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EC8453 LINEAR INTEGRATED CIRCUITS 3 0 O

UNIT | BASICS OF OPERATIONAL AMPLIFIERS

Current mirror and current sources, Current sources as active loads, Voltage sources,
Voltage References, BJT Differential amplifier with active loads, Basic information about
op-amps - ldeal Operational Amplifier - General operational amplifier stages -and internal
circuit diagrams of IC 741, DC and AC performance characteristics, slew rate, Open and
closed loop configurations — JFET Operational Amplifiers — LF155 and TL082.

1.1 Constant current source (Current Mirror):
A constant current source makes use of the fact that for a transistor in the active mode of

operation, the collector current is relatively independent of the collector vo
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Fig. 1.1 Current mirror circuit  Fig 1.2 Current source output current characteristics
Transistors Q1&Q2 are matched as the circuit is fabricated using IC technology. Base and
emitter of Q1& Q2 are tied together and thus have the same VBE. In addition, transistor Q1 is
connected as a diode by shorting its collector to base. The input current Iref flows through the
diode connected transistor Q1 and thus establishes a voltage across Q1. This voltage in turn
appears between the base and emitter of Q2 .Since Q2 is identical to Q1, the emitter current of
Q2 will be equal to emitter current of Q1 which is approximately equal to Iref. As long as Q2
is maintained in the active region ,its collector current 1IC2=lo will be approximately equal to
Iref . Since the output current lo is a reflection or mirror of the reference current Iref, the circuit
is often referred to as a current mirror.

Analysis:
The collector current IC1 and IC2 for the transistor Q1 and Q2 can be approximately

expressed as
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Where Ies is reverse saturation current in emitter junction and VT is temperature equivalent of
voltage.

From equation (1) & (2)

Since VBe1=VBEe2 We obtain lc2=lci=I\c=lo

Also since both the transistors are identical, Ici=lc2

KCL at the collector of Q1 gives

Iref = IC1+IB1+1B2

= Ipy 4 It
= 1(_‘| + —ﬁ*- +

TA =lc1 + Z%;,J- When ley =l =1l =1y ----r======---- (4)

Solving Eq (4)
"ref:( VCC ¥ VBETO;V))/R
. o 2
Irep=lcy + 25+ = Iey (1 +3)

Ive

. B
lew= Jo1 =gy = T?J' = o Wee =Vappml/R'® = %)
2 :

Iy = Lref
From Eq.5 for B>>1, is almost unity and the output current 10 is equal to the reference current,
ref which for a given R1 is constant. Typically lo varies by about 3% for 50 <  <200. The

circuit however operates as a constant current source as long as Q2 remains in the active region.
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Fig.1.3 Simple current source

1.1.1 Widlar current source:

T

Fig.1.4 Widlar current source

Widlar current source which is particularly suitable for low value of currents. The circuit differs
from the basic current mirror only in the resistance RE that is included in the emitter lead of
Q2. It can be seen that due to RE the base-emitter voltage VBE2 is less than VBE1 and
consequently current lo is smaller than IC1

The ratio of collector currents IC1&IC2 using
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ICI - Vr
Icz

- (1)

Taking natural logarithm of both sides, we get
I
Vge: — Vgez = Vrln ,{f—j —(2)
Writing KVL for the emitter base loop

Veer=Vep I tIn)Rg - (3)

Or  Vgpi-Vep (/B +D)IRg -----mmmmm- (4)
From eqn. (2) & (4) we obtain

VrIn

ley
Icz

e L § - —
(5)
A relation between IC1 and the reference current Iref is obtained by writing KCL at
the collector point of Q1
Iref=Ic;tIp;tlpa
Iref = IC1 +IC1/B +1C2/B
NeglectingIC2/B, Iref = 1C1(1 +é)

Iref =

When p>> 1, IC1 = Iref

Vee—Veg
n,

1.1.2 Wilson current source:
The Wilson current source shown in figure

Fig.1.5 Wilson current source

It provides an output current lo which is very nearly equal to Vrefand also exhibits a very high
output resistance.
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Analysis:
Since Vg p1-VREZ
Ic1=1¢2 and Ig1=Ipo=Ip

At node ‘b’ !
Ig3=2Ig +l= (';; + Dlgg-rmmmmmemmmme= (1)
IE3 1s equal to
Ies=IcsHIgs=Ics (1 + 1/B) -=--=mnmmmmmmnmmee (2)

From (1) and (2)
Ies(1+ 1/B) =l (1 + 2/B)
From Eqn. (1) & (2) we obtain
Ies— lo=Ie (B 7 2)/(P+1)=1ea(B [ 2)/(B+1) Since Iey=Ic»
Atnode ‘@’ [y =l + 3 =£%L [ o + o
Vee-2Vag 2

+2 .
pi428+2 . - .
722y Lo and gf = ===t Lo o lief = s

But output recistance is greater than Widlar source.

Iref = | ref is very small for modest p.

1.2 Current sources as Active loads

The current source can be used as an active load in both analog and digital IC‘s. The active
load realized using current source in place of the passive load (i.e. a resistor) in the collector
arm of differential amplifier makes it possible to achieve high voltage gain without requiring
large power supply voltage. The active load so achieved is basically RO of a PNP transistor.
1.3 Voltage Sources

A voltage source is a circuit that produces an output voltage Vo, which is independent of the
load driven by the voltage source, or the output current supplied to the load. The voltage source
is the circuit dual of the constant current source.

A number of IC applications require a voltage reference point with very low ac impedance and
a stable dc voltage that is not affected by power supply and temperature variations. There are
two methods which can be used to produce a voltage source, namely,

1. Using the impedance transforming properties of the transistor, which in turn

determines the current gain of the transistor and

2. Using an amplifier with negative feedback.

1.3.1 Voltage source circuit using Impedance transformation:
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The voltage source circuit using the impedance transforming property of the transistor is shown
in figure. The source voltage Vs drives the base of the transistor through a series resistance RS
and the output is taken across the emitter. From the circuit, the output ac resistance looking

Into emitter is given by

LEE]
R"“M—E

Wy
[y
Vo
P -

Fig.1.6 Voltage source circuit using Impedance transformation:

s _ HRg _
=Ry = +Vep 4
iy f+1

With p>>100, R, = %

It is to be noted that, equation is applicable only for small changes in the output current. The
load regulation parameter indicates the changes in Vo resulting from large changes in output
current lo, Reduction in Vo occurs as lo goes from no-load current to full-load current and this
factor determines the output impedance of the voltage sources.

1.3.2 Emitter— follower or Common Collector Type Voltage source:

The figure shows an emitter follower or common collector type voltage source.
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Fig.1.7 Emitter— follower or Common Collector Type Voltage source
This voltage source is suitable for the differential gain stage used in op-amps. This circuit has
the advantages of
1. Producing low ac impedance and
2. Resulting in effective decoupling of adjacent gain stages.
The low output impedance of the common-collector stage simulates a low impedance voltage

source with an output voltage level of VO represented by

V=V —_—
= R

The diode D1 is used for offsetting the effect of dc value VBE , across the E-B junction of the
transistor, and for compensating the temperature dependence of VBE drop of Q1. The load ZL
shown in dotted line represents the circuit biased by the current through Q1. The impedance

RO looking into the emitter of Q1 derived from the hybrid ® model is given by

Vr RiR;z
Rp =—+——
§ hy f(Ry+Rz)
1.3.3 Voltage Source Using Temperature compensated Avalanche Diode
The voltage source using common collector stage has the limitations of its vulnerability for
changes in bias voltage VN and the output voltage VO with respect to changes in supply voltage
Vcc. This is overcome in the voltage source circuit using the breakdown voltage of the base-

emitter junction shown below. The emitter — follower stage of common — collector is eliminated
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in this circuit, since the impedance seen looking into the bias terminal N is very low. The
current source 11 is normally

simulated by a resistor connected between Vcc and node n. Then, the output voltage level VO
at node N is given by VO = VB +VBE Where VB is the breakdown voltage of diode DB and
VBE is the diode drop across D1. The breakdown diode DB is normally realized using the
base-emitter junction of the transistor. The diode D1 provides partial compensation for the
positive temperature coefficient effect of VB. In a monolithic IC structure, DB and D1 can be
conveniently realized as a single

transistor with two individual emitters as shown in figure. transistor. The diode D1 provides
partial compensation for the positive temperature coefficient effect of VB. In a monolithic IC
structure, DB and D1 can be conveniently realized as a single

transistor with two individual emitters as shown in figure.

Fig.1.8 Temperature Compensated avalanche diode

1.3.4 Voltage source using breakdown voltage of the base- emitter junction

The structure consists of composite connection of two transistors which are diode connected
back-to back. Since the transistors have their base to collector terminals common, they can be
designed as a single transistor with two emitters.

