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1. CHARACTERISTICS AND PARAMETERS OF
OPERATIONAL AMPLIFIERS

The characteristics of an ideal operational amplifier are described first, and the
characteristicsand performancelimitations of apractical operational amplifier are
described next. Thereisasection on classification of operational amplifiersand
some notes on how to select an operational amplifier for an application.

1.1 IDEAL OPERATIONAL AMPLIFIER
1.1.1 Properties of An Ideal Operational Amplifier
The characteristics or the properties of an ideal operational amplifier are:

I Infinite Open Loop Gain,
ii. Infinite Input Impedance,
lii.  Zero Output Impedance,
iv.  Infinite Bandwidth,

V. Zero Output Offset, and
vi.  Zero Noise Contribution.

The opamp, an abbreviation for the operational amplifier, is the most important
linear IC. Thecircuit symbol of an opamp showninFig. 1.1. Thethreeterminals
are: the non-inverting input terminal, the inverting input terminal and the output
terminal. The details of power supply are not shown in acircuit symbol.
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Fig.1.7: Circuit symbol of an opamp
1.1.2 Infinite Open Loop Gain

FromFig.1.1,itisfound that v,=- A, X Vv,, where A, isknown asthe open-loop
gain of the opamp. Let v, be -10Volts, and A, be 10°. Thenv; is100 uV. Here
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theinput voltageisvery small compared to the output voltage. If A isvery large,
v; is negligibly small for afinitev,. For theideal opamp, A, is taken to be
infinitein value. That means, for an ideal opamp v, = 0 for afinitev,. Typical
values of A, range from 20,000 in low-grade consumer audio-range opamps to
more than 2,000,000 in premium grade opamps ( typically 200,000 to 300,000).

Thefirst property of an ideal opamp: Open Loop Gain A, = infinity.

1.1.3 Infinite Input Impedance and Zer o Output I mpedance

Anidea opamp hasaninfinite input impedance and zero output impedance. The
sketch inFig. 1.2 isused toillustrate these properties. From Fig. 1.2, it can be

seen that i, is zero if R, isequal to infinity.

The second property of an ideal opamp: R, = infinity or i,, =0.

Note: RI_ is not part of opamp model

Fig.1.2: Model of an Opamp

From Fig. 1.2, we get that

RL
v =- onl.*
Ro+ RL

If the output resistance R, is very small, thereis no drop in output voltage due to
the output resistance of an opamp.

Thethird property of an ideal opamp: R, = 0.



1.1.4 Infinite Bandwidth

An ideal opamp has an infinite bandwidth. A practical opamp has a limited
bandwidth, which falls far short of the ideal value. The variation of gain with
frequency has been shownin Fig. 1.3, which isobtained by modelling the opamp
with a single dominant pole, whereas the practical opamp may have more than a
single pole.

The asymptotic log-magnitude plot in Fig. 1.3 can be expressed by afirst-order
equation shown below.

. Ao
A(jw) = — .
1+ﬂ

Wy

It is seen that two frequencies, w,, and w;, have been marked in the frequency
response plot in Fig. 1.3.. Here w; is the frequency at which the gain A(jw) is
equal to unity. If A(jw;) isto be equal to unity,

A

A(ij) =1
JW,
1+

Wy

Since A, isvery large, it meansthat wy = A, * w, .

Gain of opamp

|Ac |

1 W
' |
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Fig.1.3:Change ingainof Opamp with Frequency



1.1.5 Zero Noise Contribution and Zero Output Offset

A practical opamp generates noisesignals, likeany other device, whereasan ideal
opamp produces no noise. Premium opamps are available which contribute very
low noisetotherest of circuits. Thesedevicesare usually called aspremium|ow-
noise types.

The output offset voltage of any amplifier is the output voltage that exists when
it should be zero. In anidea opamp, this offset voltage is zero.

1.2 PRACTICAL OPERATIONAL AMPLIFIERS

This section describes the properties of practical opamps and relates these
characteristics to design of analog electronic circuits. A practical operational
amplifier has limitations to its performance. It is necessary to understand these
limitations in order to select the correct opamp for an application and design the
circuit properly.

Like any other semiconductor device, a practical opamp also has a code number.
For example, let us take the code LM 741CP. The first two letters, LM here,
denote the manufacturer. The next threedigits, 741 here, isthe type number. 741
IS a general-purpose opamp. The letter following the type number, C here,
indicates the temperature range. The temperature range codes are:

C commercial 0°Cto 70° C,

| industrial -25° C to 85° C and

M military -55° Cto 125° C.

The last |etter indicates the package. Package codes are:

D Plastic dual-in-line for surface mounting on a pc board
J Ceramic dual-in-line
N,P Plastic dua-in-line for insertion into sockets.

1.2.1 Standard Operational Amplifier Parameters

Understanding operational amplifier circuitsrequiresknowledgeof theparameters
given in specification sheets. The list below represents the most commonly
needed parameters. Methods of measuring some of these parameters are
described later in this lesson.



Open-L oop Voltage Gain. Voltage gainisdefined astheratio of output voltage
to an input signal voltage, as shown in Fig. 1.1. The voltage gain is a
dimensionless quantity.

Large Signal Voltage Gain. Thisistheratio of the maximum allowable output
voltage swing (usually one to severa volts less than V- and V++) to the input
signal required to produce a swing of + 10 volts (or some other standard).

Slew rate. The slew rate is the maximum rate at which the output voltage of an
opamp can change and is measured in terms of voltage change per unit of time.
It variesfrom 0.5V/usto 35V/us. Slew rateisusually measured intheunity gain
noninverting amplifier configuration.

Common Mode Regjection Ratio. A common mode voltage is one that is
presented simultaneously to both inverting and noninverting inputs. In an ideal
opamp, the output signal due to the common mode input voltage is zero, but it is
nonzero in a practical device. The common mode rejection ratio (CMRR) is the
measure of the device's ability to reject common mode signals, and is expressed
as the ratio of the differential gain to the common mode gain. The CMRR is
usually expressed indecibel s, with common devices having ratings between 60 dB
to 120 dB. The higher the CMRR is, the better the device is deemed to be.

| nput Offset Voltage. The dc voltage that must be applied at the input terminal
to force the quiescent dc output voltage to zero or other level, if specified, given
that the input signal voltageiszero. The output of anideal opamp is zero when
thereis no input signal applied to it.

Power -supply reection ratio. The power-supply rejection ratio PSRRis the
ratio of the change in input offset voltage to the corresponding changein one
power-supply, with all remaining power voltages held constant. The PSRR
Isalso called "power supply insensitivity". Typical valuesareinpV/V ormV/V.

Input Bias Current. The average of the currents into the two input terminals
with the output at zero volts.

|nput Offset Current. The difference between the currents into the two input
terminals with the output held at zero.

Differential Input Impedance. The resistance between the inverting and the
noninverting inputs. Thisvalueistypically very high: 1 MQ in low-cost bipolar
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opamps and over 10" Ohmsin premium BiMOS devices.

Common-mode | nput | mpedance

The impedance between the ground and the input terminals, with the input
terminals tied together. Thisis alarge value, of the order of several tens of MQ
or more.

Output Impedance. The output resistanceistypically less than 100 Ohms.

Average Temperature Coefficient of Input Offset Current. The ratio of the
change in input offset current to the change in free-air or ambient temperature.
This is an average value for the specified range.

Average Temperature Coefficient of Input Offset Voltage. The ratio of the
change in input offset voltage to the changein free-air or ambient temperature.
This is an average value for the specified range.

Output offset voltage. The output offset voltage is the voltage at the output
terminal with respect to ground when both the input terminals are grounded.

Output Short-Circuit Current. The current that flows in the output terminal
when the output load resistance external to the amplifier is zero ohms (a short to
the common terminal).

Channel Separation. This parameter is used on multiple opamp ICs (device in
which two or more opamps sharing the same package with common supply
terminals). Theseparation specification describes part of theisolation betweenthe
opampsinsidethe same package. Itismeasuredindecibels. The 747 dual opamp,
for example, offers 120 dB of channel separation. Fromthisspecification, we may
statethat a1l uV changewill occur inthe output of one of theamplifiers, whenthe
other amplifier output changes by 1 volt.

1.2.2 Minimum and Maximum Parameter Ratings
Operational amplifiers, like all electronic components, are subject to maximum
ratings. If theseratings are exceeded, the device failureisthe normal consequent

result. The ratings described below are commonly used.

Maximum Supply Voltage. Thisisthe maximum voltage that can be applied to
the opamp without damaging it. The opamp uses a positive and a negative DC
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power supply, which aretypically £ 18 V.

Maximum Differential Supply Voltage. Thisis the maximum difference
signal that can be applied safely to the opamp power supply terminals. Oftenthis
Is not the same as the sum of the maximum supply voltage ratings. For example,
741 has = 18 V as the maximum power supply voltage, whereas the maximum
differential supply voltageisonly 30 V. It meansthat if the positive supply is 18
V, the negative supply can beonly -12 V.

Power dissipation, P,. This rating is the maximum power dissipation of the
opamp in the normal ambient temperature range. A typical rating is 500 mw.

M aximum Power Consumption. Themaximum power dissipation, usually under
output short circuit conditions, that the device can survive. Thisrating includes
both internal power dissipation aswell as device output power requirements.

Maximum Input Voltage. Thisisthe maximum voltage that can be applied
simultaneously to both inputs. Thus, it is also the maximum common-mode
voltage. Inmost bipolar opamps, the maximum input voltageisnearly equal to the
power supply voltage. Thereisalso amaximum input voltage that can be applied
to either input when the other input is grounded.

