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Introduction: Ideal Operational Amplifier

Operational amplifier (Op-amp) is made of many transistors,
diodes, resistors and capacitors in integrated circuit technology.
Ideal op-amp is characterized by:

=Infinite input impedance

=Infinite gain for differential input

=Zero output impedance

=Infinite frequency bandwidth
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input
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Figure 14.1 Circuit symbol for the op amp.




Ideal Operational Amplifier

Equivalent circuit of the ideal op-amp can be modeled by:

=\/oltage controlled source with very large gain Ay_
known as open loop gain

»Feedback reduces the gain of op-amp

=|deal op-amp has no nonlinear distortions
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Figure 14.2 Equivalent circuit for the ideal op amp. The open-loop gain Agr is
very large (approaching infinity).



Ideal Operational Amplifier

A real op-amp must have a DC supply voltage which is often
not shown on the schematics

Figure 14.3 Op-amp symbol showing the dc power supplies, V¢ and Vig.



Inverting Amplifier

Op-amp are almost always used with a negative feedback:

=Part of the output signal Is returned to the input with negative sign

»Feedback reduces the gain of op-amp

=Since op-amp has large gain even small input produces large

output, thus for the limited output voltage (lest than V) the input

voltage v, must be very small.

=Practically we set v, to zero when analyzing the op-amp circuits.
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Figure 14.4 The inverting amplifier.



Inverting Amplifier

Since v, =-1, R, =-v;y R, /R,

Then we see that the output voltage does not depend on the load
resistance and behaves as voltage source.

Thus the output impedance of the inverting amplifier is zero.
The input impedance is R, as Z;,=v;/I,=R;

6 R,
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-
Ri g, 0
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: . : v R
B Summing-point ¢ L §

constraint

Figure 14.5 We make use of the summing-point constraint in the analysis
of the inverting amplifier.



Inverting Amplifier with higher gain

Inverting amplifier gain v, =-1, R, =-v;, R, /R,
Is limited due to fact that it is hard to obtain large resistance ratio.

Higher gains can be obtained in the circuit below where we have:
L =Vio/R =1,

from KCL at N, we have:
I, + ;= I,

Figure 14.6 An inverting amplifier that achieves high gain magnitude with a
smaller range of resistance values than required for the basic inverter.
See Example 14.1.



Inverting Amplifier with higher gain
Higher gains can be obtained in the circuit below where we have:
1,=Vv;/R;=1, from KCL at N2 we have: I, + I,= 1,

and from KVL2: 1,R,=1;3R4 =>  1;=1L,R,/R;,

Figure 14.6 An inverting amplifier that achieves high gain magnitude with a
smaller range of resistance values than required for the basic inverter.
See Example 14.1.



Inverting Amplifier with higher gain

Finally using: I, + 1;,=1, and

1, =(-Vo-1,R,)IR,

1,=1,R,/R,

we have

I,+1,R,/R; =(-v,-1,R,)/R, => I,(1+R,/R; +R,/R,)=-V /R,

Ui n

Figure 14.6 An inverting amplifier that achieves high gain magnitude with a
smaller range of resistance values than required for the basic inverter.
See Example 14.1.



Inverting Amplifier with higher gain

I,(1+R,/R; +R,/R)=-V /R,
Substitute

1L,=V; /R, => Vi/R; *(1+R,/R; +R,/R)= -V, /R,
to get the voltage gain

V /i, =-R,/R; *(1+R,/R; +R,/R,)

Ui n

Figure 14.6 An inverting amplifier that achieves high gain magnitude with a
smaller range of resistance values than required for the basic inverter.
See Example 14.1.



Inverting Amplifier with higher gain

So If we chose R;=R;=1kQ and R,=R,=10 kQ
then the voltage gain is

A\/:Vo/Vin:

=-R,/R;{ *(1+R,/R; +R,/R,)=
=-10*(1+10+1)=

=-120

Ui n

Figure 14.6 An inverting amplifier that achieves high gain magnitude with a
smaller range of resistance values than required for the basic inverter.
See Example 14.1.



Summing Amplifier

The output voltage in summing amplifier is

V,=-1*R; since v;=0
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Figure 14.7 Summing amplifier. See Exercise 14.1.



Summing Amplifier

The output voltage in summing amplifier is

V,=-1*R; since v;=0
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Figure 14.7 Summing amplifier. See Exercise 14.1.