The output resistance RO looking into the output terminal in figure is given by Ro=Re+V1/l1
where RB and VT /I1 are the ac resistances of the base—emitter resistance of diode Ds and D1

respectively. Typically RB is in the range of 40Q to 1002, and VO in the range of 6.5V to 9V.
9 Jeppiaar Institute of Technology
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1.3.5 Voltage Source using VBE as a reference:

The output stage of op-amp requires stabilized bias voltage source, which can be obtained using
a forward-biased diode connected transistor. The forward voltage drop for such a connection
is approximately 0.7V, and it changes slightly with current. When a voltage level greater than
0.7V, is needed, several diodes can be connected in series, which can offer integral multiples
of 0.7V. Alternatively, the figure shows a multiplier circuit, which can offer voltage levels that
need not be integral multiplied of 0.7V. The drop across R2 equals VBE drop of Q1.

Considering negligible base current for Q1, current through R2 is thesame as that flowing

through R1.
Therefore, the output voltage VO can be expressed as
Yoz i

Vo = I,(Ry + Ry) = — (Ry + Ry) = Vgp(—+1)

R, R,

Fig.1.9 VBE multiplier Circuit

Hence, the voltage Vo can be any multiple of Vee by properly selecting the resistors R1and Ro.
Due to the shunt feedback provided by Rz, the transistor current 11 automatically adjusts itself,
towards maintaining l2and Vo relatively independent of the changes in supply voltage. The ac

output resistance of the circuit Rois given by,

avy R1+RT (R\"'RZA ¥ o
Rop=—r= = When g, R;>>1
0 dl, 1tgm Ry R20m Gmlts
Yo 1 Vo 11 Vo (Ry+R3)
T —— T — —— a. —
0 Vee 9m Var lc Vg R
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1.4 Voltage References

The circuit that is primarily designed for providing a constant voltage independent of

changes in temperature is called a voltage reference. The most important characteristic of a
voltage reference is the temperature coefficient of the output reference voltage Tcr, and it is

expressed as

Ter = ‘%
’ dT

The desirable properties of a voltage reference are:
1. Reference voltage must be independent of any temperature change.
2. Reference voltage must have good power supply rejection which is as independent of the
supply voltage as possible and
3. Output voltage must be as independent of the loading of output current as possible, or in
other words, the circuit should have low output impedance.
The voltage reference circuit is used to bias the voltage source circuit, and the combination can
be called as the voltage regulator. The basic design strategy is producing a zero TCR at a given
temperature, and thereby achieving good thermal ability. Temperature stability of the order
100ppm/0 C is typically expected.

1.4.1 Voltage Reference circuit using temperature compensation scheme

The voltage reference circuit using basic temperature compensation scheme is shown below.
This design utilizes the close thermal coupling achievable among the monolithic components
and this technique compensates the known thermal drifts by introducing an opposing and

compensating drift source of equal magnitude.

11 Jeppiaar Institute of
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Fig.1.10 Voltage reference circuit using temperature compensation scheme

A constant current | is supplied to the avalanche diode Dgand it provides a bias voltage of Vs
to the base of Q1. The temperature dependence of the Vee drop across Q1 and those across D1
and Dzresults in respective temperature coefficients. Hence, with the use of resistors R1and Rz
with tapping across them at point N compensates for the temperature drifts in the base emitter
loop of Q1. This results in generating a voltage reference Vr with normally zero temperature

coefficient.

Explain supply independent biasing using zener-referenced bias

circuit. Also, design a temperature compensated zener-reference source.

1.4.2 Voltage Reference circuit using Avalanche Diode Reference:

A voltage reference can be implemented using the breakdown phenomenon condition of a

heavily doped PN junction. The Zener breakdown is the main mechanism for junctions, which

breakdown at a voltage of 5V or less. For integrated transistors, the base-emitter breakdown

voltage falls in the range of 6 to 8V. Therefore, the breakdown in the junctions of the integrated

transistor is primarily due to avalanche multiplication. The avalanche breakdown voltage VB

of a transistor

incurs a positive temperature coefficient, typically in the range of 2mV/0 C to 5mV/0 C.

Figure depicts a current reference circuit using avalanche diode reference. The base bias for

transistor Q1 is provided through register R1 and it also provides the dc current needed to bias

DB, D1 and D2 .The voltage at the base of Q1 is equal to the Zener voltage VB added with
12 Jeppiaar Institute of
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two diode drops due to D1 and D2. The voltage across R2 is equal to the voltage at the base of

Q1 less the sum of the base — emitter voltages of Q1 and Q2.

=

Fig. 1.11 Voltage reference using avalanche diodes and temperature compensated

Hence, the voltage across R2 is approximately equal to that across DB = VB. Since Q2 and Q3

act as a current mirror circuit, current 10 equals the current through R2.

Ve
0 = E;

It shows that, the output current 10 has low temperature coefficient, if the temperature

|

coefficient of R2 is low, such as that produced by a diffused resistor in IC fabrication. The zero
temperature coefficients for output current can be achieved, if diodes are added in series with
R2, so that they can compensate for the temperature variation of R2 and VVB. The temperature
compensated avalanche diode reference source circuit is shown in figure. The transistor Q4
and Q5 form an active load current mirror circuit. The base voltage of Q1 is the voltage VB

across Zener DB.

13 Jeppiaar Institute of
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Then, Vg = (Vg * n) +Vg across Q; + Vg across Q, + drop across R,. Here, n is the number
of diodes.

It can be expressed as Vg = (n+2) Vg +Ig+ Ry

Differentiating for VB, 1o, R2 and VBE partially, with respect to temperature T, we get

vy Vgr 8l R,
9 T l
e + + Rz ar + OTT

-

aT ' ar
Dividing throughout by I) R2. we get
I dl 1 aV . av, 1 0R,
___g:(':____[___a_(n 5y 88 o 072
lp OT R,ly " 0T oT R, dT

Therefore, zero temperature coefficient of 10 can be obtained, if the above condition is satisfied.

Design an active load for an emitter-coupled pair (differential amplifier)
and perform a detailed analysis to find its differential mode gain and the

output resistance.

1.5 Differential amplifier

The function of a differential amplifier is to amplify the difference between two signals. The
need for differential amplifier arises in many physical measurements where response from DC
to many MHz of frequency is required. This forms the basic input stage of an integrated
amplifier. The basic differential amplifier has the following important properties of

Excellent stability

High versatility and

High immunity to interference signals

The differential amplifier as a building block of the op-amp has the advantages

of

Lower cost

Easier fabrication as IC component and

closely matched components.

14 Jeppiaar Institute of
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O Vi High gain
Differential V0 -
V2 amplifier

Fig. 1.12 Block diagram of Differential amplifier

The above figure shows the basic block diagram of a differential amplifier, with two input
terminals and one output terminal. The output signal of the differential amplifier is proportional
to the difference between the two input signals.

V0 =Adm (V1 -V2)
If V1 =V2, then the output voltage is zero. A non-zero output voltage VO is obtained when V1

and V2 are not equal. The difference mode input voltage is defined as Vm = V1 — V2 and the

common mode input voltage is defined as

Vo vy
1112

These equation show that if V1 = V2, then the differential mode input signal is zero and

common mode input signal is Vcm = V1 =V2,

1.5.1 Differential Amplifier with Active load:
Differential amplifier is designed with active loads to increase the differential mode voltage
gain. The open circuit voltage gain of an op-amp is needed to be as large as possible. This is
got by cascading the gain stages which increase the phase shift and the amplifier also becomes
vulnerable to oscillations. The gain can be increased by using large values of collector
resistance. For such a circuit, the voltage gain is given by

Adm =gm RC
To increase the gain the IC RC product must be made very large. However, there are limitations
in IC fabrication such as,

1. A large value of resistance needs a large chip area.

15 Jeppiaar Institute of
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2. For large RC, the quiescent drop across the resistor increase and a large power supply will
be required to maintain a given operating current.

3. Large monolithic resistor introduces large parasitic capacitances which limits the frequency
response of the amplifier.

4. for linear operation of the differential pair, the devices should not be allowed to enter into
saturation. This limits the max input voltage that can be applied to the bases of transistors Q1
and Q2 the base-collector junction must be allowed to become forward-biased by more than
0.5V. The large value of load resistance produces a large dc voltage drop (IEE / 2) RC, so that
the collector voltage will be VC=Vcc - (IEE/2) RC and it will be substantially less than the
supply voltage Vcc. This will reduce the input voltage range of the differential amplifier. Due
to the reasons cited above, an active load is preferred in the differential amplifier
configurations.

v BJT Differential Amplifier using active loads:

A simple active load circuit for a differential amplifier is the current mirror active load as shown
in figure. The active load comprises of transistors Q3 and Q4 with the transistor Q3 connected
as a Diode with its base and collector shorted. The circuit is shown to drive a load RL. When
an ac input voltage is applied to the differential amplifier, the various currents of the circuit are
given by

Ica = Ic3 = lc1= gmVid/2 where Ica = Icadue to current mirror action.

lc2=-gmVid/2 .

We know that the load current I entering the next stage is

IL=lc2-lca= - gmVid/2 - gmVid/2 = - gmVid

Then, the output voltage from the differential amplifier is given by Vo= - ILRL = gm R.Vid.

The ac voltage gain of the circuit is given by

L_r
'jli; s -2 = On

‘ MR
if'[-d L

The amplifier can amplify the differential input signals and it provides single-ended output
with a ground reference since the load RL is connected to only one output terminal. This is
made possible by the use of the current mirror active load. The output resistance Ro of the
circuit is that offered by the parallel combination of

transistors Q2 (NPN) and Q4 (PNP). It is given by Rr = roz2|| ros.