Differential Input Voltage. Thisisthe maximum differential-mode voltage that
can be applied across the inverting and noninverting inputs.

Maximum Operating Temperature. The maximum temperature is the highest
ambient temperature at which the device will operate according to specifications
with a specified level of reliability.

Minimum Operating Temper atur e. Thelowest temperatureat whichthedevice
operates within specification.

Output Short-Circuit Duration. Thisisthelength of timethe opamp will safely
sustain a short circuit of the output terminal. Many modern opamps can carry
short circuit current indefinitely.

Maximum Output Voltage. The maximum output potential of the opamp is

related to the DC power supply voltages. Typical for a bipolar opamp with + 15
V power supply, the maximum output voltage is typically about 13 V and the
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minimum - 13 V.

Maximum Output Voltage Swing. This isthe maximum output swing that can
be obtained without significant distortion(at a given load resistance).

Full-power bandwidth. Thisisthe maximum frequency at which a sinusoid
whose size is the output voltage range is obtained.

1.2.3 Comparisonsand Typical Values
Table 1.1 presentsasummary of features of anideal and atypical practical opamp.

Table1l.1: Comparison of an ideal and a typical practical opamp

Property |deal Practical (Typical)
Open-loop gain Infinite Very high (>10000)
Open-loop bandwidth Infinite Dominant pole(=10
Hz)
CMRR Infinite High (> 60 dB)
|nput Resistance Infinite High (>1 MQ)
Output Resistance Zero Low(< 100 Q)
Input Bias Currents Zero Low (< 50 nA)
Offset Voltages Zero Low (< 10 mV)
Offset Currents Zero Low (<50 nA)
Slew Rate Infinite A few V/us
Drift Zero Low

Table 1.2 shown bel ow presentsasummary of the effects of opamp characteristics
on acircuit's performance. It isa simplified summary.

1.2.4 Effect of Feedback on Frequency Response
The effect of feedback on the frequency response of a system has already been

described. Here the effect of feedback is described using the log-magnitude plot.
Given that the transfer function of the forward path is specified as:



TABLE 1.2 EFFECTSOF CHARACTERISTICS ON OPAMP
APPLICATIONS

OPAMP APPLICATION

DC amplifier AC amplifier
Opamp Characteristic
that may affect Small Large Small

Large
performance output output output output
1. Input bias current Yes Maybe No No
2. Offset current Yes Maybe No No
3. Input offset voltage  Yes Maybe No No
4. Drift Yes Maybe No No
5. Frequency Response No No Yes Yes
6. Slew rate No Yes No Yes
A
A(s) = —2 . (1.1)
1+ sT)

If the closed-loop transfer function T(s) of the circuit is

A(s)
= (1.2
T(s) 1+ BA(s) ( )

On substituting for A(s) by its expression in equation (1.1), we get that

T(s)= — P, ifAp »1 .(1.3)

Theplot of frequency responsefor open loop and closed-loopisshowninFig. 1.4.



Gain of opamp

|Ag | Fig. 1.4 : Effect of Feedback
on Frequency Response
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1.3 CLASSIFICATION OF OPAMPS

The classification of an opamp can be based on either its function or its family
type. The classification based on function is described below.

I General-purpose amplifier. These general purpose opamps are neither
specia purpose or premium devices. Most of them are internally compensate, so
designerstrade off bandwidth for inherent stability. A general purpose opamp is
the default choice for an application unless a property of another class brings a
unigue advantage to this application.

i. Instrumentation amplifier. Although an instrumentation amplifier is
arguably aspecial purpose device, it issufficiently universal to warrant a class of
its own.

lii.  Voltage Comparators. These devices are not true opamps, but are based
on opamp circuitry. While al opamps can be used as voltage comparators, the
reverseisnot true. The special feature of a comparator isthe speed at which its
output level can change from one level to the other.

iv.  Low Input Current. The quiescent current needed for these opampsis
low. Thisclassof opampstypical usesMOSFET , JFET or superbeta (Darlington)
transistors for the input stage instead of npn/pnp bipolar devices.

V. Low Noise. These devices are usually optimized to reduce internally
generated noise.
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vi. Low Power. Thiscategory of opamp optimizesinternal circuitry to reduce
power consumption. Many of these devices also operate at very low DC power
supply potentials.

vii. Low Drift. All DCamplifiers suffer fromdrift. Devicesin this category
are internally compensated to minimize drift due to temperature. These devices
aretypically used ininstrumentation circuits where drift is an important concern,
especially when handling low level input signals.

viii. WideBandwidth. Thedevicesinthisclassarealso called asvideo opamps
and have a very high gain-bandwidth level, as high as 100 MHz. Note that 741
has a gain-bandwidth product of about 1 MHz .

ix  SingleDC Supply. Thesedevicesaredesignedto operatefromasingle DC
power supply.

X. High Voltage. The power supply for these devices can be ashigh as+ 44
V.
xi.  Multipledevices. Two or quad arrangement in one I C.

The classification based on family type:

I. Bipolar opamps, ii. BIFET opamps, iii. JET opamps, iv. CMOS opamps etc.
The characteristics of opamps change with theinternal architecture also. Some
opamps havetwo-stage architecture, whereas some havethree-stage architecture.

The purpose of this section isto highlight the facts that it is necessary to select
a suitable opamp for the application in hand and that there is a wide choice
available. Choosingtheright opampisnot simple. Aspectsto be considered are:
technology,dc performance,ac performance,output drive requirements, supply
requirements, quiescent current level, temperaturerange of operation, nature of
input signal, costsetc. Table 1.3 presents a summary of characteristicsof a few
selected opamps. It is preferable to go through the databooks on linear 1Cs for
selecting the right opamp.

1.3.1BiFET OPAMP
Although the LM741 and other bipolar opamps are still widely used, they are
nearly obsolete. Bipolar technology hasbeen replaced by BiFET technology. The

term, "BIiFET" standsfor bipolar-field effect transistor. Itisacombination of two
technologies, bipolar and junction field-effect, making use of the advantages of
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each. Bipolar devicesaregood for power handling and speed whereasfiel d-effect
devices have very high input impedances and low power consumption. Most
modern general -purpose opamps are now produced with BiFET technol ogy.

BIiFET opamps generally have enhanced characteristics over bipolar opamps.
They have amuch greater input impedance, awider bandwidth, ahigher slew rate
and larger power output than the corresponding ratings of bipolar opamps. A
variety of BiFET opamps are now available: the TL060 low-power, TLO70 low-
noise and TLO8O genera purpose from Texas Instruments, LF350 and LF440
series from National semiconductor, the MC34000 and MC35000 series from
Motorola etc. The performance of most of them are similar and are normally
pinout compatible with 741C.

Extremely low bias currents make a BIFET opamp to be more suitable for
applications such asanintegrator, asampleand hold circuit and filter circuits. But
the bias currents double for every 10° C and at high temperature, a BiFET opamp
may have alarger bias current than a bipolar opamp! Both BIFET and CMOS
have less noise current, which is an important consideration when dealing with
sources of high impedance.

A BIFET opamp has some disadvantagestoo. It tendsto have afar greater offset
voltage than its bipolar counterpart. The offset voltages tend to be unstable too.
In addition, a BiFET opamp has poorer CMRR, PSRR and open-loop gain
specifications. But some of the recent BIFET do not have these drawbacks. It
may please be noted that a BiIFET opamp needs a dual power supply.

Unlike 741C, TLO80 does not have internal compensation and needs an external
capacitor of valueranging from 10 pF to 20 pF to be connected between pins 1 and
8. The smaller the capacitor is, the wider the bandwidth is, but the opamp tends
to become more underdamped at higher frequencies.

1.3.2CMOSOPAMPs

Although originally considered to be unstable for linear applications, a CMOS
opamp is now area alternative to many bipolar, BIFET and even dielectrically
Isolated opamps.

The major advantage of a CMOS opamp is that it operates well with a single

supply. The input common-mode range is more or less the same as the power
supply range. A CMOS opamp needs very low supply currents, less than 10 pA
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and can operate with a supply voltage aslow as 1.4 V, making it ideally suitable
for battery-powered applications. In addition, a CMOS opamp has high input
impedance and low bias currents. On the other hand, a CMOS tends to have
limited supply voltage range. Its offset voltages tend to be higher than those of a

bipolar opamp.

TABLE 1.3 Typical Performance of Selected Opamp Types

Type741 | LM 118 LM 108 AD 611 AD 570K
2-stage 3-stage Super B BIFET Wide-
band
Input offset | <5 <4 <2 <0.5 <5
voltage
(mVv)
Bias <500 <250 <2 <0.025 <15
Current
(nA)
Offset <200 <50 <0.4 <0.01 <15
Current
(nA)
Open-loop | 106 100 95 98 100
gain (dB)
Input 2 5 100 10° 300
Resistance
(MQ)
Slew Rate | 0.5 >50 0.2 13 35
(V/us)
Unity-gain | 1 15 1 2 35
bandwidth
(MH2)
Full-power | 10 1000 4 200 600
bandwidth
(kH2)
Settling 1.5 4 1 3 0.9
time(u.s)
CMRR(dB) | 80 90 95 80 100
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2. BASIC OPAMP APPLICATIONS

21 NONINVERTING AMPLIFIER

The basic noninverting amplifier can be represented as shownin Fig. 2.1. Note
that a circuit diagram normally does not show the power supply connections
explicitly.