Summing Amplifier

The output voltage in summing amplifier is

—-1R; since v;=0
L 't R
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Figure 14.7 Summing amplifier. See Exercise 14.1.



Summing Amplifier

The output voltage in summing amplifier is
V,=-1*R; since v;=0

For n inputs we will have
Vo=- Ry #2(Vi/R)

@)

W Fjw
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Figure 14.7 Summing amplifier. See Exercise 14.1.



Exercise 14.2

Find the currents and voltages in these two circuits:

1 kQ 1 kQ
1 kQ

b
i B
— AW >
1 kQ N
Vin 5V

(b)
Figure 14.8 Circuits for Exercise 14.2.

o

a) i,=v, /R, =1V/1k2=1mA

1,=1;=1mA from KCL
V,=-1,*R,=-10V from KVL
1,=V, /R =-10mA from Ohms law

L,=1,-1,=-10mA-1mA=-11mA



Exercise 14.2

Find the currents and voltages in these two circuits:

b) i,=v; /R,=5mA

1,=1;=5mMA
o wEna 1L, 1K= 1,*1K0 =>  i;=5mA

o | i,=i,+i,=10mA

= i, %1k i,*1kQ2=-10 V

(b)

Figure 14.8 Circuits for Exercise 14.2.



Exercise 14.2
Find expression for the output voltage in the amplifier circuit:
1,=v,/R;=Vv,/10k2
1,=1,=v,/10mA

Uy

Figure 14.9 Circuit for Exercise 14.3.



Exercise 14.2
Find expression for the output voltage in the amplifier circuit:
Vg =- 1,*R,=- v,/10k2*20k 2 =-2v,
I =I5+i,=V,/10kQ +v,/10k 2

V, =- I*Rc=-(V5/10k 2 +v,/10k2)*20k 2 =-2v, -2v, =4v, -2V,

Figure 14.9 Circuit for Exercise 14.3.



Positive Feedback

When we flip the polarization of the op-amp as shown on the
figure we will get a positive feedback that saturates the amplifier
output.

This is not a good idea. R,

l Wy

+

+

(o]

L1

Figure 14.10 Circuit with positive feedback.
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Noninverting amplifier
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Figure 14.11 Noninverting amplifier.

- A N

V1:\/in

1,=V,/R,

=1

Vo = Vi - 1,*Ry=v, +i*R, =
=v, + R, *v,/R, =v,(1+ R, /R,)

Thus the voltage gain of
noninverting amplifier is:

A=V, /v, =1+ R, /R,




Voltage Follower
Special case of noninverting amplifier is a voltage follower
Since In the noninverting amplifier
v, =Vv,(1+ R,/Ry) so when R2=0

V, =V,
I
o + =>
+ O e
) © o +
Vin v
v, RL? v P +
_ R m
M—' g
* 1 *
Rl (2] —_ =
1 N L Figure 14.12 The voltage follower which has A, = 1.

Figure 14.11 Noninverting amplifier.



Exercise 14.4

Find voltage gain A,=v /v;, and input impedance
a. With the switch open

b. With the switch closed

a.

From KVL: v;,=i,*R+i,*R+v,

1,L=0 and I;*R=1,*R => =
sov,,=v, and A~=v /v, =1

O _
)
S
- ar +
Vin |
Uy

Figure 14.13 Inverting or noninverting amplifier. See Exercise 14.4.



Exercise 14.4

Find voltage gain A,=v /v;, and input impedance
a. With the switch open

b. With the switch closed

a.

Input impedance: Z;,=v; /i., =Vv;. /0 =Inf

O
)
S
- ar +
Vin |
Uy

Figure 14.13 Inverting or noninverting amplifier. See Exercise 14.4.



Exercise 14.4

Find voltage gain A,=v /v;, and input impedance
a. With the switch open
b. With the switch closed

b. for closed switch: i,=v; /R
and 1,*R=1,*R => =, => Vi, =1, *R+1,*R+V,
so V.=V /R*R+v; [R*R+v, => -V =V,

and A~=v /v, =-1

O _
)
S
- ar +

Vin |
Uy

Figure 14.13 Inverting or noninverting amplifier. See Exercise 14.4.



Exercise 14.4

Find voltage gain A,=v /v;, and input impedance
a. With the switch open
b. With the switch closed

b. I,=v; /R
Input impedance: Z;,=v; /l., =V;./(i;+1,)
and 1,=I, =>

Zi .=V /i, =V [(2*V; /[R)=R/2

O
)
S
- ar +
Vin |
Uy

Figure 14.13 Inverting or noninverting amplifier. See Exercise 14.4.