16 Jeppiaar Institute of
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+Vee

-Ver

Fig. 1.13 BJT differential amplifier with current mirror active load

Analysis of BJT differential amplifier with active load:

The collector currents of all the transistors are equal.
Ic1=Icx=Ic3=Ics=Igp/2 .
The Collector -emitter voltages of Q1 and Q2 are given by
Vcer-Vee2=Ve-VE=V cc- Ves-(-Ves)= Ve
Eqn. shows that, the offset is higher than that of a resistive loaded differential amplifier A. This can

be reduced by the use of emitter resistors for Q 3 and Q 4, and a transistor Qs in the current mirror
load.

v" CMRR of the differential amplifier using active load:

The differential amplifier using active load provides high voltage gain to the differential input
signal and a single — ended output that is referenced to the ground is obtained. The differential
amplifier which provides conversion for a differential signal to a single ended signal is
necessary in differential input signal ended output amplifiers. The op-amp is one such circuit.
The changes in the common-mode signal of the bias current source. This induces a change in
IC2 and an identical change in IC1. The change in IC1 will then produce a change in the PNP

load devices,

17 Jeppiaar Institute of
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and thereby a change in 1C4, which is the collector current Q4, The current 1C4 is in such a
direction as to cancel the change in IC2. As a result of this, any common mode input does not
cause a change in output.

The voltage gain of the differential amplifier is independent of the quiescent current IEE. This
makes it possible to use very small value of IEE as low as 20pA, while still maintaining a large
voltage gain. Small value of IEE is preferred, since it results in a small value of bias current
and a large value for the input resistance. A limitation in choosing a small IEE is, however, the

fact that, it will result in a poor frequency response of the amplifier.
+Vee

!
ng %RE

Q.:'\q VQq
o L

’_KQ‘i O -I;“TEI
vl D—E}l o -I'U'IEE Qai

Linproved differential cirewt
Irx using active load

-VEE

Fig.1.14. Improved differential circuit using active load
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Fig.1.14. Improved differential circuit using active load

When a small value of bias current is required, the best approach is to use a JFET or
MOSFET differential amplifier that is operated at comparatively higher values of Irg.

+Vee

Differential to single ended
conversion with active load

J. -Veg DJT Differental Awplifier vrith adilitional ourpat staze
Fig.1.15. Differential to single ended conversion and output stage

Differential Mode signal analysis:

The ac analysis of the differential amplifier can be made using the circuit model as shown
below. The differential input transistor pair produces equal and opposite currents whose
amplitude us given by gm2 Vid /2 at the collector of Q1 and q2. The collector current lc1 is fed
by the transistor Q3 and it is mirrored at the output of Q4. Therefore, the total current i0 flowing

through the load resistor R is given by

. _ 2Em2Vid _
Ip = > < = Emzvid-
19 Jeppiaar Institute of
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Then the output voltage is vy = igR, = gmzRLViq and the differential mode gain Ad of -
differential amplifier is
Vo
Adm — — HPF‘{ZRL
dm
This current mirror provides a single ended ontpnt which has a voltage equal to the

maximum gain of the common emitter amplifier.

The power of the current mirror can be increased by including additional common collec
stages at the o/p of the differential input stage. A bipolar differential amplifier structure w
additional stages is shown in figure. The resistance at the output of the differential stage is n
given by the parallel combination of transistors Q2 and Q4 and the input resistance is offered
Q5. Then, the equivalent resistance is expressed by Req = 102 || 104 || 135 = 135.

The gain of the differential stage then becomes Aam = gm 2 Req = g 1:5=Plca/Ics .

=

—
IR s Py
T
He - T <
\'E
Q:
1
Vol

L=
et |

I._'l
ot Ha

+

Vs

Vg Vs

L Fx - = Ty —
£ E.JT Differantial smaplifier with % =
il Teremmal sode np " LT Differential Aunplifier with omamon
dmwale gl

Fig. 1.16 Differentail amplifier with differential mode input and common mode input

1.6 Basic information about operational amplifiers

An operational amplifier is a direct coupled high gain amplifier consisting of one or more
differential amplifiers, followed by a level translator and an output stage.

It is a versatile device that can be used to amplify ac as well as dc input signals & designed for
computing mathematical functions such as addition, subtraction ,multiplication, integration &
differentiation

1.7 Ideal operational Amplifiers

Op-amp symbol

-

Non-inverting mput [~ [
S~

inverting mput - 4 _~
— &

20 Jeppiaar Institute of
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Ideal op-amp characteristics:

v Infinite voltage gain A.

v Infinite input resistance Ri, so that almost any signal source can drive it and there is no
loading of the proceeding stage.

v’ Zero output resistance Ro, so that the output can drive an infinite number of other devices.
v’ Zero output voltage, when input voltage is zero.

v Infinite bandwidth, so that any frequency signals from o to «o HZ can be amplified with
out attenuation.

v Infinite common mode rejection ratio, so that the output common mode noise voltage is
zero.

v Infinite slew rate, so that output voltage changes occur simultaneously with input voltage
changes.

Explain the stages of General Operational Amplifier and internal circuit

diagrams of IC 741.

Explain the internal circuit diagram of IC 741. Discuss its AC and DC performance

characteristics. (16) (May/ June 2014)

1.8 General Operational Amplifier stages and internal circuit diagrams of IC 741
An operational amplifier generally consists of three stages, namely
1. A differential amplifier
2. Additional amplifier stages to provide the required voltage gain and dc level shifting.
3. An emitter-follower or source follower output stage to provide current gain and low
output resistance.
A low-frequency or dc gain of approximately 104 is desired for a general purpose op-amp and
hence, the use of active load is preferred in the internal circuitry of op-amp.
The output voltage is required to be at ground, when the differential input voltages are zero,
and this necessitates the use of dual polarity supply voltage. Since the output resistance of op-
amp is required to be low, a complementary push-pull emitter — follower or source follower
output stage is employed. Moreover, as the input bias currents are to be very small of the order
of pico amperes, an FET input stage is normally preferred.

21 Jeppiaar Institute of
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Input stage:

The input differential amplifier stage uses p-channel JFETs M1 and M2. It employs a three
transistor active load formed by Q3, Q4, and Q5. The bias current for the stage is provided by
a two-transistor current source using PNP transistors Q6 and Q7. Resistor R1 increases the
output resistance seen looking into the collector of Q4 as indicated by R04. This is necessary
to provide bias current stability against the transistor parameter variations. Resistor R2
establishes a definite bias current through Q5. A single ended output is taken out at the collector
of Q4.

MOSFET"s are used in place of JFETs with additional devices in the circuit to prevent any
damage for the gate oxide due to electrostatic discharges.

Gain stage:

The second stage or the gain stage uses Darlington transistor pair formed by Q8 and Q9 as
shown in figure. The transistor Q8 is connected as an emitter follower, providing large input
resistance.

Therefore, it minimizes the loading effect on the input differential amplifier stage. The
transistor Q9 provides an additional gain and Q10 acts as an active load for this stage. The
current mirror formed by Q7 and Q10 establishes the bias current for Q9. The VBE drop across
Q9 and drop across R5 constitute the voltage drop across R4, and this voltage sets the current
through Q8. It can be set to a small value, such that the base current of Q8 also is very less.
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Fig. 1.17 Internal stages of Op-amp

Output stage:

The final stage of the op-amp is a class AB complementary push-pull output stage. Q11 is an
emitter follower, providing a large input resistance for minimizing the loading effects on the
gain stage. Bias current for Q11 is provided by the current mirror formed by Q7 and Q12,
through Q13 and Q14 for minimizing the cross over distortion. Transistors can also be used in
place of the two diodes.

The overall voltage gain AV of the op-amp is the product of voltage gain of each stage as given
by AV=|Ad| |A2||A3| Where Ad is the gain of the differential amplifier stage, A2 is the gain of

the second gain stage and A3 is the gain of the output stage.

IC 741 Bipolar operational amplifier:

The IC 741 produced since 1966 by several manufactures is a widely used general purpose
operational amplifier. Figure shows that equivalent circuit of the 741 op-amp, divided into
various individual stages. The op-amp circuit consists of three stages.

1. The input differential amplifier

2. The gain stage

3. the output stage.
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A bias circuit is used to establish the bias current for whole of the circuit in the IC. The op-amp
is supplied with positive and negative supply voltages of value + 15V and the supply voltages

as low as 5V can also be used.

Bias Circuit:

The reference bias current IREF for the 741 circuit is established by the bias circuit consisting
of two diodes-connected transistors Q11 and Q12 and resistor R5. The Widlar current source
formed by Q11, Q10 and R4 provide bias current for the differential amplifier stage at the
collector of Q10. Transistors Q8 and Q9 form another current mirror providing bias current for
the differential amplifier. The reference bias current IREF also provides mirrored and
proportional current at the collector of the double —collector lateral PNP transistor Q13. The
transistor Q13 and Q12 thus form a two-output current mirror with Q13A providing bias
current for

output stage and Q13B providing bias current for Q17. The transistor Q18 and Q19 provide dc
bias for the output stage. Formed by Q14 and Q20 and they establish two VBE drops of
potential difference between the bases of Q14 and Q18.