R ‘ R .
1 | 2 \2
/‘
N I‘,
o -
i —— \
Y ! ‘|‘ 0
S

Fig.2 .7:NON-INVERT ING AMPL IF IER

2.1.1
Analysis For An Ideal Opamp

Anidea opamp hasinfinite gain. This means that

v, = 0, if v, is finite. (2.1)
Thus,
v.=v, = V_. (2.2)

Anideal opamp hasinfinite input resistance. That is,

I.= 0. (2.3)

2. (2.4)
oI = I = =2, .
2 1 R,

We obtain the output voltage as:
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R2
V=V, + IR, =V |1+ —|. (2.5)
o 1 S Rl
The gain of the noninverting amplifier is then:

%4 R2
—2 =11+ —=|. (2.6)
Vs Rl

2.1.2 Analysis For an Opamp with afinitegain, A,

Let the opamp have a finite gain. Then the noninverting amplifier can be
represented by the equivalent circuit in Fig. 2.2.

1 i 2 I2
—{ <
[ v
0
— - A vl-
T 0
\”I + -
Ve —
Fig.2 .2 : Equivalent Circuit
From Fig 2.2,
(Vs +vl.) v, - (VS+ vi) v,
= , and v, = - —
R, R, ! A
o

On re-arranging,
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We can represent the circuit in Fig. 2.2 by a block diagram that represents the
feedback that is present in the circuit. From Fig. 2.2, we can state that,

R,

v, = 2R *V -V, and V=-Ayv, .
+
172

The above equation can be represented by a block diagram as shown in Fig. 2.3.
From the block diagram, we get the same expression for the gain of the circuit. It
can be seen that if the open loop gain A, tendsto infinity, equation (2.7) reduces
to equation (2.6).

TN

R
R1+R2

Fig.2.5: Block Diagram of
Noninverting Amplifier

Next we analyse the same circuit when the opamp has a finite input resistance, a
finite gain and a nonzero output resistance.

Node a
R R \'
: ] \L 2 o

1
T |

.
- -
Jolim -t

Fig. 24 : An InvertingAmplifier

2.2INVERTING AMPLIFIER

Theinvertingamplifier isanalysed bel ow using both network theory and feedback
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theory approach.
2.2.1 Analysis Based On Circuit Theory

Analysisisasfollows. Apply KCL (Kirchoff's Current Law) at node "a in Fig.
2.4.
Then

For anideal opamp, i;=0. Hencei,+i,=0. Thusthe KCL at node'a is:

VS— Vi Vo— Vi
+ =0,
Rl R2

For an ideal opamp, its output resistance iszero. Hence - Ay, =V..

When the gain isinfinity, v, isalso zero. Therefore,

_S4 _O =0

In other words, R, K
Yoo _ &
Vs Rl

When an opampisconsidered to beideal, v, and i; have zero value. If the NI input
(noninverting input) is grounded, the inverting input is at zero potential. We can
findig& i, by treating the potential at inverting input terminal to be zero volts.
In this condition, theinverting input terminal behavesasif itisgrounded and is
called as "virtual ground'. Whenthe NI input isnot grounded, the inverting input
iIsnot at ground potential,it does not behave asif it isgrounded and it isno longer
called thevirtual ground. All that happensis that its potential isthe same asthat
at the NI input.

2.2.2 Analysis Based on Negative Feedback

Now thecircuit in Fig. 2.4 isto be represented as a system with feedback. From
Fig. 2.4, we get that

R R
Vv, = v —

T Rer s ReR O
1 2 1 2

We can arrive at the result shown above by the use of either superpositiontheorem
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or by adding the drop across R, to V.. From Fig. 2.4, we get that
v = -Av,,

o

where A, isthe gain of the opamp. Here itisappropriateto call it asthe opamp's
open loop gain. The above two equations can be represented by a block diagram
asshown in Fig. 2.5.

R1+R2

Fig. 2.5 : AnOpamp Circuit Shown

Connected as a System

With Negat ive Feedback .

For the block diagramin Fig. 2.5, we get theratio V /V  as
1% R,/R,

%4 1
s 1+X(1+R2/R1)

Since the open loop gain tends to be infinite, we get the same ratio for V /V, as
obtained earlier. Inthis case, the feedback that is present in the circuit is negative
because the opamp hasanegativegain. Anopamp has anegative gain whenv;
Ismeasured as shown in Fig. 2.4.

2.2.3 Applicationsand Extensionsto Inverting Amplifier

An inverter is a basic application using opamp.  An opamp's output can be
described by the equation

= +
vo Acm ch Advd r

where

With v, =0, and v. =0, v, = 0. Even though the common-mode gain A, of
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opamp may not be zero(common-mode gain is zero for ideal opamp), its
contribution to output isamost zero in the case of an inverting amplifier, because
Vo, = 0. The circuit of an inverting amplifier can be extended to more than one
input. A circuit with two inputsisshownin Fig. 2.6. For thecircuitin Fig. 2.6,

Ry

Yy L L
R2
\/ -
o L
R] \/O
+

Fig. 2.6 : A Summer

R,

V== ?1 (vt v,) .
If v, and v, be of opposite signs, the circuit in Fig. 2.6 can be used as a
proportional controller. Even though the inverting amplifier is areliable and
useful circuit,it is not suitable if the source v, has a large source resistance.
Normally the value of source resistance is not known precisely. With asource
resistance R, the output of circuitinFig. 2,4isgiven by

R,

v = - Vv .
© R +R s
s 1

It can be seen that the output may be unreliablein this case. For such applications,
weneed acircuit with avery highinput resistance. A non-inverting amplifier built
with an opamp is highly suitable for this purpose.

2.3 DIFFERENCE AMPLIFIER

The circuit of a difference amplifier is shown in Fig. 2.7. Here we find out its
output assuming that the opamp isideal. It is easy to get the output using the
superposition theorem. When we apply this theorem, we consider oneinput at a
time. With v, =0, we can find output due to v,.

Dueto v, only:

Using the result obtained for the non-inverting amplifier, we get
R2
v=v (1+ =).

o +
Rl
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Givenv,,

Then,

Dueto v, only:

Here we get the output from the result obtained for the inverting amplifier.

R
vV, == —2v1.
Rl
Dueto both v, and v, :
R R R
vo——4* (]_+_2) *v2—_2*v1,
(R3+R4) Rl Rl
If R,=R;and R, = R,, then
R2
v, = ?* (v2—v1) .
1

The above equation explains why this circuit is known as the difference
amplifier. The difference amplifier circuit is used for measuring the difference
between two sources. Such circuits, or improved difference amplifier circuitsare
used widely in instrumentation. Configuration using three opamps, with two
opamps as buffer and the third as the difference amplifier, is used more often.
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3 AN INTRODUCTION TO FEEDBACK IN AMPLIFIERS

3.0 OBJECTIVES

(i)

Circuit.

31

(i)
(i)
(iv)

(V)

To show how to identify negative and positive feedback ina

To identify applications suitable for positive or negative feedback.
To outline the effects of feedback.

To stress the need for negative feedback in amplifiers by outlining
the advantages of using feedback.

To show the block diagram of the four feedback topol ogies.

IDENTIFYING THE NATURE OF FEEDBACK IN A CIRCUIT

A€
f\ G Output

Input
/SL H

(a) Block diagram for a system with feedback

V1

L— G Qutput

H

il

Vo

(b) To determine the nature of feedback

Fig.3.1: ABlock diagram for Il lustrating

Feedback inacircuit

A system with feedback is usually represented by a block diagram as shown in
Fig. 3.1(a). Toidentify the nature of feedback,

(1)
(1)

(i)

assume that the input is grounded,
break the loop as shown in Fig. 3.1b, and
find theratioof V,/ V.
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Thisratio of V,/ V; isknown asthe loop gain. If theloopgain is negative, then
the system has negative feedback and the system has positive feedback if the
loop gainis positive.

Quiz Problem 3.1

| dentify the nature of feedback for the block diagrams shown in Fig. 3.2.

4 Output i Output
‘N -10 ' 10
Input _w Input _|_W
‘ 1 L 1
n Output i Output

4R - 4R
Input —% 10 Input _S{ 10
L |

Fig. 3.2: For Quiz Problem 3.1

Answer:

(a) Positive, (b) positive, (c) negative, and (d) positive.

3.2 EFFECT OF FEEDBACK ON PERFORMANCE

Feedback in a system can be either positive or negative. Negative feedback
improves the linearity of a system and is hence employed in alinear system
such as an amplifier. On the other hand, positive feedback tendsto produce a
two-state output in a system and is used in circuits such as square-wave
oscillators, comparators, Schmitt triggers etc. However, it may be noted that
every circuit with positive feedback need not have a two-state output. For
example, a sinewave oscillator circuit has positive feedback without having a
two-state output. The Laplace transform of

v(t) = E sin (wt) .u(t)



It can be seen that V(s) has a conjugate pair of poles on the imaginary axis of s-
plane. A physical system tends to have poles on the left-hand side of s-plane.
Positive feedback tends to shift some of the poles of the system towards the
right-side of s-plane. Due to positive feedback, a system can have conjugate
poles on the imaginary axis and such a system oscillates. In sinewave
oscillators, positive feedback must be closely controlled to maintain
oscillations and waveform purity. On the other hand, in a square-wave
oscillator or a comparator, the effect of positive feedback at cross-over pointsis
to increase the speed of transition from one level to the other and prevent
unwanted spikes at changeover points. In terms of control theory
terminology applied to linear systems, an amplifier in general represents a
stable system, whereas a sinewave oscillator is amarginally stable system and
a sguare-wave or a Schmitt trigger circuit is an "unstable' system. It is
necessary to know what stability means. Where “stability' is desired as in the
case of an amplifier, negative feedback is used. Where two-state/digital output
iIsdesired, positive feedback is used.