Voltage to Current Converter

Find the output current i, as a function of v;,

|

=

>
S,

Figure 14.14 Voltage-to-current converter (also known as a transconductance
amplifier). See Exercise 14.5.
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Voltage to Current Converter

Find the output current i, as a function of v;,

Vin :io*Rf
SO
1,=V; /R

|

=

>
S,
Ry é l'

Figure 14.14 Voltage-to-current converter (also known as a transconductance
amplifier). See Exercise 14.5.
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Exercise 14.6

a) Find the voltage gain v /v,
b) Calculate the voltage gain v /v, for R,=10 k€2, R, = 100 k2
c) Find the input resistance

0 ® %’\N\,

™~
>
f

Ol & +0

Figure 14.15 Circuit for Exercise 14.6.



Exercise 14.6

a) Find the voltage gain v /v,

b) Calculate the voltage gain v /v, for R,=10 k€2, R, = 100 k2
c) Find the input resistance

From KCL1: v,/R; =(v,-vi))/R, => V,/R,= v; (1/R,+1/R,)

From KCL2:  (v,-Vv;,)/R,+V,/R;+(V,-Vy)/R, =0 =>

R, V R,
5 (.) W\,/Z\ M

RI% R

Figure 14.15 Circuit for Exercise 14.6.

Ol & +0




Exercise 14.6

a) Find the voltage gain v /v,

b) Calculate the voltage gain v /v, for R,=10 k€2, R, = 100 k2
c) Find the input resistance

From KCL1: v, /R;=(v,-v; )[R, == V,/R,= Vv, (1/R,+1/R;) (*)
From KCL2: (v,-Vv;,))/R,+V,/R;+(V,-Vy)/R, =0 =>
Vo(2/R;+1/R)= (Vin V)R,

(*) Vo= Vin(1+Ry/Ry) == Vi, (1+Ry/R1)(2/Ry+1/R )= (Viy +Vo)/R,
Vin (Ry (1+R,/R)(2/R,+1/R,)-1)=v,

() =

- R, V R,

— (P W\EP Wy

Ol & +0

Vo / Vi, =131

Figure 14.15 Circuit for Exercise 14.6.



Exercise 14.6

a) Find the voltage gain v /v,

b) Calculate the voltage gain v /v, for R,=10 k€2, R, = 100 k2
c) Find the input resistance

From KCL1: v, /R;=(v,-v; )[R, == V,/R,= Vv, (1/R,+1/R;) (*)
From KCL2: (v,-Vv;,))/R,+V,/R;+(V,-Vy)/R, =0 =>
Vo(2/R;+1/R)= (Vin V)R,

(*) Vo= Vin(1+Ro/Ry) == Vi, (1+Ry/R1)(2/Ry+1/R )= (Viy +Vo)/R,

Vi, (R, (1+R,/R))(2/R,+1/R))-1)=v, => v,/ v;, =100(1+10)0.12-1
o ™

- R, V R,

— (P W\EP Wy

Ol & +0

Vo / Vi, =131

Figure 14.15 Circuit for Exercise 14.6.



Matrix equations for op-amp circuits

For Op Amps: write equal voltages at the input
terminals (1f one 1s grounded both are equal
zero). Do not write KCL equations at the
output node of Op Amps.

Example




Example fel P w

E ()

R AMP

Nonzero voltages are V,, V5. V, . & E

e aui

Since we do not write KCL equations at the
output nodes of Op Amps. we have for nodes

1.2 & 3

Node (1) —(G, +5C))V, -GV, =EG,
Node (2) -GV, —-5G V. =0

Node(3)  -GJV.-GJV, =0

Or 1n the matrix form

— (G, +5Cy) 0 -G, || 7, EG,
-G, —sC, 0 .ol=| 0
| 0 -Gs -G |7, ] 0




Design of Simple Amplifiers

Practical amplifiers can be designed using op-amp with feedback.

We know that for noninverting amplifier

A=V, /v, =1+ R, /R,

so to obtain A,=10 we could use R,=1and R,=9.Q2

But such low output resistance will draw too much current from
the power supply

Figure 14.16 If low resistances are used, an excessively large current is required.



Design of Simple Amplifiers

The same gain can be obtained with large resistance values.

