Operational Amplifiers
(Op Amps)



Introduction

* An operational amplifier isanodeled as
a voltage controlled voltage source.

* An operational amplifier has a very
high Input impedance and a very high
gain.



Use of Op Amps

* Op amps can be configured in manydifferent
ways using resistors and other components.

* Most configurations use feedback.

* 1t can also be used. 1w making a voltage- or
current-controlled.current source.

* An op amp:can sum signals, amplify a signal,
Integrate-it,~or differentiate it. The ability of the
op amp to perform these mathematical operations
IS the reason it Is called an operational amplifier.



Applications of Op Amps

* Amplifiers provide gains In voltage-of current.
* Op amps can convert current tovoltage.

* Op amps can provide “a-buffer between two
circuits.

* Op amps canbe-used to implement integrators
and differentiators.

*More applications are Low-pass, High-pass,
Band-pass and Band-reject filters.



Op Amp Symbol

* The Op Amp: (a) pin conflguratlon (b) circuit
symbol.
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The Op Amp Model

As an active element, the op amp ‘must be
powered by a voltage supply as typically shown In
the Fig. below. Although the .power supplies are
often ignored In op amp circuit diagrams for the
sake of simplicity, the power supply currents must
not be overlooked. By KCL,

ft;:fl-|-f'_7-|-fl.|.-|-f_




The equivalent circuit model of an op amp is shown in the Fig.
below. The output section consists of a voltage-contrelled source iIn
series with the output resistance Ro. It is evident-from the Fig., that
the Input resistance Ri is the Thevenin equivalent resistance seen at
the input terminals, while the output resistance Ro is the Thevenin
equivalent resistance seen at the_ oufput. The differential input
voltage vd is given by
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* where v1 is the voltage between the inverting
terminal and ground and v2 is the. voltage
between the non-inverting terminal and
ground. The op amp senses:the difference
between the two inputs, multiplies it by the
gain A, and causes .the-"resulting voltage to
appear at the output.” Thus, the output vo Is
given by

l, = AL}! = A(l'g — 1)



« Ais called the open-loop voltage gain because it is the gain of
the op amp without any external feedback from output to
input. The table below shows typical values of vgltage gain A,
Input resistance Ri , output resistance Rozﬁg@;sfarﬁply voltage
VCC. N\

Parameter
Values

Open-loop gain, A 10° to 108

Input resistance, R, 10° to 1013

Output resistance, R, 10 to 100

Supply voltage, v_. 5to 24




* The concept of feedback is crucial to our
understanding of op-amp circuits. A
negative feedback is achieved when the
output is fed back to the inverting terminal
of the op-amp., when there is a feedback
path from output to<input, the ratio of the
output voltage tothe input voltage is called
the closed-logp gain. As a result of the
negative feedback, it can be shown that the
closed=loop gain is almost insensitive to the
open-loop gain A of the op-amp. For this
reason, op-amps are used in circuits with
feedback paths.




Consequences of the Ideal Op Amp

* Infinite Input resistance means the gurrent into
the inverting input Is zero:

i,=0=1i,
* Infinite gain means the difference between v+
and v- IS zero:

v, - V1. =0



Practical limitation of the op amp

* That is means the magnitude of its output veltage cannot
exceed |V..|, 1.e., the output voltage Is dependent on and is
limited by the power supply voltage. This figure illustrates
that the op amp can operate In three modes, dependlng on the
differential input voltage v,, where vy'= v,-v, :

1. Positive saturation, v,=V, -

2. Linear region, —V,. < v, =R vz <V,
3. Negative saturation;vy= — V...

* If we attempt te increase v, beyond o | Aosltive saturation
the linear range; the op amp becomes A / ,
saturated and yields v, = V.. or L

-V
_ MNegatve saturation
vO - I/CC'




INVERTING AMPLIFIER

For Ideal Operational Amplifier:

R Ry
U U,
Rl R_.r
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* Refer to the op amp in the Fig. shown, if vi =
0.5V, calculate: (a) the output voltage vo, and
(b) the current in the 10 k resistor.

25kQ
LAY

¢ SOIUtion: 10kQ
@ v Ry 25 ‘ #3 o
Uj B Ry 10 + 5
Uy = —2.51 = =2.5(0.5) = —-1.25\

(b) The current through the 10-k€2 resistor 13
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R, 10x103
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NONINVERTING AMPLIFIER

For Ideal Operational Amplifier:
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voltage follower:
For Ideal Operational Amplifier:

* In a voltage follower (or unity gak:amplifier),
the output follows the input. Thus,

Up = U
* Such a circuit has avery S
high input impedance and " '
IS therefore-useful as an T

Intermediate-stage (or buffer) amplifier to
Isolate one circuit from another.