It is worth remembering that the nature of feedback can change with frequency.
Feedback may change from negative to positive as the frequency varies and the
system may be unstable at high frequencies. Gain of the system aso affects
stability. Variation in component values and characteristics of devices due to
operating conditions such as temperature, voltage, or current, can bring about
instability despite negative feedback. Ageing leads to variation in component
values and can hence affect stability.

Negative feedback is widely used in an amplifier design because it produces
several benefits. These benefits are:

I Negative feedback stabilizes the gain of an amplifier despite the
parameter changes in the active devices due to supply voltage
variation, temperature change, or ageing. Negative feedback

permits a wider range for parameter variations than what would be
feasible without feedback.

i Negative feedback allows the designer to modify theinput and
output impedances of acircuit in any desired fashion.

iii. It reduces distortion in the output of an amplifier. These
distortions arise due to nonlinear gain characteristic of devices
used. Negative feedback causes the gain of the amplifier to be
determined by the feedback network and thus reduces distortion.

iv.  Negative feedback can increase the bandwidth.

V. It can reduce the effect of noise.

These benefits are obtained by sacrificing the gain of a system. Another aspect
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to be bornein mind is that unless the feedback circuit is properly designed, the
system tends to be unstable. Mathematical analysis to support the above
statements can be found in section 3.4.

In a circuit with negative feedback, the gain of the circuit with feedback
depends amost only on the feedback network used if the loop gain is
sufficiently large. It is often possible to build the feedback circuit by using
only passive components. Since the passive components tend to have a stable
value, the circuit performance is then independent of the parameters of the
active device used, and the circuit performance becomes more reliable.

The four basic feedback configurations are specified according to the nature of
the input signal/input circuit and output signal/feedback arrangement.  Since
both the input and the output signals can be either voltage or current, there are
four configurations as described in section 3.1.

3.3. FEEDBACK TOPOLOGIES

Vol tage Amp | ifier Transresistance amplifier I

Gain

Feedback
Ratio B

Feedback
Ratio B

(c) Series-ser ies topology
(a) Ser ies-shunt Topology

Transresistance Ampl ifier
_Current Ampl ifier [
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I
i ° . Gain ~
. c%'m 'f G Vo
£ |
(T . (1) ]
Feedback
Feedback Ratio B

Ratio g

(d) Shunt-shunt topology
(b) Shunt-ser ies topology

Fig.3.3 : Feedback Topologies

The four feedback topologies are:

(i)  Series-shunt topology
(i)  Shunt-seriestopology,
(iii) Series-seriestopology and
(iv)  Shunt-shunt topology.

The block diagrams for these topologies are shown in Fig. 3.3. It is seen that

each topological configuration is described by two terms. The first term refers
to the input stage and the second to the output. If the two signals are connected
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In series, the term 'series’ isused. Itislogical to connect two voltage signalsin
series. For series-shunt topology, the source signal v, and the feedback signal v,
are connected in series at the input and the difference v, is applied to the
voltage amplifier.

On the other hand if two signals are connected in parallel, the term 'shunt’ is
used. It islogical to connect two current sourcesin paralel. If the amplifier in
the forward path is either a current or a transresistance amplifier, it needs a
current signal at its input, which in turn is obtained as the difference of the
source signal | and the feedback current I;. In either of these cases, the first
term to be used is 'shunt'.

The second term that describes a feedback topology is related to its output. |f
the output signal is a voltage and afeedback signal isto be derived from it, then
the feedback network must be connected across the output terminals. It is
appropriate to use the term 'shunt’ here. On the other hand, if a feedback signal
IS to be obtained from the output current, the feedback network must be
connected such that the output current flows through it to produce a feedback
signal and the feedback network is then connected in 'series.

At this stage, identifying the feedback topology of a circuit may appear to be
simple. Given a circuit with feedback, it turns out that it is not so
straightforward to identify its topology. This aspect will be described in greater
length after the study of the four topological configurations.

3.4 ANALYSIS
3.4.1 Gain Sensitivity

The block diagram of a system with feedback is shown in Fig. 3.1, where G is
the gain of the amplifier in the forward path. In most practical situations, gain
G of the amplifier in the forward path is not well defined. For example, if we
consider BJT devices with the same type number, the current gain can vary
from one device to another, by as much as 50%. In addition, the gain of the
forward amplifier is dependent on temperature, and other operating conditions.
If an amplifier is used without feedback, the output is more sensitive to the
changes in the gain of the amplifier.

For example, let V, be the output voltage and V be the input voltage of an
amplifier withgain G. Then

\4

2 =G. (3.1

= ( )
S

If the gain of the amplifier changes by AG, the output changes by (AG * V).
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The fractional change in output is then (AG) / G . Thus for an open-loop
amplifier,

A
Fractional change in output = ?G (3.2)
With a closed-loop system, the output is not as sensitive to changesin gain G.

|deally, variationsin G should not affect output at all. From Fig. 2.1, thegain T
of the closed-loop systemiis:

T= —— .(3.3)
1+ GH
Then
o .1 3.4
oG (1 +GH)?
From equations (3.3) and (3.4), we get that
36
°T = G . (3.5)
T 1 +GH

For example, let G = 100, 6G = 5 and H = 0.1. From equation (3.2), the
fractional change in the output of the amplifier operating in open-loop is 0.05.

On the other hand, the fractional change in the output of the circuit operating in
closed-loop is only (0.05/11). It is seen that the output is less sensitive to
changes in the gain of the amplifier in the forward path. We define the
sensitivity function as follows:

OT
e . 1
Sensitivity function, S = = .(3.06)
oG 1 + GH
G

3.4.2 The Effect of Feedback on Nonlinear Distortion

Feedback reduces the nonlinear distortion in output. Let an amplifier be
operating in open loop, as shown in Fig. 3.4a. Here it is assumed that
essentially all the nonlinear distortion is produced by the output stage of the
amplifier, which istypically the case. From Fig. 3.4a, we can state that

VO:G* Vs + Vd , (3.7)
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where V , represents the nonlinear content in output. Asillustrated in Fig. 3.4b,
If the same amount of nonlinear distortion is produced at the output stage in an
amplifier with feedback, the resultant output is obtained to be

1
v-_ % wva+e_ 1t v (3.8
° 1+ GH = 1+ GH ¢

For the same amount of distortion V, introduced, the circuit with feedback has
less distortion in its output. From equations (3.7) and (3.8),

Distortion in the circuit with feedback _ 1
Distortion in the circuit with no feedback 1 + GH

(3.9)

3.4.3 The Effect of feedback on Frequency Response

Vd
.I.
+

(a) Open-loop operation

Vd

H

(b) Closed-loop operation
Fig.3.4 :Effect of feedback on distortion

If the gain of the amplifier in the forward path be A and the feedback factor be
B, the closed-loop gain T isthen A/(1 + AB). Gain A, instead of being be a
constant. can be a function of frequency, with poles and zeros. Let A be

27



defined as follows.

A xS
o

(s+wL)(1+i]

W
H

A(s) = (3.10)

where A, is the mid-frequency gain, w, is the low-frequency pole and w,, is the
high-frequency pole. Then the frequency response is as shown in Fig. 3.5.
Since the gain is a function of frequency, the closed-loop gain T also becomes
afunction of frequency.

At low frequencies, where w << w,,, we can approximate A(S) as

- AS
A= foawy G
Since
. Al(s)
T(S)—m 14 (3.12)

we get the closed-loop gain at low frequencies by substituting for A(s) from
equation (3.11) .

A s
T(s)= * . (3.13)
1+AOB W,

(1+AB)

We get the expression shown above by assuming that the high frequency pole
would not the affect the performance at low frequencies and hence it can be
neglected. At high frequencies, we neglect both the zero at origin and the low
frequency pole. Then at high frequencies, the closed-loop gain can be stated to
be

A 1
T= ° % . (3.14)
1+AOB s/wH
1+
1+AOB

Combining the two equations (3.13) and (3.14) , we get that

28



T(s)=— ° S * ! . (3.15)
1+A B W, s
o S+ 1+
(1+AP) wy(1+4.8)

The frequency response of closed-loop system is aso shown in Fig. 3.5. Itis
seen that the range of frequency response has increased significantly. In Fig.
3.5,

1

1
WL:—,and wH=?. (3.106)
1 2

Open-loop Response

log A
Closed-loop
Response
Ao
log ("~
T4+ A B
T T Ty
ToL Ten
‘EE“* = (losed-loop Low-Frequency Pole
1 = (Closed-Loop High Frequency Pole
CH

Fig. 3.5: Frequency Response

35 SUMMARY

This chapter has described briefly the four types of feedback topologies and has
highlighted the effect of feedback

I on the sensitivity of amplifier to changes in the gain of the amplifier in
the forward path,

li.  onthenonlinear distortion and

lii.  onthe frequency response.
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4 SERIES-SHUNT TOPOLOGY

4.1 |IDEAL SERIES-SHUNT NETWORK

The block diagram of a circuit with series-shunt feedback configuration is
shown in Fig. 4.1. It is seen that the amplifier in the forward path is an ideal
voltage amplifier. An ideal voltage amplifier has an infinite input resistance
and a zero output resistance. It can be seen that the feedback network senses
the output voltage v, and produces a feedback voltage signal, v;. For this
feedback network, v, is the input voltage signal and v; is its output signal and
hence the feedback network is functionally only a voltage amplifier with a low
gain, called here as the feedback ratio . The block representation is thus drawn
based on the assumption that the voltage amplifier and the feedback network
areideal. Thisimpliesthat:

. the input resistance of voltage amplifier isinfinity,

Ii.  theoutput resistance of voltage amplifier is zero,

lii.  theinput resistance of feedback network isinfinity and
iv.  theoutput resistance of feedback network is zero.