Input stage:

The input differential amplifier stage consists of transistors Q1 through Q7 with biasing
provided by Q8 through Q12. The transistor Q1 and Q2 form emitter — followers contributing
to high differential input resistance, and whose output currents are inputs to the common base
amplifier using Q3 and Q4 which offers a large voltage gain. The transistors Q5, Q6 and Q7
along with resistors R1, R2 and R3 from the active load for input stage. The single-ended output
is available

at the collector of Q6. The two null terminals in the input stage facilitate the null adjustment.
The lateral PNP transistors Q3 and Q4 provide additional protection against voltage breakdown
conditions. The emitter-base junction Q3 and Q4 have higher emitter-base breakdown voltages
of about 50V. Therefore, placing PNP transistors in series with NPN transistors provide

protection against accidental shorting of supply to the input terminals.

Gain Stage:
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The Second or the gain stage consists of transistors Q16 and Q17, with Q16 acting as an emitter
— follower for achieving high input resistance. The transistor Q17 operates in common emitter
configuration with its collector voltage applied as input to the output stage. Level shifting is
done for this signal at this stage.

Internal compensation through Miller compensation technique is achieved using the feedback
capacitor C1 connected between the output and input terminals of the gain stage.

Output stage:

The output stage is a class AB circuit consisting of complementary emitter follower transistor
pair Q14 and Q20. Hence, they provide an effective loss output resistance and current gain.
The output of the gain stage is connected at the base of Q22, which is connected as an emitter
follower providing a very high input resistance, and it offers no appreciable loading effect on
the gain stage. It is biased by transistor Q13A which also drives Q18 and Q19, that are used
for establishing a quiescent bias current in the output transistors Q14 and QZ20.

Explain the AC characteristics of Operational Amplifier.

Describe the AC performance characteristics of a operational amplifier. (8)

(Nov/Dec 2014)
1.9 AC Characteristics:

For small signal sinusoidal (AC) application one has to know the ac characteristics such as

frequency response and slew-rate.

1.9.1 Frequency Response:

The variation in operating frequency will cause variations in gain magnitude and its phase
angle. The manner in which the gain of the op-amp responds to different frequencies is called
the frequency response. Op-amp should have an infinite bandwidth BW = (i.e.) if its open
loop gain in 90dB with dc signal its gain should remain the same 90 dB through audio and onto
high radio frequency. The op-amp gain decreases (roll-off) at higher frequency what reasons
to decrease gain

after a certain frequency reached. There must be a capacitive component in the equivalent
circuit of the op-amp. For an op-amp with only one break (corner) frequency all the capacitors
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effects can be represented by a single capacitor C. Below fig is a modified variation of the low
frequency model with capacitor C at the output.

~
|
|

Fig 1.18 Equivalent circuit of practical circuit

There is one pole due to RO C and one -20dB/decade. The open loop voltage gain of an op-
amp with only one corner frequency is obtained from above fig. f1 is the corner frequency or
the upper 3 dB frequency of the op-amp. The magnitude and phase angle of the open loop volt

gain are f1 of frequency can be written as,

The magnitude and phase angle characteristics:
1. For frequency f<< f; the magnitude of the gain is 20 log AQ[, in db.
2. At frequency f=1; the gain in 3 dB down from the dc value of AQT, in db. This frequency
f1 is called corner frequency.
3. For £>=>{j the fain roll-off at the rate off -20dB/decade or -6dB/decade.

b

3
20dB/decade

[+ 1]
w
o
+ { =
=,

| 4| dB —»

#+— -20dB/decade
Asefk----

>t -on°
fi i

Fig 1.19 Frequency response of op amp
From the phase characteristics that the phase angle is zero at frequency f = 0. At the corner
frequency f1 the phase angle is -45 (lagging and an infinite frequency the phase angle is -90 .
It shows that a maximum of 90 phase change can occur in an op-amp with a single capacitor
C. Zero frequency is taken as the decade below the corner frequency and infinite frequency is

one decade above the corner frequency.
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Fig. 1.20 Roll off rate of op amp gain
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1.9.2 Circuit Stability:

A circuit or a group of circuit connected together as a system is said to be stable, if its o/p
reaches a fixed value in a finite time. A system is said to be unstable, if its o/p increases with
time instead of achieving a fixed value. In fact the o/p of an unstable sys keeps on increasing
until the system break down. The unstable system is impractical and need be made stable. The
criterion gn for stability is used when the system is to be tested practically. In theoretically,
always used to test system for stability, ex: Bode plots. Bode plots are compared of magnitude
Vs Frequency and phase angle Vs frequency. Any system whose stability is to be determined

can represented by the block diagram.

¥ Aor(®) >V,

Breakfeedbackio o
ohtain boop gain l B
'z feedback

signal

Fig. 1.21 Feedback loop system

Fig. 1.21 Feedback loop system
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The block between the output and input is referred to as forward block and the block between
the output signal and /b signal is referred to as feedback block. The content of each block is

referred as transfer frequency. From fig. we represented it by AOL (f) which is given by

AOL () = Vo /Vin if V§= 0 —-- (1)
where AQL (f) = open loop volt gain.
The closed loop gain Afis given by AFp =V /Vin
=AQL /(1+(AQOL) (B) -—(2)
B = gain of feedback circuit.

B is a constant if the feedback circuit uses only resistive components.

Once the magnitude Vs frequency and phase angle Vs frequency plots are drawn, system
stability may be determined as follows

1. Method 1:

Determine the phase angle when the magnitude of (AOL) (B) is 0dB (or) 1.

If phase angle is >-180 , the system is stable. However, the some systems the magnitude may
never be 0, in that cases method 2, must be used.

2. Method 2:

Determine the phase angle when the magnitude of (AOL) (B) is 0dB (or) 1.

If phase angle is > - 180, If the magnitude is —ve decibels then the system is stable. However,
the some systems the phase angle of a system may reach -1800, under such conditions method
1 must be used to determine the system stability.

Explain the DC characteristics of Operational Amplifier.

Describe the DC performance characteristics of a operational amplifier. (8)

(Nov/Dec 2014)

1.9.3 DC Characteristics of op-amp:

Current is taken from the source into the op-amp inputs respond differently to current and
voltage due to mismatch in transistor.

DC output voltages are,

v"Input bias current

v Input offset current

v Input offset voltage

v" Thermal drift

Input bias current:
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The op-amp‘s input is differential amplifier, which may be made of BJT or FET.

In an ideal op-amp, we assumed that no current is drawn from the input terminals the base
currents entering into the inverting and non-inverting terminals (IB- & IB+ respectively). Even
though both the transistors are identical, IB- and IB+ are not exactly equal due to internal

imbalance between the two inputs. Manufacturers specify the input bias current Is

AV WVVAILIVGUAS L 1121 . VY VY WD ‘Vl.al.léulk LlulE.le

AN
Ry Ig
» —
g - VvV
o—iB |2 + I= 5 R
V —
MO
o—t :
Ig* -| V=
Inverting Amplifier with Bias
Input Bias Current e = Current
g +1g
g =-*—~

- e —— -—- e - p—— - - ~ -

If input voltage Vi = 0V. The output Voltage Vo should also be (Vo = 0) but for IB = 500Na
We find that the output voltage is offset by Op-amp with a 1M feedback resistor Vo = 500nA
X 1M =500mV The output is driven to 500mV with zero input, because of the bias currents.

In application where the signal levels are measured in mV, this is totally unacceptable. This
can be compensated by a compensation resistor Rcomp has been added between the non-

inverting input terminal and ground as shown in the figure below.
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Fig. 1.22 Bias compensated circuit

Current IB+ flowing through the compensating resistor Rcomp, then by KVL we get,
-Vi+0+V2-Vo =0 (or)
Vo=V2-V1  -eeeeeee- (1)
By selecting proper value of Rcomp, V2 can be cancelled with V1 and the Vo = 0. The value of
Rcomp is derived as

Vi =18 Reomp (o1)

+
IB =Vi/Rcomp )
The node ‘a’ is at voltage (-V1). Because the voltage at the non-inverting input terminal is (-
V1). So with Vi =0 we get,

I1 =ViR] e (3)

DR =V2Rf e @
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For compensation, Vg should equal to zero (Vg =0, Vi =0). i.e. from equation (3) V2 =V1]. So
that, I2 = V1/Rf ——= (5)
KCL at node ‘a’ gives,
IB" =12 + 11 =( VY/Rs) HV/R1) = Vi(RIFR/RIRf =mmrmmmmmmmmmmmmmmmmmeee 5
Assume IB” = IB+ and using equation (2) & (5) we get
Vi (Ri1+R¢)/RiRs = Vi/Rcomp

Rcomp =R1 || Rf  comemmeeeee (©
i.e. to compensate for bias current, the compensating resistor, Rcomp should be equal to the

parallel combination of resistor R1 and Rf.