A=V, /v, =1+ R,/R,;

But for high output resistance are sensitive to bias current and
we must use a filtering output capacitor to remove the noise.

O +
+
= +
Uin c v,
B - stray R2 B
; —W— o
90 MQ

. R 1§ 10 MQ
Unoise

Figure 14.17 If very high resistances are used, stray capacitance can couple
unwanted signals into the circuit.



Op-Amp Imperfections in a Linear Mode

We consider the following op-amp imperfections:
1) Nonideal linear operation,

2) Nonlinear characteristics

3) Dc offset values.

Input and output iImpedances:
1) Ideal opamp have R, =0,

Rin = 0, Rout = OQ
2) Real op-amp has
R =1MQ-10"Q;
R, =1Q-100Q



Op-Amp Imperfections ina

We consider the following op-amp
1) Nonideal linear operation,

2) Nonlinear characteristics

3) Dc offset values.

20 loglAg | (dB)
’/'20 10g|A00L|

s —20 dB/decade

Open loop bandwidth

f} = AOOL.fBOL

0

Figure 14.20 Bode plot of open-loop gain for a typical op amp.

Linear Mode

Imperfections:

\oltage gain:

1) ldeal op-amp has infinite
gain and bandwidth,

2) Real op-amp has the gain
that changes with frequency.

3) Open loop gain:

o (1) = oot

1+ J——

fBOL

/ - -
S——=L___ Terminal frequency f, - gain drops to 1



Op-Amp Imperfections in a Linear Mode

Negative feedback is used to lower the gain and extend the
bandwidth.

Open loop gain A ()= Vo
Vid
From KVL V. =V + BV, V= Vo, BV,

Figure 14.21 Noninverting amplifier circuit used for analysis —
of closed-loop bandwidth. Rl + R2



Op-Amp Imperfections in a Linear Mode

V
Using open loop gain Ay ()= VO = ADOLf
d 14 ]
fBOL
We get Ao,
— VO — A\OL _ A\)OL _ 1+ﬂ AJOL
o V., 1+8A, 4, | L f
" Ll —+F Aa 1+
feoL fBOL(l"'IB AOOL)
So we will get closed loop dc gain
a Ve Ao
OV 1+ B8 A, closed loop voltage gain
closed loop bandwidth A (f)= A

f

BCL

fBCL — fBOL(l_I_IB AbOL) 1+ f



Op-Amp Imperfections in a Linear Mode

Comparing to open loop, the closed loop gain is reduced
And closed loop bandwidth is larger

The gain*bandwidth product
stays the same

Gain (dB)
A Aoc:L fBCL —
100 /‘ OL
Ao
80 =7 X fBOL(l"'IB AOOL)
+ 0 AL
60 Bode plot for _
Exercise 14.12 = Aol X fgar
7)) S S
Acr
20 -
/— fBOL fBCL \ /‘ ft
0 | | | | | f
o, J00HZ | 40KHz 4 MHz

Figure 14.22 Bode plots for Example 14.5 and Exercise 14.12.



Nonlinear Limitations

Nonlinear limitations:
1) Output voltage swing is limited and depend on power supply voltage

for Voo €(=15V,+15V), v, (t)e(-12V,+12V)
2) Maximum output current is limited
for pA741 amplifier i (t)e(—40mA+40mA)

+I5V
v,(1) (V)

N 5

: JLAT4A1
d *

o}

n -15V
v(1) () V,,sin(20005rt)
s R, o RZ 0

* Wy
3kQ
lel kQ _
4 L — =3 f (ms)
- - = 0 0.5 1.0 1.5 2.0 2.5 3.0 35 4.0
Figure 14.23 Noninverting amplifier used to demonstrate various nonlinear Figure 14.24 Output of the circuit of Figure 14.23 for R, = 10 k€2 and

limitations of op amps. Vi,y = 1 V. None of the limitations are exceeded, and v, (1) = 4v,(1).



Nonlinear Limitations

When voltage or current limits are exceeded, clipping of the output
signal occurs causing large nonlinear distortions

v,(1) (V) Clipping

15

10

1 (ms)
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Figure 14.25 Qutput of the circuit of Figure 14.23 for R; = 10 k2
and V;,, = 5 V. Clipping occurs because the maximum possible
output voltage magnitude is reached.

v,(1) (V)

3

-3 t (ms)
0 0.5 1.0 1.5 2.0 25 3.0 35 4.0

Figure 14.26 Output of the circuit of Figure 14.23 for R, = 50 2
and V;,, = 1 V. Clipping occurs because the maximum output
current limit is reached.