Voltage Amplifier

N Gain S
+ Vle G Yo
|
O
S
_ A\ Feedback
v Ratio B

Fig.4 .1 ~Series-Shunt Topology
ldeal Network

42 NONIDEAL NETWORK

When a voltage amplifier is nonideal, it has a large input resistance and a low
output resistance. Since the feedback network functions as a voltage amplifier,
its equivalent circuit or model is the same as that of a voltage amplifier and in
addition, it should have alarge input resistance and alow output resistance, like
a voltage amplifier. That the feedback network has a large input resistance
means that it draws negligible current from the output port of the voltage
amplifier in the forward path and that it does not load the voltage amplifier.
That the feedback network has a low output resistance means that the error that
can result from its non-zero output resistance is less and often negligible.
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Even though the feedback network functions as a voltage amplifier, it must be
borne in mind that it is usually a passive network and that we usually associate
the word 'amplifier' with a circuit that contains an active device.

The equivalent circuit of the series-shunt topology with these nonideal
parametersis shown in Fig. 4.2. It isworth remembering that a practical circuit
will have other limitations such as limited frequency response, drift in
parameters due to ageing, ambient temperature , but these aspects have been
ignored here.

[ Voltage amplifier

s
ST
0 [+ — [ 2
R v R. Gv RO l:%|_ v
s e : o 0
+ v v Yl N |
X &
\
) :
Vof

Feedback network

Fig.4 .2:Series-shunt topology
Representation with nonidealities

43 EFFECTSOF FEEDBACK

The principal aim of using feedback is to make the gain of the closed-loop
system to be dependent on the feedback ratio p and to free it from its
dependence on the gain of the amplifier in the forward path. As outlined
earlier, the closed-loop system has larger bandwidth. In addition, feedback has
the effects stated below for a series-shunt topology.

(i)  The input resistance of the closed-loop system is far greater than the
Input resistance R, of the voltage amplifier.

(i)  The output resistance of the closed-loop system is far lower than the
output resistance R, of the voltage amplifier.
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44 RESULTSOFANALYSISOF THE CIRCUIT WITH FEEDBACK

= A V
+

p
F1g.4 .5: Series-shunt Topology

Represented in the
Conventional form

The circuit in Fig. 4.2 can be reduced to the block diagram shown in Fig. 4.3.
From Fig.4.3, the closed-loop gain T is expressed to be:

v A
T= 2= , (4.1)
VS 1+ A3

where A is the gain of the forward path. It is shown in section 4.5.1 that the
gain A of the forward pathis:

GR R,
A = P x , where R = (R_||R.). (4.2)
R +R R +R +R p 2 L
o jo) i 3 s

The value of A is not normally much less than G, the gain of the voltage
amplifier.

The input resistance R, of the closed-loop network is obtained to be:
RX: (Ri+R3+RS) * (1+AB) —RS. (4.3)

It is seen that R, is much larger than R;, the input resistance of the voltage
amplifier since the magnitude of loop gain is much greater than unity. The
derivation of expression (4.3) for R, is shown in section 4.5.2.

The output resistance R, of the closed-loop network is obtained to be:
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It is seen that R, is much smaller than R,. The derivation of expression (3.4)
for R, isshown in section 4.5.3.

45 DERIVATIONS

4.5.1 Obtaining an expression for Gain of the forward path

R's Ro
[ ]
‘ L /[‘ L
- ve : T +G\/ T
\
s ‘ eR R \/O
- ] ‘
L
R3

Fig.4 .4: For finding forward gain A

of series-shunt topology

The circuit for obtaining the gain A of the forward path is shown in Fig. 4.4.
This gain is the gain that would exist were there no feedback. This means that
the dependent source representing the feedback ratio in Fig. 4.2 is to be
bypassed. The bypass arrangement should ensure that there is a path for current
| shown in Fig. 4.2, and that the dependent source BV, does not affect I. This
condition is met if the dependent source BV, isreplaced by a short-circuit. The
circuit that results by replacing BV, by a short-circuit isshown in Fig. 4.4. We
define A as

1%
A=|-2 !
V|
57 Hev,=0)
From Fig. 4.4, we get that
R v GR v GR R, 1% \% \%
e, o TP, L - %% _°=_0%-2,(4.5)

R.+R +R v. R +R v R +R R.+R +R 1% \% \%
3 e 3 e s s

While the dependent source BV, is replaced by a short-circuit, its output
resistance R; isleft in the circuit. (Why ?)

4.5.2 Input Resistance with Feedback

The input resistance is the resistance seen by the source at its terminals. If the
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source, as shown in Fig. 4.2, has an internal resistance R, which is normally
referred to as the source resistance, then the input resistance R, is defined to be
1%
R =—=,(4.6)
X IS

where V, is the voltage at the terminals of the source and I is the current
supplied by the source. Please note that the source voltage V and the voltage
V, at its terminals are not one and the same. Normally V, would be slightly
less than V in magnitude.

The input resistance R, is obtained to be:

RX= (R1+R3+Rs) * (1+Ap) —RS=Rif* (1+Ap) —RS, (4.7)

where R; is the input resistance of the circuit used for obtaining the forward
gain A. Itisfairly easy to remember the above expression. Draw the circuit for
obtaining the forward gain, as shown in Fig. 44. Then R; is the input
resistance of that circuit which includes R;too.  This resistance gets magnified
(1+Ap) times and the value of the source resistance R, is subtracted from the
product R (1+Ap) to obtain R,, the input resistance with feedback. For a
circuit with negative feedback, the real part of loop gain (-Ap) is negative,
which means that the product (Ap) has a positive real part. It means that if A
has a positive real part, then g also has a positive real part and that if A hasa
negative real part, p also has a negative real part.

The derivation of an expression for R, is as follows. From Fig. 4.2, we can state
that

VX:Ve + ISR3 + BVO . (4.8)
Since R, is just the ratio (V,/lI), we can get an expression for R, if we can
expressV and V, intermsof I, From Fig. 4.2, wefind that
V,= RTI_. (4.9)

In addition, we have that

G* R G* R R_* R
vV = P.vs= PR I ,where R =

°©° R+R © R+R 1i's P
o P o jo}

2
R *R,

. (4.10)

Here the load on the output port is R, the parallel vaue of load resistance

34



R, ,and the input resistance R, of the feedback network.

Substitute for V,and V, in equation (4.8) from equations (4.9) and (4.10) and
then obtain the ratio of V, /I..

R
R=—2=R (1+6—2=2 +R .(4.11).
T 5 R+RB) - ( )
s o p

Usually R, isfar greater than R,. Then

R

P_~1. (4.12)
R +R

)<} o

In addition, the approximation that R, = R(1 + GB) is usually valid. 1t may be
seen from Fig. 4.2 that R, is the output resistance of the feedback network. The
feedback network functions as a voltage amplifier, but its output resistance
need not be negligible since a passive network is used in the feedback path. On
the other hand, the input resistance R, of the voltage amplifier is large and in
reality, it by itself should be much greater than R,. In addition, the term (1 +
Gp) is aso much greater than unity. Hence

Ri(l + GB)»R3. (4.13)

It is seen that negative feedback has increased the input resistance seen by the
source.

Equation (4.11) expresses the input resistance in terms of the voltage gain G of
the voltage amplifier. An alternative expression for R, can be obtained in terms
of the forward gain A, the feedback factor p and the other resistors. From
equation (4.5), we get that
GR R +R +R
P =1 3 C°xA.(4.14)
R *R, R,

Therefore, based on equation (4.14), equation (4.11) becomes

R =R +R, =R+ R,+R)* (1+AP)- R. (4.15)

R

1

A more compact expression can be obtained as follows.
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R :Rif* (1+AB) —Rs,where Rif:Rs+Ri+R3. (4.10)

X

It can be seen that R;; is the input resistance of the circuit in Fig. 4.4 which has
been used for obtaining the gain of the forward path.

4.5.3 Output Resistance with feedback

Voltage amplifier

«— '

9)

<

o
<

Feedback network

Fig.4 .5 - Finding Output Resistance

An ideal voltage amplifier has zero output resistance. In practice, it has a small
and finite output resistance, which is denoted as R, in Fig. 4.2. The output
resistance is the resistance of the circuit seen by the load. That is, we can
replace the load resistance by a voltage source. The resistance as seen by this
source with the input source V removed is usually defined as the output
resistance. By definition, output resistance R, is:

Output resistance, Ry=

For the sake of convenience, the output resistance is defined here to be (V/I,)
with V=0, where the load resistor is replaced by a source,say V.. The circuit
that resultsis shownin Fig. 3.5 and the expression obtained for R, is:

R = ! . (4.18)

o 1 1 1 1
(_+_+_]*(1+A[3)—_
R R R R

o L 2

L
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It is easy to remember the above equation. It is known that the output
resistance gets reduced to feedback. It means that the output conductance gets
magnified due to feedback. Obtain the output conductance of the circuit used
for getting the forward gain. With R, in circuit, the output conductance (1/Ry)
of circuitinFig. 4.4 is

The above expression is obtained with the input source V replaced by a short-
circuit. When V¢ has zero value, the dependent source GV, also has zero value
and can hence be replaced by a short-circuit. To obtain the output conductance
of the circuit with feedback, multiply (1/Ry) by (1 + Ap) and remove from the
product the conductance 1/R, dueto load resistor.