Input offset current:
v Bias current compensation will work if both bias currents IB+ and IB" are equal.
v Since the input transistor cannot be made identical. There will always be some small

difference between IB+ and IR". This difference is called the offset current

[los| = IB-IB " -eemeemememmmemcmemecns (7)
Offset current Ipg for BIT op-amp is 200nA and for FET op-amp is 10pA. Even with bias

current compensation, offset current will produce an output voltage when Vi= 0.

Vi=1g" I (11)
ANd 11 = VI/R] commeemmeemmcmmmeeememen (12)
KCL at node a gives,
R
h=(g—h)=1lg—Us—%)
Agam Vo =12 Rf-V1

- +
Vo=12 Rf-IB Rcomp

fo=1M 2 X 200nA
Vo =200mV with Vi =0

Equation (16) the offset current can be minimized by keeping feedback resistance small.

v Unfortunately to obtain high input impedance, R1 must be kept large.

v" R1 large, the feedback resistor Rf must also be high. So as to obtain reasonable gain. The
T-feedback network is a good solution. This will allow large feedback

resistance, while keeping the resistance to ground low (in dotted line).

v" The T-network provides a feedback signal as if the network were a single feedback resistor.

By T to I conversion,
- RE + 2R.R.
f R,
To design T- network first pick Rt<<Rf/2 and calculate
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R, = Be
* " Ry — 2R,

Input offset voltage:

In spite of the use of the above compensating techniques, it is found that the output voltage
may still not be zero with zero input voltage [Vo # 0 with Vi= 0]. This is due to unavoidable
imbalances inside the op-amp and one may have to apply a small voltage at the input terminal
to make output (Vo) = 0. This voltage is called input offset voltage Vos. This is the voltage

required to be applied at the input for making output voltage to zero (Vo = 0).
Ry

v

O Vo
+

aOa

L - Input O.Exet Voltage Vi Non Inverting Ampliicr
Fig (a) 1 oias
R¢
MW

Vs

Vo= (1+RsR1) Vs

Vi=0V
Equivaleni cireuit for Vi =0V
Fig (d)

Let us determine the Vos on the output of inverting and non-inverting amplifier. If Vi = 0 (Fig (b)
and (c)) become the same as in figure (d).
Total output offset voltage:
The total output offset voltage VOT could be either more or less than the offset voltage
produced at the output due to input bias current (IB) or input offset voltage alone(\Vos). This is
because IB and VVos could be either positive or negative with respect to ground. Therefore the
maximum offset voltage at the output of an inverting and non-inverting amplifier (figure b, ¢)
without any compensation technique used is given by many op amps provide offset
compensation pins to nullify the offset voltage. A 10K potentiometer is placed across offset
null pins 1&5. The wipes connected to the negative supply at pin 4. The position of the wipes

is adjusted to nullify the
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offset voltage.

= comp

Fig.1.23 Compensation circuit for offset voltage

- = -

When the given (below) op-amps does not have these offset null pins, external balancing
techniques are used.

Ry
V()T — (1 + ‘R—) VOS + Rle
1
With Rcomp, the total output offset voltage

Rj'
Vor = (1 + TQ_) Vos + Rrlos
1

Balancing circuit: Inverting amplifier: Non-inverting amplifier:

R:
R
vV Vi o—MAN—
R;

20K Fa
pULEYS

R{)
roT

Thermal drift:

Bias current, offset current, and offset voltage change with temperature. A circuit carefully
nulled at 25°C may not remain. So when the temperature rises to 35°C. This is called drift.
Offset current drift is expressed in nA/°C. These indicate the change in offset for each degree

Celsius change in temperature.

1.10 Slew Rate
Slew rate is the maximum rate of change of output voltage with respect to time. Specified in
V/us.
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Reason for Slew rate:
There is usually a capacitor within 0, outside an op-amp oscillation. It is this capacitor which
prevents the o/p voltage from fast changing input. The rate at which the volt across the capacitor
increases is given by
dvce/dt = 1/C -------- 1)
| -> Maximum amount furnished by the op-amp to capacitor C.
Op-amp should have the either a higher current or small compensating capacitors.
For 741 IC, the maximum internal capacitor charging current is limited to about 15pA. So the

slew rate of 741 IC is

SR = dVc/dt |max = Imax/C

For a sine wave input, the effect of slew rate can be calculated as consider volt follower. The
input is large amp, high frequency sine wave.

If Vs =Vm Sinwt then output VO = Vm sinwt .

The rate of change of output is given by dVV0/dt=VVm w coswt.
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Fig. 1.23 Imput and output waveforms of a voltage follower

The max rate of change of output across when coswt =1
(i.e) SR=dV(p/dt jmax = wVm.
SR =2xfVm V/s =2xfVm v/ms.
Thus the maximum frequency fmax at which undistorted output volt of peak value Vm is given
by fmax (Hz) = Slew rate/6.28 * \Vm called the full power response. It is maximum frequency
of a large amplitude sine wave with which op-amp can have without distortion.

Explain the Open loop configuration and Closed Loop Configuration of

operational amplifier in detalil.

1.11. Open — loop op-amp Configuration:
The term open-loop indicates that no feedback in any form is fed to the input from the output.

When connected in open — loop the op-amp functions as a very high gain amplifier. There are
three open — loop configurations of op-amp namely,
1. Differential amplifier

2. Inverting amplifier
3. Non-inverting amplifier

35 Jeppiaar Institute of
Technology
2020-21



EC8453: LINEAR INTEGRATED CIRCUITS Department of ECE

The above classification is made based on the number of inputs used and the terminal to which
the input is applied. The op-amp amplifies both ac and dc input signals. Thus, the input signals

can be either ac or dc voltage.

1.11.1 Loop Differential Amplifier:

In this configuration, the inputs are applied to both the inverting and the non-inverting

input terminals of the op-amp and it amplifies the difference between the two input

voltages. Figure shows the open-loop differential amplifier configuration. The input voltages
are represented by Vil and Vi2. The source resistance Ril and Ri2 are negligibly small in
comparison with the very high input resistance offered by the op-amp, and thus the voltage
drop across these source resistances is assumed to be zero. The output voltage VO is given by

V0 =A (Vil - Vi2)

where A is the large signal voltage gain. Thus the output voltage is equal to the voltage gain A
times the difference between the two input voltages. This is the reason why this configuration
is called a differential amplifier. In open — loop configurations, the large signal voltage gain A

is also called open-loop gain A.

BT TR O SEEd T)  Is o

™ Va=A (Vu = Vo)
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|
|
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(]: I

Vo > —
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o et J somce

Open - loop Differential Amplifier

Signal
source

,__-____
]

I

I

I

Inverting amplifier:

In this configuration the input signal is applied to the inverting input terminal of the op- amp
and the non-inverting input terminal is connected to the ground. Figure shows the circuit of an
open — loop inverting amplifier. The output voltage is 180 out of phase with respect to the input
and hence, the output voltage VO is given by,

VO =-AVi. Thus, in an inverting amplifier, the input signal is amplified by the open-loop gain
A and in phase shifted by 180°.
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Signal
source

Open - loop Inverting Amplifier

Non-inverting Amplifier:

Figure shows the open — loop non- inverting amplifier. The input signal is applied to the non-
inverting input terminal of the op-amp and the inverting input terminal is connected to the
ground. The input signal is amplified by the open — loop gain A and the output is in-phase with

input signal. VO = AVi

Signal

source

i

Open = loop Non - Invarting
Amplifier

In all the above open-loop configurations, only very small values of input voltages can be

applied. Even for voltages levels slightly greater than zero, the output is driven into saturation,

which is observed from the ideal transfer characteristics of op-amp shown in figure. Thus, when

operated in the open-loop configuration, the output of the op-amp is either in negative or
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positive saturation, or switches between positive and negative saturation levels. This prevents
the use of open — loop

configuration of op-amps in linear applications.

Limitations of Open — loop Op — amp configuration:

Firstly, in the open — loop configurations, clipping of the output waveform can occur when the
output voltage exceeds the saturation level of op-amp. This is due to the very high open — loop
gain of the op-amp. This feature actually makes it possible to amplify very low frequency signal
of the order of microvolt or even less, and the amplification can be achieved accurately without
any distortion. However, signals of such magnitudes are susceptible to noise and the
amplification for that application is almost impossible to obtain in the laboratory. Secondly,
the open — loop gain of the op — amp is not a constant and it varies with changing temperature
and variations in power supply. Also, the bandwidth of most of the open- loop op amps is
negligibly small. This makes the open — loop configuration of op-amp unsuitable for ac
applications. The open — loop bandwidth of the widely used 741 IC is approximately 5Hz. But
in almost all ac applications, the bandwidth requirement is much larger than this. For the reason
stated, the open — loop op-amp is generally not used in linear applications. However, the open
— loop op amp configurations find use in certain non — linear applications such as comparators,
square wave generators and astable multivibrators.