D
Y
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SUMMING AMPLIFIER

I=11+1iz+13

Vg =—| —v1+ —v2 + —v
i R, 1 R, 2 R 3




DIFFERENCE AMPLIFIER

. Applymg KCL to node a,

vy — Uy Ug — U R
R - R;
Ky v 0
po— H_ 1 o E A 17 B
T ( H] N ) v Rl " RE 1-'!;—U|- >—G
ARAA, : £ 1
+ Applying KCL to-node b, i VSR 1;;
gz — Uy . Up — -
RE - R.g T 0
L Ry
U = R3 o R_.; vz

* But, Ug = Up



R R. R
1Jr,=(—£—|—l) : 1.1;——21.11

Ry Ry + Ry R
Ra(1+ Ry/R5) R
iI_Z'I:.I == i|_1E-— —'|'_"]
Ri(1+ Rs/Ryq) R

 Since a difference amplifier must reject a signal
common to the two.inputs, the amplifier must
have the propéerty'that v, =0 when
vy = w,u This property exists when
R R4

R, R



* Thus, when the op amp circuit Is a difference
amplifier. then.
R;

Vg = —(vz —11)
L Rl

* If R2 = R1 and R3 =R%, the difference
amplifier becomes‘asubtractor, with the output

Up = 12 — U



Example:

Calculate v, and i, in the op amp circuit in Fig. 510

A

1.
This is a summer with two inputs.

, 25K0
W@

10 10 *
U, :—[?(2)+§(1)] =—-(4+4)=-8V 1V 7-

The current i, 1s the sum of the currents through the 10-k€2 and 2-kS2 =
resistors. Both of these resistors have voltage v, = —8 V across them. Fig. 1
since v, = v, = 0. Hence,

v, =0
[, = + T mA=-08-04=-1.2mA

Q"
v@

Calculate v, in the circuit in Fig.
Answer: 7V

H.W.:




Example:

Determine vo In the op amp circuit

Solution:
. 40 kO
Applying KCL at nodz a.
20 kG ;
Vg =1, 3 0— Uy W— }_ﬁ
40 20 6V CD 2V (t) v,
U, — U, = 12 - '-]L:e'.' — U, = 31-‘H ~-12 0

But v, = v, = 2V for an 1dzal op amp. because of the zero voltage drop
across the mput terminals of the op amp. Hence.

U, =0-12=-6V

Notice that if v, = 0 = v,, thenv, = -12 v



H.W.:
* Two kinds of current-to-voltage converters

(also known as trans-resistance amplifiers) are
shown in Fig. a& Fig. b

R Ry R
AAAN AAAA | .......
o <
4§ e 4[> | o
I #) v, i; (E i
1 T )
= (a) = (b)

* (a) Show that forthe converter in Fig.a

[
—~ =R
[

* (b) Showthat for the converter in Fig.b

o _ _R (1+R3+R3
i, ! R, R,

.



Example:

A 741 op-amp Is used in the circuit of the Fig. shown, Calculate the
closed-loop gain vo/vs . Find 10 when vs = 1 V. (usmg the ideal op

amp model).

Uy = Uy

Since iy = 0, the 40-k and 5-k< resistors are in series because the same % €
current flows through them. vy is the voltage across the 5-k€2 resistor. S Sk

Hence. using the voltage division principle.

5 Up
L: 't_l —_— —
1 5 140 [ 0
i""1{-" LI.J
vy = — — — =90
9 Uy
At node O.
. 1"14'.:' l'lf.l'
[ P— +
T 4045 20

whenv, =1 V. v, =9V,

I
.
)
=
=

-

D | w ol
-~ +
I'J‘

mA

lp=024045=0.65mA



CASCADED OP - AMP

Stage |
A

>

+
Iy =Ap,

M
9]

Stage 2
4

-

4
1?3 - Am

M
L

Stage 3
Ay

©A three-stage cascaded connection.

A= A AsAs



Example:

An instrumentation amplifier shown, is an amplifier of low- =

level signals used in process control or measurement applications and
commercially available in single-package units. Show that

R 2R
uﬂz—z(H RE)(Hz—vﬂ

4

Solution:

We recognize that the amplifier A; 15 a difference ampljfler.\
R;

Q —
v, = —(Upn — v W i
0 Rl{c@ r:ll) ) k@

Since the op amps A; and A, draw no current. current [ flows through

the three resistors as though they were in series. Hence,
Upl — Ug2 = E{Rj + R4 + Rg] = .!II:ER?, —+ Rq_}

!