The expression for R, can be derived asfollows. From Fig. 4.5,

V-GV VvV
I=-—2___°+_°%,  (4.20)
o R R

o 2

The ratio of V/ I, gives R,. Then if can express V, in terms of V,, an
expression for R, can be obtained. From Fig. (3.5), we get that

BV *R,
V=-_—°2 1 | (4.21)
e R.+R +R

i 3 s

Replace V. in equation (4.20) by its expression in equation (4.21). On re-
arranging, we get that

R = ! . (4.22)
Yo GB*R, | 1
_1+—l+_
R R.+R +R R
o i s 3 2

Usually R, >>(R, + R;). Hence (R, +R, + R;) isnearly equal to R;. Also R,, the
input resistance of the feedback network tends to be far greater than R/(1 +
Gp). Thus

R

R=~—2_ (4.23)
Yy 1+GB
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It is seen that the output resistance with feedback is much smaller than the
output resistance of the voltage amplifier, since Gp » 1.

It is preferable to find an alternative expression for output resistance R, in
terms of the forward path gain A. From equation (4.5), we get that

G*Ri (RO+R)
T = ax_° P (4.24)
R +R +R R

1 S 3 p

From equations (4.22) and (4.24), we get that

R = ! . (4.25)
(R +R )
i1+AB*#
R
p

+

1
R,

[¢]

SinceR, = (R, || R,), the above equation can be stated as:

R = ! = ! . (4.20)

Y AR Ap 1
+?p+?o+— [_+_+_)(1+AB)—?

R

1
Ro 2

4.5.4 Closed-L oop Gain

Next an expression for the closed-loop gain is obtained. Let the closed-loop
gain be T. The expression for T shown in equation (3.1) is obtained as follows.
FromFig. 3.2,

G* Rp v,
VO: R +R Ve, Ve: VS_ IS(RS+R3)_BVO’ Is:?. (4.28)
o p

Substitute for | in the expression for V.. Then
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VS—BVo G* R *Ri Vs—[")Vo
vV = ,V = b * . (4.29)
e R.+R ° (R +R) (R,+R_+R)
3 s p o i 3 s

On using equation (3.2) and re-arranging, we get the expression (4.1) for
closed-loop gain.

46 SUMMARY

Given acircuit which has the series-shunt topology, first obtain its forward gain
A, and then obtain the input resistance R; and the output resistance R, the
circuit drawn for obtaining the gain A. From the values of A and 8, we can get
the closed-loop gain T.

With a practical circuit, the analysis is slightly more complicated. The given

circuit has to be reduced to the form in Fig. 4.2 before we can apply the results
derived in this lesson.
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5 SHUNT-SERIESTOPOLOGY

5.1 |IDEAL NETWORK

The block diagram of a circuit with shunt-series feedback topology is shown in
Fig. 5.1. It can be seen that the error current |, , obtained as the difference
between I, and I;, isamplified by the current amplifier. The feedback signal I; is
obtained from the load current I,

|

| o]
e

Current
T Amplitier

|S <’]‘> Vg Gain G Load Z|_ Vi
0]

N

Feedback
Network
Ratio B

Block diagram

Fig.5.7: Shunt-series Topology

Current amplifier

e

|
e
S® G@ﬁL
) e
|f L<i>5o

Feedback
Network

Fig.5.2: Ideal Network

The ideal network with this topology can be represented by an equivalent circuit
asshowninFig. 5.2. Thistopology isthe dual of series-shunt topology considered
In the previous section.Thistopology usesacurrent amplifier inthe forward path.

40



The feedback network also has a current signal as its input and output signal.
|dedlly,

I the input resistance of acurrent amplifier is zero,

ii.  theoutput resistance of current amplifier isinfinity,

lii.  theinput resistance of feedback network is zero and

iv.  theoutput resistance of feedback network isinfinity.

Sincethefeedback network providesacurrent signal derived from another current
signal, it behaves essentially as a current amplifier and it also has the same ideal
parameters. Againitisworthreiterating that the feedback may have only passive
components and no active device. Henceits gain, shown as the feedback ratio 3,
islessthan unity. In practice, the source, the current amplifier and the feedback
network are not ideal and the equivalent circuit representing the nonideal shunt-
series topology isshownin Fig. 5.3.

lx\\

|
J | Gl o /F
| <’D R, Load [Z | v
S R L o
S |
J
| Ro

f (b) Equivalent

L]

Fig.35.3:Shunt-series Topology
with nonideal parameters

Circuit

53 EFFECTSOF FEEDBACK

Dueto feedback, the closed-loop circuit hasreduced sensitivity to changesingain
of the current amplifier, increased bandwidth and lessdistortion. Inaddition, the
feedback leads to:

I alarge reduction in input impedance and
I. alarge increase in output impedance.

54 RESULTSOF ANALYSISOF THE CIRCUIT WITH FEEDBACK

The closed-loop gain of the circuit in Fig. 5.3 is obtained to be :
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T = Io: A

— r (5.1)
I, 1+ AP

where A isthe gain of the forward path. The value of A is obtained to be:

1
Io GRo Rl
A=| -2 = * , (5.2)
I R +R +R 1 1 1
s (T.=0) L —_t
R. R R
i S 3

The value of A is not usually very much less than G, the gain of the current
amplifier,

The input resistance of the circuit with feedback is obtained to be:
1

R:
x (1 1 1
R. R R
i 3 s

From equation (4.3), it can be seen that R, is much smaller than R..
The output resistance of the circuit with feedback is found to be equal to:

. (5.3)

" <1+AB>—Ri

S

Ry: (RO+RL+R2) *x (1+AB)-R._.(5.4)

-
It can be seen from equation (4.4) that R, » R..
55 DERIVATIONS

Gl

Fig.5 .4: - Finding the forward current gain A for
Shunt-series Topology
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5.5.1 Obtaining an expression for the gain of the forward path

Asshowninequation (4.2), thegain A of theforward path is obtained subject to
theconditionthat I, = 0. It meansthat the dependent current source 1, isreplaced
by an open-circuit. Thecircuit that resultsisshowninFig. 4.4. FromFig. 4.4, we
get that

5.5.2 Input Resistance with Feedback

An expression for input resistance R, with feedback is shown in equation (5.2).
That the input resistance R, gets reduced means that the input conductance
increases. Thisinput conductance, 1/R, can be expressed asfollows. Let 1/R;
be the input conductance of the circuit used for obtaining A. From Fig. 5.4,

i:(i+i+ij,(5,5)

Rif Ri R3 Rs

Then

1 1 1
— =_—_— % (1+4B) - —.(5.6)
Rx Rif R

s

Now an expression for the input resistance of the circuit in Fig. 5.3 is shown
below. By definition,

4
S

Input resistance,R;T , (5.7)

where V is the voltage across the current source |,. Notethat |, isnot the same
asl, FromFig. 4.3,

V. v V. v V. v V R
I=_s+ L ﬁ]=_s+ _S+Gﬁ1* o =_54 _S+Gﬁ_s* o . (58)
Ri R3 Ri R3 L Ri R3 Ri Ro + R2 + RL

Therefore,
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R = .(5.9)
| R, 1

S (1 GR )+

R R+R+R ' R

i

Usually, the output resistance of adependent current source, R, here, islarge. We
can state that R, >> R, and that R, >> R,. In addition, R, >> R, /(1+Gp). Hence

R,

R~ _—_—* . (5.10)
x 1+ GB

Equation (5.9) can be expressed using A instead of G, where A is the forward
current gain of the network ignoring the effects of feedback. From equation
(5.2), we get that

1
GR R, R R
) A%

R+R+R
o L 2

From equations (5.9) and (5.11), we get that

1

Rx= .
(i+i+i) . (1ea8)- L
R

Ri R3 Rs s

5.5.3 Output Resistance with Feedback

A current amplifier has alarge output resistance and due to feedback, the closed-
loop circuit will haveamuch larger output resistance. The resistance of thecircuit
as seen from the load terminals is the output resistance. The expression for the
output resistance in equation (5.4) can easily be remembered thisway. Let R be
the resistance of the path for flow of current |, in the circuit drawn for obtaining
current gain of the forward path. In Fig. 4.3, if I, be a steady value, Gl,isa
dependent current source and to circuit external to it, it appears to have a
resistance of R, itsoutput resistance. If R, be the resistance of the path for I,
then from Fig. 5.3,

Ry:Rof* (1+AB) —RL, where Rof = (RO+RL+R2) (5.12)
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Ro
[ ]
L

Fig.5 .5:- Finding Output Resistance

Usually the output resistance is defined with the input source removed. To get a
circuit that can be used for evaluating the output resistance, replace the load
resistor R, by avoltage source and the input current sourceisreplaced by an open
circuit. That is, the output impedance is evaluated with I,=0. From Fig. 5.5,

Vo_ IORZ
Io: Gx* Ie+ — = (5.13)

1
R.
I=- z *xBI . (5.14
. 1 1 1 BI . ( )
- 4+ 4+ —
R. R R
i S 3
GBR*i-
10, R R o R +R "R 5.15
~Qutput Resistance, R =| — = + + .
p vl 7 (R,+R) T 1 1 (5.15)
Ve R R R
i 3 s

SinceR,» R, and (/R) »(/R; + 1/R)), we can state that
Ry =R_* (1L + GB) . (5.16)
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Equation (4.15) can be expressed intermsof A instead of G. Fromequation (4.2),
we get that

1

R,
Ax (R0+RL+R2):GRO* 1 1 T (5.17)
- 4+ 4+ —
R. R R
i s 3

From equations (4.15) and (4.17), we get that

Ry: (RO+RL+R2) * (1+ApP) —RL.

