K and €
accordingly which comes out to be R = 1.85 kQ, C = 0.086 uF. R = 5.86 kQ. R, = 10 k{2

The frequency response data is shown in Table 7.2 using Eq. 7.25 and the frequency rang®
18 taken from 0.1 £} to 10 f, 1.e.. 100 Hz to 10 kHz as fn = 1 kHz.
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Table 7.2
™~
Frequency, f in Hz Gain magnitude in dB 20 log (v/v) T
100 (0.1 A) 4.00 'E.
200 (0.2 A) 4.00 2
500 (0.5 £) 3.74 U
1000 (1.0 £) 1.00
5000 (5 #) ~23.95
10000 (10 4) -35.99

ve example 7.2

Design a fourth order Butterworth low-pass filter having upper cut-off frequency 1 kHz.

. solution

| The upper cut-off frequency, f, = 1 kHz = 1/2n RC. Let C = 0.1 puF gives the choice of R = 1.6

L Q. From Table 7.1, fori n =4, we get two damping factors namely, o, =0.765 and o, = 1.848.
. Then the pass band gain of two quadratic factors are

A, =3-0,=3-0.765=2235
A02 = 3 — O, = 3 — 1.848 = 1.152
The transfer function of fourth order low-pass Butterworth filter is

2.235 | 1.152
sz +0.765s, +1 s> +1.848s +1

RFI

Now, Ay = 1+—F=2.235 = (1 + 1.235)

i1
Let Rp; = 12.35 kQ and R, = 10 kQ, then we get A ; = 2.235
Similarly,

R
A,=1152=1+0.152=1+—2
Riz

Let Rp, = 15.2 kQ and R, = 100 kQ, which gives A, = 1.152.
The circuit realization is shown in Fig. 7.7.
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