1.11.2 Closed — loop op-amp configuration:

The op-amp can be effectively utilized in linear applications by providing a feedback from the
output to the input, either directly or through another network. If the signal feedback is out- of
phase by 1800 with respect to the input, then the feedback is referred to as negative feedback
or degenerative feedback. Conversely, if the feedback signal is in phase with that at the input,
then the feedback is referred to as positive feedback or regenerative feedback. An op — amp
that uses feedback is called a closed — loop amplifier. The most commonly used closed — loop
amplifier configurations are 1. Inverting amplifier (\Voltage shunt amplifier) 2. Non- Inverting

amplifier (Voltage — series Amplifier)

Inverting Amplifier:
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The inverting amplifier is shown in figure and its alternate circuit arrangement is shown in
figure, with the circuit redrawn in a different way to illustrate how the voltage shunt feedback
is achieved. The input signal drives the inverting input of the op —amp through resistor R1.The
op — amp has an open — loop gain of A, so that the output signal is much larger than the error
voltage. Because of the phase inversion, the output signal is 1800 out — of — phase with the
input signal. This means that the feedback signal opposes the input signal and the feedback is

negative or degenerative.
Practical Inverting amplifier:

The practical inverting amplifier has finite value of input resistance and input current, its open
voltage gain AQ is less than infinity and its output resistance RO is not zero, as against the ideal
inverting amplifier with finite input resistance, infinite open — loop voltage gain and zero output
resistance respectively. Figure shows the low frequency equivalent circuit model of a practical
inverting amplifier. This circuit can be simplified using the Thevenin‘s equivalent circuit
shown in figure. The signal source Vi and the resistors R1 and Ri are replaced by their
Thevenin‘s equivalent values. The closed — loop gain AV and the input impedance Rif are
calculated as follows. The input impedance of the op- amp is normally much larger than the

input resistance R1. Therefore, we can assume Veq = Vi and Req = R1 . From the figure

VI‘_} - IRG = A Vld Ul']d th — frqr = -‘”":d

VE' :IRG = HV?d

Substituting the value of | derived from above egn. and obtaining the closed loop gain. It can
be observed from above eqn. that when A>> 1, RO is negligibly small and the product AR1 >>

RO +Rf, the closed loop gain is given by

A Re
V= =—
Ry
Which as the same form as given in above eqn for an ideal inverter.
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Figure shows the equivalent circuit to determine Rof. The output impedance Rof without the
load resistance factor RL is calculated from the open circuit output voltage VVoc and the short

circuit output current Isc.
Rop+ R, +Rp

15 R;A
Ro + R, + R;

Rnf -

Non —Inverting Amplifier:

The non — inverting Amplifier with negative feedback is shown in figure. The input signal
drives the non — inverting input of op-amp. The op-amp provides an internal gain A. The
external resistors R1 and Rf form the feedback voltage divider circuit with an attenuation factor
of B. Since the feedback voltage is at the inverting input, it opposes the input voltage at the non
— inverting input terminals, and hence the feedback is negative or degenerative. The differential
voltage Vid at the input of the op-amp is zero, because node A is at the same voltage as that of
the non- inverting input terminal. As shown in figure, Rf and R1 form a potential divider.

Therefore,

Ry Re
— AN N
> >
Vi
B - va T
—r + +4
Vi
+

Fig. 1.24 Non —Ith;ting Amplifier:

Closed Loop Non — Inverting Amplifier
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The input resistance of the op — amp is extremely large (approximately infinity,) since the op
—amp draws negligible current from the input signal.

Practical Non —inverting amplifier:

The equivalent circuit of a non- inverting amplifier using the low frequency model is shown

below in figure. Using Kirchhoff’s current law at node a,

= Equivalent Cirenit of a non - mverting

Amaplifier using low frequency

Av=142
VEITR

The difference volt is equal to the input volt minus the f/b volt. (or) The feedback volt always
opposes the input volt (or out of phase by 1800 with respect to the input voltage) hence the
feedback is said to be negative.

It will be performed by computing

1. Closed loop volt gain

2. Input and output resistance

3. Bandwidth

42 Jeppiaar Institute of
Technology
2020-21



EC8453: LINEAR INTEGRATED CIRCUITS Department of ECE

1. Closed loop volt gain:

The closed loop volt gain is AF = V0 /Vin
V0 = Avid =A(V1-V2)

/
—0
4

©
| ~
2z | =%
A 2 O 1 ~
| ~
| éR‘ 37 27 V,=AVgh
V1o - 1. AV4
| -
122 ==
P =
-V

Fig.1.25 equivalent circuit of practical op amp
A = large signal voltage gain.

From the above eqgn.

VO=A(V1-V2)

Refer fig, we see that, V1 =Vin

—_— — R"
V2= Vi Ry+Rf

Vp Since Ri>>R]

Vo=AVin- Rj Vo

PART-A

1. What is an integrated circuit? [APR 10]
The Integrated Circuit or IC is a miniature, low cost electronic circuit
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consisting of active and passive components that are irreparably joined together
on a single crystal chip of silicon.

2. State the limitations of discrete circuits. [APR 13]

i. Large size.

ii. ICs operate at high voltages

iii. High cost

iv. High power consumption.

3. State the advantages of integrated circuits over discrete components.

[DEC 13, APR 14, DEC 14]

I. Practically size of an IC is thousands of times smaller than the discrete
circuits.

ii. ICs operate at low voltages

iii. Low cost

iv. Low power consumption.

4. What is current mirror? [APR 10]

OR

Define current mirror with magnification. [DEC 11]

The circuit in which the output current is forced to equal to the input current is
called current mirror circuit. In a current mirror circuit, the output current is the
mirror image of input current.

5. Define slew rate. [MAY16,May15 ]

The slew rate is defined as the maximum rate of change of output voltage
caused by a step input voltage. An ideal slew rate is infinite which means that op-amp‘s output
voltage should change instantaneously in response to input step

voltage.

— du{: Imax

SR = dt | o C

6. Why are active loads preferred than passive loads in the input stage of an
operational amplifier? [DEC 10, Dec 16]
The active loads are realized using current source in place of the passive load

in the collector arm of differential amplifier to make it possible to achieve high
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voltage gain without requiring large power supply voltage.
7. Compare the performance of inverting and non-inverting operational
amplifier configurations. [DEC 10]
Compared to the inverting amplifier, the input resistance of the non-inverting
amplifier is extremely large (=) as the op-amp draws negligible current from the
signal source.
8. Why is frequency compensation required in operational amplifier? [DEC 10]
Frequency compensation is required, when we need
1. Large bandwidth
2. Low closed loop gain
9. Define CMRR of an OP-AMP. [APR 11, DEC 10, APR 13, May15]
The ratio of differential gain and the common mode gain is termed as
Common Mode Rejection Ratio.

CMRR = ¢
Ad = differential gain
Ac=common mode gain
10. What are the two requirements to be met for a good current source? [APR 12]
i. Output current lo should not be dependent upon 3
ii. Output resistance should be very high
11. List the various methods of realizing high i/p resistance in a differential
amplifier. [APR 12]
i. Darlington pair
ii. Fabricate a FET differential pair as input stage
12. Define offset voltage of an operational amplifier. [DEC 13]
A small voltage applied to the input terminals to make the output voltage as
zero when the two input terminals are grounded is called input offset voltage.
13. What is meant by Monolithic IC? [DEC 14]
A monolithic circuit means a circuit fabricated from a single stone or a single
crystal. Monolithic is from a Greek word _Monos‘ meaning _Single‘&_lithos*
meaning _stone‘. Monolithic ICs are made in a single piece of single crystal
silicon.
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14. List the characteristics of ideal op-amp and draw its equivalent circuit?
[MAY 15, Nov 16, MAY 2016]

Ideal op-amp:

Op-amp symbol

Non-inverting input B
PUESSas - -l S
Output

mvertiag mput
-

*.L:j’_/;.if

- Sk -

Characteristics of ideal op-amp:
Open loop voltage gain AoL=
Input impedance Ri=

Output impedance Ro=0
Bandwidth BW =«

Zero offset Vo= 0 When V1=V2=0

Equivalent circuit:

15. Define the following parameters as applied to an op-amp: (Dec15)

i) Input bias current

Input bias current IB is the average of the currents that flow into the inverting and
non-inverting input erminals of the op-amp.

i.e. 1B = (IB1+IB2)/2

ii) Input offset current

The algebraic difference between the current into the inverting and non-inverting
terminals is referred to as input offset current lio. Mathematically it is represented as

lio=|IB-IB|
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Where

| B+is the current into the non-inverting input terminals. IB- is the current into the
inverting input terminals.

iii) Input offset voltage

This is the voltage required to be amplified at the input for making output voltage to
zero volts.

iv) P.S.R.R

Power Supply Rejection Ratio (PSRR) is the ability of an amplifier to maintain its
output voltage as its

DC power-supply voltage is varied. PSRR = (change in Vcc)/(change in VVout)

47 Jeppiaar Institute of
Technology
2020-21



EC8453: LINEAR INTEGRATED CIRCUITS Department of ECE

D_Ln He /YL Ry= lokJL./ R_f: \ |
\X&% _igkﬁ_ & Conmedled “he w%«};u.‘t ’}"@zm nal‘

C ool alx (D)1, (Ve Giiv ”L an
‘\Y\% '_)‘\g_ W rm‘

@}ve‘;g:» .- v, Ro= 26 Koo
=
“lo fm(?:
: | ¥l
(?7 f)” Vi —
Ky [y O | N\¥)