It is seen that the effect of feedback isto change the input and output resistance
of current amplifier such that they tend to reach their ideal value.

An expression for closed-loop current gain can be obtained now.
5.5.4 Closed-L oop Gain

Closed-loop gain T is defined as

I

T= —2. (5.18
T ( )

8

We can derive an expression for T from Fig. 5.3. From Fig. 5.3,

GI_R_
I =———, (5.19)
and

(I-BI)*
L. (5.20)
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From equations (5.2), (5.18), (5.19) and (5.20), we get that

T:i: A
T 1+4B°

5.6 SUMMARY
Given a circuit which has shunt-series topology, we first obtain the gain of its

forward path, called A. Then we can get expressions for its input resistance,
output resistance and closed-loop gain.
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6. SOME EXAMPLES

An operational amplifier is a versatile device, because its properties are close to
theideal values. Thislesson outlinessomeapplicationsof operational amplifiers.

6.1 INTEGRATOR

Fig. 6 .1: Integrator

v _ ()
slope = 1/RC

W/

Fig.6 .2: Waveforms for Integrator

6.1.1 Circuit Operation

The circuit of an integrator is shown in Fig.6.1. The switch across capacitor is
opened up at t=0. Thenv(0) =0 V. With the opamp being treated asideal, we get
the current through R as

1. 1
Also, vc(t):Ejl.dt+vC(O)=%J.vs.dt
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sincev(0) =0V.FromFig. 10.1, weget that v (t) =- v(t). Figure10.2 sketches
the input-output relationship of an ideal opamp. Interms of Laplace transforms,

V(S)__ 1

o

Vs(s) SRC "’

6.1.2 Effect of input bias current

v (1)
R C
— k=
[
| C
B v (1)
—l— 0
TvO (1)
0 t
Circuit switched on at t = 0.

Fig. ¢ .3:Effect of Bias Current

Given an opamp with npn transistors at the input stage, there would be some
input current into both the inverting and non-inverting terminals. This current
is known as the input bias current. The effect of this current can be explained
with the help of circuit in Fig. 6.3. Let the current flowing into the inverting
terminal bei_. This current flows through capacitor and the output of opamp
would reach its highest positive value some time after switching on the circuit.
In order to reduce the effect of bias current, aresistor can be connected across

C.

Fig. 6 .4: Modified Integrator Circuit
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For the circuit in Fig. 6.4, the transfer function is given by

hic
v (s) R,
V_(s)  (1+SsCR,))

At frequencies below the corner frequency given by (1/R,C), we can approximate
the transfer function as:

Vo(s) _ R,
v,(s) R

22
R s slope = - 1
W
1 (in log scale)
RZC . 1
Ny
Acts as an integrator for w > ( RoC )
Gain for dc input = - (Ro/Rq )

Fig. 6 .5: Behaviour of Modif ied
Integrator Circuit

At frequencies above the corner frequency, the transfer functionis:

V_(s) 1
V_(s) SR,C

The Bode plot of the transfer function for this circuit isshownin Fig. 6.5. An
opamp with FETsat itsinput stage can behave differently and this discussion may
not be relevant to BIFET opamps.
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It isto be noted that the value of resistor across C isto be much greater than R;.
Then the circuit starts operating as an integrator from arelatively low frequency.
The integrator circuit is a basic building block and has many applications, such
as in filters and waveshaping circuits.. It can aso be used as an integral
controller in a closed loop system. It was one of the principal blocks in the
analogue computer. Now that we have studied what anintegrator is, the next step
istofind out how a differentiator can be built and analysed. Unlike anintegrator,
the use of differentiator is not common.

6.2 DIFFERENTIATOR

C R C RZ R1
| — +
_I_ | L 1T
v _(t) L
v _ (1) — S
st — v (1)
Vo(t) o}
a. Differentiator b. Practical Differentiator
Gain in log scale
R1
92 slope =1W
W
1 (in log scale)
RoC

(c) Frequency Response of network in (b)

Fig.6 .6: Differentiator and its response

A circuit that workswell asadifferentiator under ideal conditionsisshowninFig.
6.6a. For thiscircuit, the transfer functionis:

° = - sRC.

This circuit is not suitable for practical use because gain of the circuit increases
withfrequency. A noisesignal containshigh frequenciesmostly. Hence noise-to-
signal ratioinitsoutput istoo high. Thisdrawback isremedied by the addition
of aresistor inseries with the capacitor as shown inFig. 6.6b. Frequency
response of thiscircuit is shown in Fig. 6.6¢. For the circuit in Fig. 6.6b,the
transfer functionis:
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Vo(s) sRlC

vV, (s) 1+sR,C’

At frequencies below (1/R,C), thecircuit behaves as a differentiator. Above this
frequency,this circuit hasafixed gain. Itisto be noted that R, >> R,

6.3 OPAMP CIRCUITSUSING DIODES AND ZENERS

6.3.1 Precision Diode

/3 - +D -
|| 4{>'7n%\/o
v©i— vV

Fig. 67 - A Precision-Diode
Circuit

Figure 6.7 showsthe circuit of a precision diode. When Vis positive,

Itisseenthat V,islessthan V by (V./A ) only, where A, isthe open loop gain of
opamp. If only a diode be used, the output will be less by a diode drop whichis
approximately 0.7 V, but here the output isonly 1 or 2 mV lessthan V.. When
V. isnegative, the diode is reverse-biased, and the output is at zero volts.

6.3.2 Full-wave Rectifier Circuit

Figure 6.8 showsafull-waverectifier circuit using opamps. Thiscircuitisknown
asaprecision rectifier circuit. FromFig. 6.8, it is seen that

V.= -V, - 2xV_.
s X

S

When V, is positive, the inverting input terminal of first opamp tends to be
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positive and its output becomes negative. ThenV, =-V, andV, =-V, - 0.7,
assuming that the voltage drop across diode D, in conduction is 0.7 V with D,
remaining reverse-biased. Under these conditions, V,=V..

2R
]
L |
R RV, R 2R
vV ] — .
s L L L
D'I \%
- 0
V
N 1
1 D2
Fig. 6.8 : - Full-wave Rectifier

Let V, be negative. The inverting input terminal of first opamp tends to be
negative and its output becomes positive. ThenV, =0.7 V, thediodedropand V,
=0V. Now D, conductsand D, isreverse-biased. Under these conditions, V= -
V. HencewehavethatV,=|V,|. If diodesD,and D, arereverse-connected, V,
= |Vs |

6.4 WORKED EXAMPLES
WE 6.4.1 Indicate how each circuit in Fig. 6.9 works.
Solution:

Circuit (@) : Current amplifier or current-controlled current source.

Circuit (b) : Transconductance amplifier / voltage-controlled current source

IL

S L
V, R,

s
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Vo ] Fig. 6.9 :ForWE 6.4.1

Circuit (c) :Transresistance amplifier / current-controlled voltage source

v,
—°=-R..

1
IS

WE 6.4.2: Figure6.10 showsan application for difference amplifier. Resistor R,
can beatransducer the quiescent value of whichisR,. Thetransducer here could
be astrain gauge, the resistance of which changesabout R, asit isbent or twisted.
It can be athermistor or amagnetic field-dependent resistor. Find the output of
circuitin Fig. 6.10when R, = R, + dR.

Solution:

From Fig. 6.10,

Current through R I = —
7 v Rl * Rz

OR

V= E-I* (R1+Rf)=E— I * (R1 + R, + OR) =-Ex* R1+R2'
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B
L
5,
] h
L]
S N
+
L
+ R

Fig. 6.10 :For WE 642

WE 6.4.3 Get an expression for output of circuit in Fig. 6.11.

— va —
| | | S|
R R
R1 2 - 3
Y o . 4
s L

Fig. 6.11: For WE 6.4.3

Solution: FromFig. 6.11,

Eliminating V,, we get that

0
2o
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WE 6.4.4. Findthe CMRR of thecircuitin Fig. 6.12.

1.01R 0.99R

1.01R

Fig: 6.12: For WE 6.4.4

Solution: For thecircuit in Fig. 6.12,

We can express the output as:

(v, + V)
V=A x— 2 + A *x(V, - V)

o cm 2

By comparing the coefficients of V, and V,, we get that
A4, =1/1.01and A, =0.02/1.01. Then CMRR = A, /A, = 50.
Comment: This problem can be re-phrased as follows. A difference amplifier is

constructed with four resistors of same nominal value. If these resistors have a
tolerance of 1%, find out the worst-case CMRR of this circuit.
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EXAMPLE 6.4.5:

Obtain the transfer function of the circuit shown below.

I
Mv o )"
Y, Cy,
‘Il —> Vi [— V, |
+ + 1\
Y,
Vos)
Vi(s)
— 1, |
Fig. 6.13: Example 6.4.5
SOLUTION:

From the circuit in Fig. 6.13, we get that

14

V.= V. +— .
1Y

S

I, =1I,+ I,+ I,.

I, = Y,v|
I, =Y,V = - YV, sinceV, =0.