Nonlinear Limitations

Another nonlinear limitation is limited rate of change of the output
signal known as the slew-rate limit SR
<SR Usin_g slew rate we can find
maximum frequency known
Voltage (V) as full-power bandwidth.

Assuming
v, (t)=V,_ sin(awt)
dv,

dt
<27 fV_ <SR

om —

= oV, cos(mt)<

So the full-power bandwidth

1 (1s)
0 10 20 30 40 50 60 70 80 SR

Figure 14.27 Output of the circuit of Figure 14.23 for R, = 10 k€2 and f
v, () = 2.5sin(10°7¢). The output waveform is a triangular waveform because FP — 2 V
the slew-rate limit is exceeded. The output for an ideal op amp, which is equal to T om
4v,(t), is shown for comparison.




Dc offset values

There are three dc offset values related to op-amp design:
1) Bias currents Ig,, g —related to differential inputs

2) Offset current — ideally zero value

3) Offset voltage — results in nonzero output for zero input
They can be represented as additional dc sources in the
op-amp model

ICT) — | :IB++IB—
! Voff B B 2

|_ ® h
o =1 —1
Iy 2 off — 'B+ 'B-
o—— p

Figure 14.29 Three current sources and a voltage source model the dc
imperfections of an op amp.




Industrial op-amp

741 Amplifier is the most popular amplifier it has
A, =100000

741

8-pin DIL {Dual In Line)

offset null 1 8 not connected

inverting input 2 7 +Y

non-inverting input 3 6 output

-V 4 f offset null

(viewed from ahove]



Industrial op-amp

741 Amplifier BJT transistor level schematic

I ] E 2 i

looes @ | i @El' ' i

" . I |

. I ' .

! i ; .

I I ——————— - - ("N T A I T ™ '
Non-inverting . v— | Inverting ! _

== Input

|

T &




L. +| _
© |II 1z
i
Ip_ 2
% _
@,

Figure 14.29 Three current sources and a voltage source model the dc
imperfections of an op amp.



100 kQ

+

Vo.z-‘off RL

(b) Circuit with ¢, = 0 showing the input

offset voltage source

(a) Original circuit

5 R,
100 kQ

Iy - R,
I
L R, R, Wy

10 kQ v + B —Oo—Wy
i N ; 10kQ g
2 +

V),bias RL
J IB ‘ Vu,ioﬂ' RL

(c) Circuit with bias current sources (d) Circuit with offset current source

Figure 14.30 Circuits of Example 14.7.



R,

i
(28 +

R, +R,

Figure 14.31 Adding the resistor Ry;,s to the inverting amplifier circuit causes
the effects of bias currents to cancel.



R bias

o‘\/\/\,\ .

Wy
v, RL§

m

"3

Figure 14.32 Noninverting amplifier, including resistor Ry, to balance the
effects of the bias currents. See Exercise 14.15.
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Figure 14.33 Differential amplifier.



<— First stage

Second stage ——>

I
I
I
I
I
I
I
I
I
I
I
I
I
A
I
I
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I
I
I
I
I
I
I
I
I
I
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Figure 14.34 Instrumentation-quality differential amplifier.



Reset switch

t=0
C
14
® L J
— |\
lin
+ v, —
+ + ] t
v() - ﬁ Uin dt
- 0

Figure 14.35 Integrator.



vin(H) (V)

+5

t (ms)

Figure 14.36 Square-wave input signal for Exercise 14.17.



v,(1) (V)

+5

/ t (ms)

Figure 14.37 Answer for Exercise 14.17.
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+

dvin
Vin v,=- RC "

1L 1

Figure 14.38 Differentiator.
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Figure 14.39 Transfer-function magnitude versus frequency
for lowpass Butterworth filters.
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Figure 14.40 Equal-component Sallen—Key lowpass active-filter section.



1.52kQ 12.35 kQ
Ry = 10kQ Rmfm kQ
— g v — y
R =R,=R, =R =158kQ K=1.152 K=2.235

Cl =C2=C|] =C]2= 0.1 ,(iF

Figure 14.41 Fourth-order Butterworth lowpass filter designed in Example 14.8.
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1 10 100 1k 10k

Figure 14.42 Bode magnitude plot of the gain for the fourth-order
lowpass filter of Example 14.8.