\ Vo= - lov
(“)) tL: y&:' M— - C“Z(MA /

R L’SKJL_ @

C‘V) '!o:: ‘1,4 1 = 0 lmAY 0 hmA= O 5Emp) .

l IO’DSMQ‘/'}’{O\»WVP{ };\t‘%}

—— oufru

48 Jeppiaar Institute of
Technology
2020-21




EC8453: LINEAR INTEGRATED CIRCUITS Department of ECE

49 Jeppiaar Institute of
Technology
2020-21



EC8453: LINEAR INTEGRATED CIRCUITS Department of ECE

ﬁfb) f_T)l,j.Ye)wﬂioj aru?(i]ﬂer chown N 7"13, wAed q "}mesis*:]br
vt P 2o &nc) e Dased  of Teg='oopr. Delerming.
He vl Y Re and Re 1] [pul =50 and ¢ NRR
cgmtﬁ,
Given
Pt Teg= loo A
Mm )= 5ee, CaRee B

"k yj’.m‘\*-

R, R

f‘?{:- ]ﬁ‘\ ! ol

CMRE= R0dB
-y (R)=r"
CMRR= 1) ;,;»_ﬂ,,.,RE = Fax4xke

50 Jeppiaar Institute of
Technology
2020-21




EC8453: LINEAR INTEGRATED CIRCUITS Department of ECE

51 Jeppiaar Institute of
Technology
2020-21



EC8453: LINEAR INTEGRATED CIRCUITS Department of ECE

218 T e basi &4 oYerghal angpifier , quen Re=2Ka, Re= 43,
Ve = IVFC—'} = 5 \/', By 209, V@EFO"—( V.

Determing . J
(") FC(WV\‘-'- V;_“ O;. '%“4 ._rRQ Vﬂ-'((M‘A % %UQ-S‘CQW‘ C(J)lk’ ﬂ.& aV\A

Vﬁl"“&w Ig& .;TCQ ,\)D\; UO')__ /UC ER&,

G Ay, Pen and CHRR

3ol ‘
z%v—\_‘/-\ﬂ{j K\)L_. "ybr-)(\k [XV)L QM'):’Q)I L)GP,
Vge 42 (Bp)TgaRp-vge =0

Tae Vrele svow b

2 ( (ﬁ;) Re = (o) 4 3Ka . -

Tees plae s 2eon2dpf= [0dend = Ta)

Vor= Yoo = Ve - JeoRe
= tv—2Kkaxo4imf = L ok

@.— Voy &= 4.02;7) ) Aue %Swme@

V([@ - \J( ’VE
Vo = (~Vae)= o) Ves

= o4 V¥FoweE l/ﬂéw e Verq |

() 9m = Jee _ py8mA _ polqr U e 0 amUT

Ver 25 mV
Yoe P o 209 _ oy Ko |
\ih A 2muU™ A ——
A‘DM: 3“3»{\& - -—[O\.p__mv‘)(z.ha,::Q& b @
Aew = = Boke 2 neX2 K cn_cg; .

Yy 2 CH BORe " 10 hkart2Chzon) b 3K

OM RR = Aoy _ =384 b as] 4k 4dR= CMPR
Pert -0 23

—




EC8453: LINEAR INTEGRATED CIRCUITS Department of ECE

53 Jeppiaar Institute of
Technology
2020-21



EC8453: LINEAR INTEGRATED CIRCUITS Department of ECE

o (B .Tﬂ_‘fL k@)ﬁr_ (:L{Hehﬂ-n%ai quiif{fh,—)Ln_ (FUU&;UJW?,

. " Ged
‘W !Qi?x?n a5 o)t + 58 2T (rooodt mv
byt £ 2in 20 (looo NtV

(t)en ferares
1 K=

Vs = 1S Si (6ot = |
H@-’UL/ Tha mgmﬂ a1 fe¥z 1S Fha ; |
?8\!\0& C‘M\Cx ‘_JLP,_ =)\ ﬂ[ %La.._ m@&ﬁi\% ;/3, a
:_r)'!'r)('_}lm“\@_, m_ Bt.Ld'TNr" VDH'CE?‘EA u:)l a B3 -

GUWH\ Vr ;uU.-,__
“lo &, ad Ve ) Voo

: = 1)
- 3“?:@430& Ke = pska-, Re= 26K

and Y= P 2ev _ BbKao » Apye =509

2]
M= Lmur

Fon = - PQ Re —206% |25 Yoo
- (HPO RP?;T? > (H 299) 1250 P R =s) £ .
= ~0,05
Vpm = V=V _ 5 Sin =2 (f00u3f

Vo = VitV 1S sin 27 Céb)".‘

—

= g
'\/gt-‘—' - EUD['LTE:H"! CET?\DDU{ZF] - U‘Ug[f? gnaff éol

i

-

[ Voo = - 250060 2T 0wt — 075 smaTéol | |
IU-m_"-_— — (- E.‘tw)rg'g'm:'mo@gt] —005//S anzl 15'07.[_

54 Jepplaar insutute ot
Technology

2020-21




EC8453: LINEAR INTEGRATED CIRCUITS Department of ECE

3)@) Des}ﬁn a ()\)'\AID/V Cu)m?wi) e .ﬁo’) v{)(/wm';‘”m;, a
CDM)'QV{}' MM+ b B IOHA . J)WML V('o_c_'/cvl
\/gf_ e 001V, }3" 25 US(:L Uf]':. 26mV.

T \2 J \,/:

C\m en: _'3:.-.
"'I\; t\') HA’ .1(' \)I
Q..
&
V((C % | ¥
Vgp =0V | ’
F’L Ky = (T2
Vrr= 25 mV
""{‘c) fln('
gb\h'. R\: Vee — VBE oV~ 0«“1V‘ . o,_ 2 K

f*:] 1M :
[R,: q\ak_n—j [Take Tonf= mf)

A (Y A3
Re @JCL n(:fa_)

-3
10
- 0025 /(n (—'———5

— oo

é»\ l ¢ X/o”‘/’
2%
| R =hsha |

2020-21




EC8453: LINEAR INTEGRATED CIRCUITS Department of ECE

MbM«CcQ owm:ﬁ; MAYYDY Cwew{:

QL) r gw
g P ewiliex  civod w Hransisio) Os i

Dcie)lwm
f}?;:wo GV\A Vee = 015V

SV

l\\bl_c;

Q=
\ Te3
)
50 g [QA /’2>>’>
T)'= Tead o
= Jeas Tpat B3
des ';*")‘215

i

Tesi [()-—l>' R2 Y

Sk Valus 9 ,.”T’,,)
T2 Toy + Teat Ipy

= 2 ¢ 4 depy [ a Lo =K ’“]

::rC[ —)_)_3 & 2T,

T = D=6 . ‘129 = 1T mh

- 4K AR = T

B e o B e BB )o.ﬂ&zm/) =Lea
Fg Sedes ) =

t I
“,
o




EC8453: LINEAR INTEGRATED CIRCUITS Department of ECE

JFET OPERATIONAL AMPLIFIERS

JFET operational amplifiers are very popular because of its advantages over BJT or MOSFET
operational amplifiers. In this type of op-amps, Junction field effect transistors are used at the input
terminals. This is to distinguish from BJT or MOSFET inputs. JFET inputs provide lower input currents
than BJT’s, and are not as sensitive to damage by electrostatic discharge (ESD) as are MOSFET’s. The
general JFET input operational amplifier series by Texas Instruments was named as LF x5x. The series
includes LF 155, LF 156, LF 256, LF 257, LF 355, LF 356 and LF 357 with two Xs taking different
digits. These devices are excellent choice for low noise applications with either high or low source
impedance.

LF 155

The LFx5x devices are the first monolithic JFET input monolithic operational amplifiers to
incorporate well-matched high-voltage JFETs on the same chip with standard bipolar
transistors. These amplifiers feature low input bias and offset currents/low offset voltage and
offset voltage drift, coupled with offset adjust, which does not degrade drift or common-mode
rejection. The devices are also designed for high slew rate, wide bandwidth, extremely fast
settling time and low voltage and current noise.

PIN DIAGRAM

The two available IC packages were shown here for LF x5x series. Both contains 8 - pins and
the table shows the pin description of each pin.

D or P Package
8-Pin SOIC or PDIP
Top View
8-Pin TO-23 3 ./
Top View BALANCE —— L NC
2 L
INPUT =— —
|np-u|—3:::t Lﬁ_nuwu-r
4 ]
Vo — — BALANCE
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PIN
() DESCRIPTION
NAME NO.
BALAMCE 1.5 | Balance for input offset voltage
+|NPUT 3 | Moninverting input
=INPUT 2 | Inverting input
NC 8 — Mo connection
OUTPUT B 0 Output
Ve 7 — Pogitive power supply
W= 4 — Megative power supply
SIMPLIFIED INTERNAL CIRCUIT
(7
> +—o Ve
(.j,) BALANCE
—_— T3
(5) 9 1
- TS
+) (=) 0 —
a1 | a2 a3 c
3) (2] 10 pF (6)
"‘l 25 | out
IF-‘ 1 T2 \'1[ ¢
L
T7
T
¥ L) v ¥ 50
(4)
& & -UEE

These JFETSs have large reverse breakdown voltages from gate to source and drain eliminating
the need for clamps across the inputs. Therefore large differential input voltages can easily be
accommodated without a large increase in input current. The maximum differential input
voltage between pin 2 and 3 is independent of the supply voltages +Vcc and -Vee. However,
neither of the input voltages should be allowed to exceed the negative supply as this will cause
large currents to flow which can result in destruction of device.
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Exceeding the negative common-mode limit on either input will force the output to a high
state, potentially causing a reversal of phase to the output. Exceeding the negative common-
mode limit on both inputs will force the amplifier output to a high state. In neither case does a
latch occur, since raising the input back within the common-mode range again puts the input
stage and thus the amplifier in a normal operating mode.