I, = Y, (V, - V)

We know V, interms of V,. Then |, can be expressed in terms of V,. We can
expressl, and I, intermsof V,. Wethen get
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Fig. 6.14: Example 6.4.5

V (s) _ - Y Y

V (s) Y.Y, + Y5(Y1+ Y, + Y + Y4)

For example, let

1 1 1
Y,=—,Ya=—,Y, =—,Y, =-SC, and Ye =sC
1 Rl 3 R3 4 R4 2 2 5 5
Then
o1 1
V_(s) R R, C,C,
vis) , 1(1 1 1 1
s s“+sg—| —+ —+ — |+ ———
CZ Rl R3 R4 R3R4 c2 C'5

With the componentsas specified, the network functionsas second-order |ow-pass
filter. The above equation can be presented as follows.
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Yo _ oo
Vs s? + 28w s + w,f
Then
2 1
Wr2 = _—
RyR,C,Cs
R
Ao: _4 , Zgwn: i* i +i+i
1 < R, Ry R,
— C, R,
C, C

Fig. 6.15: Example 6.4.5

For the circuit in Fig. 6.15, the transfer function is obtained as:

s? &
Vo(s) _ Cy

Vs® g {C1+C3+Cy)

1 . 1
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The above transfer function represents a second-order high-pass filter. Let

V_(s) - A_s?
Vo(S) 52 + 28w s+w,
Then
c C.+C.+C
a = 2, w?- _r 26w = L 3 ¢
C, C,C,R,R, C,C,R,

A Matlab program is used to obtain the response. The program is presented
below.

% Second-order H gh Pass Filter
cl ear;
Ao=10;
df =0. 6;
for n=1:175;
af (n)=(1.05"n)/100;
nun( n) =Ao* (af (n)*af (n));
denl(n)=1-(af(n)*af(n));
den2(n)=2*df *af (n) ;
mag( n) =nunm(n)/ (denl(n)+ *den2(n));
phase(n) =180/ pi *angl e(mag(n));
end;
subplot(2,1,1)
| ogl og( af, abs(mag))
yl abel (' Magni t ude')
grid on;
subplot (2,1, 2)
sem | ogx( af, phase)
yl abel (' Phase angl e')
x|l abel (" normal i zed angul ar frequency')
grid on;

The response obtained have been presented next.
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Magnitude
[2=Y
ou

10
107 10" 10° 10" 10°

-50

Phase angle

D

10 10" 10° 10" 10°

normalized angular frequency

Fig. 6.16:
Non-inverting
Amplifier

EXAMPLE 6.4.6:

The opamp used for the non- inverting amplifier has an open-loop gain with a
single pole. It isdefined as:
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AGjw) = 2

1+ W

Wh

Obtain the transfer function for the inverting amplifier and sketch its frequency
response.

SOLUTION:

The gain for the non-inverting amplifier has been obtained as:

RZ
1+ =
Vo _ Rl
VS 1+ Ji
— [1 sz
Ao Rl

> = - = - Wt = AgWy
VS W R2 . W Rz
1+ 1 1+ 1+
Ao Wh R, W R,



The frequency response of the non-inverting amplifier is sketched in Fig. 6.17.
Gain, log scale

N

AN Frequency Response of

\/ﬁ the non-inverting amplifier
R, N

1 ? )
"R, N

H > W
Wy Wr A Wy log scale
1+ R )
R, Fig. 6.17: Example 6.4.6
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[ACTIVE FILTERS

The commonly used types of filter responses are :
Butterworth and
Chebyshev.

The Butterworth Filter response is characterized by aflat frequency upto the
critical frequency, followed by asmooth roll-off of 20 db per decade per pole. The
phase shift, however, variesnonlinearly with frequency. Thismeansthat different
frequency componentswill experience different time delays as they pass through
thefilter. Thiswill cause distortion and ringing on square and pulse waves. For
pulse wavesit isbetter to use Bessdl filter response, which hasalinear variation
of phase with frequency . Bessdl filters have a somewhat slower initial roll-off
than Butterworth filters and consequently poorer for linear applications such as
audio circuits. The Chebyshev filter response has afaster initial roll-off than a
Butterworth filter, allowing the design of a much sharper cutoff filter with the
same number of poles. Thepriceof thisfaster roll-off isincreased nonlinear phase
shift and ripplesin the amplitude response of the filter passband.

The filter function H(s) can be expressed as.

Hg =2 (7

B(s)
71 BUTTERWORTH POLYNOMIALS

Thefirst-order normalized Butterworth polynomial for the denominator B(Ss) can
be expressed to be:

B(s)=(s+1)
The corresponding normalized transfer function is:

H(s) = S%l (72)

The above transfer function can be realized by the circuit shownin Fig. 7.1



Fig. 7.1

V(o)

Vi(S) L +

1
SRC+1

For the circuit in Fig. 7.1, the transfer functionis H(S) = (7.3)

In order to obtain the normalized transfer function, wecanletR=1QandC=1
F. Todesign afirst-order low-pass filter with a cut-off frequency at 1 kHz,

1 .LetR=10kQ.ThenC=§ nF

C=—F —
271%x1000 Vi

The normalized Butterworth polynomial B(s) is (52 +/2s +1). The

corresponding transfer functioniis:

_ 1
H(S)_s2 2s+1 (74)

The 2-polefilter circuit isshown in Fig. 7.2.

Fig. 7.2

V) — L —F—+1 ] V (s)

65



For the circuit in Fig. 7.2, the transfer function is:

1

H(s) =
() S’R°C.C, + sRC, +1

(75)

To obtain the normalized transfer function, let

R =1Q,C, =v2Fand C, =%F

The suffix nindicates that these are normalized values.
To design aunity-gain low pass filter with a cut-off frequency at 1000 Hz, the
components can be selected asfollows. For design, two scale factors have to
be defined. Let frequency scaling constant be K.

K, =w, =27 f_ =20007

Divide the capacitor values by this scaling constant. The capacitor and the
resistor values still do not lie in the acceptable range for an opamp circuit. Let
us define another constant, known as the impedance scaling constant, K. Let
K., = 10000.

Then each of the resistors has the value of 10 kQ. Also

C = Gy =225nF,
K

m'™f

C2n
K K,

m

=1125nF.

C, =

Choose the nearest commercially available values.
The Butterworth polynomial for a 3-polefilter is:
B()=(s+1)(SS+s+1)=5+25+2s+ 1.

The corresponding transfer functionis:
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1
S’ +25° +2s+1

H(s) = (75)

The 3-polefilter circuit isshown in Fig. 7.3.

Fig. 7.3 i IC
1
v R R R L
R S S V,(s)

The transfer function for the circuit in Fig. 3is:

H(s) = (7.6)

s*+(2T,T, + 2T,T,)s” +(3T, +T,)s +1
where

T,=RC,T,=RC,, T, =RC,.

To normalize, let

R=1Q,C =3546F,C, =1392F, C, =02024F. (7.7)

Example: Design a unity-gain Butterworth filter with a critical frequency of
3000 Hz and aroll-off of 60 db per decade.

Solution:

The frequency scaling constant is: K, = 27f. =27 x3000 =18,8496rad / s
After applying the frequency scaling constant, we get that

R=1Q,C, =18812 F, C, =73848 1, C; =10.738 1.

To make C1 be equal to 10 nF, the amplitude scale factor is 18,812. With this
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scale factor,

R=18kQ,C, =10nF, C, =3926nF, C, =560 pF.

4-th order Butterworth polynomial
B(s) = (s*+ 0.765s + 1).(S* + 1.848s + 1)
The corresponding normalized transfer function is:

1
$? +0.765s +1).(s2 +1848s +1)

H(s) = ( (78)

The circuit for 4-polefilter is presented below in Fig. 7.4

| |C]
| |
R
V() ———1 1]
R —_—
-,
| ] G
| |
R V()
L
R —_—
T
T Fig. 7.4
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The transfer function for the above circuit is:

1

H(s)= (ST, + ST, +1).(ST,T, +sT, +1)

(79)

where
T,=RC,,T,=RC,, T, =RC,, T, =RC,.

The transfer function can be normalized if:

R=1Q,C, =1082F, C, =09241F, C, =2614F, C, =03825F (710)
Example

Design a unity-gain low-pass Butterworth filter with a critical frequency of 15
kHz. The attenuation should at least 300 at 20,000 kHz.

Attenuation(dB)

f, fs f,

Using Bode Plot to determine attenuation at any frequency

Solution:
InFig. 7.5, let
f. = critical frequency, f, = decade frequency, 10 xf_,

f, = another frequency.
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Let
a = attenuation at frequency, f,
b = attenuation at frequency, f

y

Then

For the given problem, b =300, f, = 15kHz, f;=150kHz, f, =20 kHz.
Then

a=38100

In terms of dB, attenutation in dB per decade = 20 log (8100) = 78.17 dB. It
means that aroll-off of at elast 80 dB decadeisrequired. A 4-pole active filer
will suffice. For a4-pole filter, we have that

R=1Q,C, =1082F, C, =09241F, C, =2614F, C, =03825F

We have that

K, =27f. =21 x15000 =94,2478rad / s

Then we get that

R=1Q,C, =11,4804F, C, =9,8054F, C, =27,725 1, C, =4,0585 1F

L et the amplitude scale factor be 11480. Then

R=1148kQ,C, =10nF, C, =8541nF, C, =2415nF, C, =3535nF

Choose the nearest values.
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CHEBYSHEV FILTERS

For a Chebyshev Filter

H 2
H2(jw) = — (o
1+£2C§(Wj
WC
whereCn(ﬂ IS
WC

C, (ﬂj = cog n.cosl(ﬂjj for 0< <1
WC WC WC

The normalized polynomials for low passfilter are defined as follows.

s+1
& +1425s +1516
(s+0626)(s” +0845s +0356)

(52 +0351s + 1064)(32 +0.845s + 0.356)

CONCLUSION

High-pass filters, band-pass filters and notch filters can also be realized using

the well-known filter configurations.
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