¥/ A

But
Ry

I =

and v, = vy, v = vy. Therefore.
Uy — 1z
Ry

| =

R 2R




H.W.: 800V 40 kO
Obtain i, in the instrumentation amplifier circuit 20kQ o
AUATATAN .

| S J
201V o 10kQ 2 10kQ =
Example.: i L
. S LWV
Design an op amp circuit with inputs vy and v, such that v, = —5vy+3v,.
Solution:
The circuit requires that Vo = 3V — U1
This circuit can be realized in two ways.
DESIGN | 1f we desire to use only one op a111p.$>9 , _RO+R/K) R
o ANE T RI(1+R/R) " R
R, — 2 1
Also.
(1 + Ri/R») 2
(1+ R3/Ry) 1+ Rs/Ry 5
or
R;
2=1+ — _— R: = R4
Ry

If we choose R; = 10 k€ and R; = 20 k{2, then R, = 50 k&2 and
Ry =20k



) AAAN

) ¥

3R,
DESIGN 2 Ifwe desire to use more than one op amp, we may cascade R M SRy
an inverting amplifier and a two-input inverting summer, as showninFig. - | i N_‘ o [V
- - S ¥ oAMAA 1
A

v, = —U,; — 51y

&
and for the mverter. oA —

P =

v, = =31 \'y‘/
UV = 317 — 51 &
%o
o

we may select Ry = 10k and
Ry =20kQor R = Ry = 10kQ. 2

w\ V
H.W.: w@

Design a difference amplifier with gain 4.

Answer: Typical: Ry = R; = 10k€2. R, = Ry = 40 k€.



Example: Find v, and i, in the circuit

Solution:

This circuit consists of two noninverting amplifiers cascaded. At the
20 mv @)

output of the first op amp.

12
v, = (1 + ?) (20) = 100 mV

At the output of the second op amp. \> -

10
v, = (1 — ?) v, = (14 2.5)100 =350 mV

The required current i, is the current through the 10-k€2 resistor.

Upg — Up
maA

1. =
’ 10
But vy, = v, = 100 mV. Hence,

_ (350 — 100) x 1073
10 x 103

4k0 =
=

-
o
]

l;_l,'q

Determine v, and i, in the op amp circuit

Answer: 107V, 1 mA.



Example: 1fv; =1 Vand v, = 2 V. find v, in the op amp circuit

______________________________________

2 k0

3
4

i AAAN !
: 4kQ ! l
i B O—AAN "'_4’ . " --%c f i
1 ; : .\'\.-'-'-. " |
| al b o1 |
I I
| I

Solution:

The circuit consists of two mverters A and B and a summer C as shown
6 8
e =—-)==-3()=-3V, = —1(1,»;._) = _2(2)=—-4V
W

These become the inputs to the summer so that the output 1s obtained as

10 1o 2(—3 - 4 8.333V
Up = — ﬁla‘l‘lﬁvb = — (_]+3[_] — 0.



Example
* Find the output voltage for }t\@%ﬁowing

- "t 301-:9 .
circult; v
mm
20 k2 c
__-".".l‘l.".l‘.."-.
’ T Pt
60kQ |
= 10kQ = 10 kQ
"".-'... =

2V 20 kQ L

= 10 kL2
© Q AN B
7 e




Op-Amp Differentiator
R

out



Op-Amp Integrator

|

f
r -L?I-I'I ks
L-Dl.lt — _/ﬂ RC df + Lil‘litiﬂ.l
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t



Active Filters- Low-Pass Filter

* A low-pass filter attenuates hlgh
frequencies AN

N\ A

V(jo) R 1 RN v

Gan=G==- N : R\ :=d Ry
V(i) R 1+jeR, Cis qw}ﬁ o

0.707 RyR(C 5

freq
f. = 1/27R,C;



Active Filters (High-Pass
Filter)

* A high-pass filter attenuates Iow
frequencies and blocks dc

Galn =6 = O(W - Ja.)RiCi H%i
Vi(Ja)) R 1+ Ja)R‘CI

A ~ . o)

Ri/R; [ i)

freq

f. = 1/2n7R,C;



Active Filters (Band-Pass
Filter)

* A bandpass filter attenuates both Iow
and high frequenues |

Vljo) i+ joR,C X1+ jRQ), ¥ S
Gl

(©)

0.707 Rl

fo=  f,=1/2:Rdr€0
1/27R;C,



Application: Digital-to-Analog Conversion

A DAC can be used to convert the digital representation
of an audio signal into an analog voltage that is then
used to drive speakers -- so that you can hear it!

“Weighted-adder D/A converter”

10K
S~
20K
>3 7 4I\g\K
- 5K
BV e 81\(’)V\K W
o/ A\ ~
+ —V,
S1
T 4-BitD/A - |
S1 closed if LSB =1
S2 " ifnexthit=1
(Transistors are used S3 " if " "=1
as electronic switches) S4 " fMSB=1

EE 42/100 Fall 2005 Week 8, Prof. White

Binary | Analog
number| output
(volts)
0000 0)
0001 5
00 O
0011 1.5
0100 2
0101 2.5
0110 3
0111 3.5
1000 4
1001 4.5
1010 5
1011 55
1100 6
1101 6.5
1110 4
%11:}. 7.5

MSB LSB2»



Analog Output (V)

Characteristic of 4-Bit DAC

Digital Input

8
7 {
&\
6 - /\%yy_
5 <R %
4 Lo
3 4@%
2 >
=\
1 N
0, q| >
DDT%\‘G\@@? 6 TB 10 12 14 16
000 1000 1111