Exceeding the positive common-mode limit on a single input will not change the phase of the
output however, if both inputs exceed the limit, the output of the amplifier will be forced to a
high state. These amplifiers will operate with the common-mode input voltage equal to the
positive supply. In fact, the common-mode voltage can exceed the positive supply by
approximately 100 mV independent of supply voltage and over the full operating temperature
range. The positive supply can therefore be used as a reference on an input as, for example, in
a supply current monitor and/or limiter. Precautions should be taken to ensure that the power
supply for the integrated circuit never becomes reversed in polarity or that the device is not
inadvertently installed backwards in a socket as an unlimited current surge through the resulting
forward diode within the IC could cause fusing of the internal conductors and result in
destruction.

All of the bias currents in these amplifiers are set by FET current sources formed by Q1 and
Q2. The drain currents for the amplifiers are independent of supply voltage. Q3 and Q4 are
another pair of JFET used along with the balance input pins 1 and 5 to nullify the positive or
negative offset at output of op-amp. T1 and T2 forms the intermediate differential amplifier
pair and transistor T6 limits the excess current flow from coupled emitters of T1 and T2.
Transistors T3 and T4 forms the darlington pair responsible for high current gain and good
output voltage drive. The value of capacitor C varies according to the different IC series
number.

FEATURES

Commen Features

— Low Input Bias Current: 30 pA

— Low Input Offset Current: 3 pA

— High Input Impedance: 10'2 Q

— Low Input Noise Current: 0.01 pAHz

— High Common-Mode Rejection Ratio: 100 dB
— Large DC Voltage Gain: 106 dB
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Uncommon Features
— Extremely Fast Settling Time to 0.01%:
— 4 ps for the LFx55 devices
— 1.5 ps for the LFx56
— 1.5 uys for the LFx57 (A, = 5)
— Fast Slew Rate:
— 5 \/us for the LFx55
— 12 Vips for the LFx56
— 50 Vius for the LFx57 (A, = 5)
— Wide Gain Bandwidth:
— 2.5 MHz for the LFx55 devices
— 5 MHz for the LFx56
— 20 MHz for the LFx57 (A = 5)
— Low Input Moise Voltage:
— 20 nW/WHz for the LFx55
— 12 nV/"Hz for the LFx56
— 12 nV/+Hz for the LFx57 (Ay = 5)

ADVANTAGES

- Replace Expensive Hybrid and Module FET
Op Amps

- Rugged JFETs Allow Blow-Out Free Handling
Compared With MOSFET Input Devices

- Excellent for Low Moise Applications Using
Either High or Low Source Impedance-

- Offset Adjust Does Mot Degrade Drift or
Common-Mode Rejection as in Most
Monolithic Amplifiers

- New QOutput Stage Allows Use of Large
Capacitive Loads (5,000 pF) Without Stability
Problems

- Internal Compensation and Large Differential
Input Voltage Capability

APPLICATIONS

* Precision High-Speed Integrators

« Fast D/A and A/D Converters

= High Impedance Buffers

*  Wideband, Low Moise, Low Drift Amplifiers
« Logarithmic Amplifiers

= Photocell Amplifiers

= Sample and Hold Circuits

TL 082
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TL 082 is a wide band dual JFET input operational amplifier manufactured by Texas
Instruments in PDIP (plastic DIP) and SOIC (Small Outline Integrated Circuits) packages and
by ST Microelectronics in SO8 and TSSOP8 (Thi Small Outline package) packages.

These devices are low cost, high speed, dual JFET input operational amplifiers with an
internally trimmed input offset voltage ( BI-FET Il technology). They require low supply
current yet maintain a large gain bandwidth product and fast slew rate. In addition, well
matched high voltage JFET input devices provide very low input bias and offset currents. The
applications are high speed integrators, fast D/A converters, sample and hold circuits and many
other circuits requiring low input offset voltage, low input bias current, high input impedance,
high slew rate and wide bandwidth. The devices also exhibit low noise and offset voltage drift.
The pin diagram below shows the dual op-amp configured on either side of the IC and each
op-amp is named a A and B inside the IC. The next figure shows the typical connection of one
op-amp (A or B) inside the IC. These devices have limited built-in ESD protection. The leads
should be shorted together or the device placed in conductive foam during storage or handling
to prevent electrostatic damage to the MOS gates.

PIN DIAGRAM

PDIP/SOIC Package (Top View)

3
e

1
QUTPUT A —

INVERTING INPUT A _Z _]'_ DUTPUT B

NON-INVERTING _3
INPUT A

INVERTING INPUT B

4 5 NON.INVERTING

v INPUT B

508 and TSSOPS

e

SO

TSS0PE
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1l
u

TYPICAL CONNECTION

112 TLOB2

~VEE

INTERNAL CIRCUIT

Ve O

Vo

INTERNALLY

INTERNALLY TRIMMED

TRIMMED

Vee ©

/1

This device is an op amp with an internally trimmed input offset voltage and JFET input devices
(BI-FET I11). These JFETs have large reverse breakdown voltages from gate to source and drain
eliminating the need for clamps across the inputs. It contains a JFET pair formed by Q1 and
Q2, acting as single differential amplifier stage and a cascaded BJT amplifier section formed
by tansistors T1 and T2. Transistor T3 and T4 in the output stage acts as a complimentary push-
pull amplifier. The voltage difference applied across the JFET input terminals, controls the
voltage source by allowing a limited current from the source to drain of the JFETs from +Vcc
to -VEee.

Large differential input voltages can easily be accommodated without a large increase in input
current. The maximum differential input voltage is independent of the supply voltages.
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However, neither of the input voltages should be allowed to exceed the negative supply as this
will cause large currents to flow which can result in a destroyed unit. Exceeding the negative
common-mode limit on either input will cause a reversal of the phase to the output and force
the amplifier output to the corresponding high or low state. Exceeding the negative common-
mode limit on both inputs will force the amplifier output to a high state. In neither case does a
latch occur since raising the input back within the common-mode range again puts the input
stage and thus the amplifier in a normal operating mode.

Exceeding the positive common-mode limit on a single input will not change the phase of the
output; however, if both inputs exceed the limit, the output of the amplifier will be forced to a
high state. The amplifiers will operate with a common-mode input voltage equal to the positive
supply; however, the gain bandwidth and slew rate may be decreased in this condition. When
the negative common-mode voltage swings to within 3V of the negative supply, an increase in
input offset voltage may occur. Each amplifier is individually biased by a zener reference which
allows normal circuit operation on +6V power supplies. Supply voltages less than these may
result in lower gain bandwidth and slew rate. The amplifiers will drive a 2 kQ load resistance
to £10V over the full temperature range of 0°C to +70°C.

If the amplifier is forced to drive heavier load currents, however, an increase in input offset
voltage may occur on the negative voltage swing and finally reach an active current limit on
both positive and negative swings. Precautions should be taken to ensure that the power supply
for the integrated circuit never becomes reversed in polarity or that the unit is not inadvertently
installed backwards in a socket as an unlimited current surge through the resulting forward
diode within the IC could cause fusing of the internal conductors and result in a destroyed unit.
Because these amplifiers are JFET rather than MOSFET input op amps they do not require
special handling.

As with most amplifiers, care should be taken with lead dress, component placement and
supply decoupling in order to ensure stability. For example, resistors from the output to an
input should be placed with the body close to the input to minimize “pick-up” and maximize
the frequency of the feedback pole by minimizing the capacitance from the input to ground. A
feedback pole is created when the feedback around any amplifier is resistive. The parallel
resistance and capacitance from the input of the device (usually the inverting input) to AC
ground set the frequency of the pole.
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FEATURES

= Internally Trimmed Offset Voltage: 15 mV
* Low Input Bias Current: 50 pA

* Low Input Noise Voltage: 16nV/vHz

* Low Input Noise Current: 0.01 pA/vHz

*  Wide Gain Bandwidth: 4 MHz

= High Slew Rate: 13 Vius

* Low Supply Current: 3.6 mA

« High Input Impedance: 10'20Q

* Low Total Harmeonic Distortion: £0.02%
» Fast Settling Time to 0.01%: 2 ps

APPLICATIONS

These amplifiers may be used in applications such as high-speed integrators, fast D/A
converters, sample and hold circuits and many other circuits requiring low input offset voltage,
low input offset voltage, low input bias current, high input impedance, high slew rate and wide
bandwidth. The devices also exhibit low noise and offset voltage drift.

64 Jeppiaar Institute of
Technology
2020-21



