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The Ideal Operational Amplifier
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ldeal OP AMP

O The input impedance is infinite. (The input current is zero.)
O The output impedance is zero.
O Terminal (1): inverting input terminal, Terminal (2): noninverting input terminal
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(a) ldeal op-amp eguivalent circuit and {b) op-amp transfer characteristics
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Closed-Loop Voltage Gain
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Simplified small-signal
Y; R 1-1/ R R eguivalent circuit of a MOSFET with input
. ( (9nRe )) =—_F and feedback resistors

0 _ _ =
V, R, (1+1/(g,R:)) R

As g, — .

If g, — 0,V =0.(input terminal virtual ground)
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OP Output Resistance

O The output resistance of the OP circuit with negative feedback included goes to zero.
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Eguivalent circuit determining output resistance
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Summary of Ildeal OP AMP

O The internal differential gain A\)d is considered to be infinite.

O The differential input voltage (V, —V, ) is assumed to be zero. If A is very large and if
the output voltage V, is finite, then the two input voltages must be nearly equal.

O The effective input impedance to op-amp is assumed to be infinite, so the two input
currents, I, and 1, , are essentially zero.

O The output resistance RO is assumed to be zero in the ideal case, so the output voltage
is connected directly to the dependent voltage source, and the output voltage is
independent of any load connected to the output.

V1o 0 — R, 0
— 7, A |
: I LA —T41 parameters:
i © ¥
! R =2MQ
g R, = 750
Ay =2x10°

Parameters of the ideal op-amp
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Inverting Amplifier
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Inverting op-amp equivalent circuit
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Amplifier with a T-Network
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Inverting op-amp with T-network
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Effect of Finite Gain

Vo = Ay (Vz _V1) =—AVy

R, R, v, R, 1+1(1+sz
v, = V|R, + VR, A, R,
R +R,
Rl
AN
R,
—AMN @ =
J_i@ . Alg(vy =)

Eguivalent circuit of the inverting op-amp with a finite differential-mode gain
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Example 9.3 Objective: Determine the deviation from the ideal due to a finite
differential gain.

Consider an inverting op-amp with R; = 10kQ and R, = 100k$2. Determine the
closed-looop gain for: 4,, = 10%, 10%, 10*, 10°, and 10°. Calculate the percent deviation
from the ideal gain.

Solution: The ideal closed-loop gain is
Ry, 100 _

A =—7"=——=-1
' R, 10 0
If A,; = 10°, we have, from Equation (9.3),
A = 100 1 —10 901

"0 1 1001~ (1+0.11)
I+ — (14—
[ +102( + 10)]

which is a 9.9 percent deviation from the ideal. For the other differential gain values we
have the following results:

A,g A, Deviation (%)
10? —9.01 9.9

103 —9.89 1.1

10* —~9.989 0.11

10° —9.999 0.01

10° —9.9999 0.001
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Summing Amplifier

1 1 1
Vo = _RF Evll +R_V|2 +E3V|3

1 2

If R, =R, =R, =R, then

R
Vo :_FF(V|1+V|2 +V|3)

AN Ry
Ry \ VAN

R - - R, R B |
AMV + AAM— +

R, R,
M AN

R, L L

(@) (b)

{a) Summing op-amp amplifier circuit and (b) currents and voltages in the
summing amplifier
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Noninverting Amplifier
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MNoninverting op-amp circuit
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Voltage Follower

O The output voltage follows the input, this kind of op-amp
circuit is called a voltage follower.

O Impedance Transformer (buffer): The input impedance is —

essentially infinite, and the output impedance is essentially +
zero.
Voltage-
V R 1 follower op-amp
(@) >=——-—= ~0.01 (b) vo =V,
v, R +R; 14100

Ry =100 k0
——AAA————— :
N Ry =100k
+
C) éRL:Ikﬂ YV | +
_ Rp =1kQ é
) Source Load_ - -
(a) (b)

{a) Source with a 100k output resistance driving a 1ks2 load and (b) source
with a 100 k2 output resistance, voltage follower, and 1 k& load
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Current-to-Voltage Converter

P g g R

Figure9.19 Current-to-voltage converter
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Voltage-to-Current Converter

(v, —iZ, iZ, -V,
| R R,
VO ILZL — + ILZL
L AAAA
R3 RZ

- R. R
- ,\’RZ - ! Voltage-to-current converter
R- v,
Let RR,=R,R_, I, =— °R -V, = R (independent of Z,)
113 2
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Example 9.5 Objective: Determine a load current in a voltage-to-current

converter,

Consider the circuit in Figure 9.21. Let Z; =100, R, =10k, R, = 1kQ,
R; =1kQ, and Rp = 10kQ. If v; = —5V, determine the load current i; and the output

voltage vq.

Solution: We note first that the condition expressed by Equation (9.44) is satisfied;

that is,
1 Re 10 1
—_—= = — —
R, RiR; (10)(1) 1
The load current is
I )
L™ R, ~ 1kQ
and the voltage across the load is
vy =i Zp = (5% 107%)(100) = 0.5V

Currents iy and i; are

= S5mA

. Y 0.5
1y Rz I 0.5m

and

The output voltage is then

vo = i3Rs +v; = (5.5 x 107)(10°) + 0.5 =6V

We could also calculate i; and i, as
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Difference Amplifier

Ry
O An ideal difference amplifier amplifies only the A
difference between two signals, it rejects any common B b
signals to the two input terminals. —
: .. : o—AMA +
O For example, a microphone system amplifies an audio R,
signal applied to one terminal of a difference amplifier, R, (a)
and rejects any 60 Hz noise signal or “hum” existing
on both terminals. = .
O To analyze the circuit (a), we use the superposition of AN
(b) and (c) with virtual short concepit. Ry
ot AN -
Vg, = R, v A + _D
o1~ E 11 JT_ R,

R \R,+R,

R R R
Vo =| 1+ R2 (R 4R jv,z—[ﬁzjv,l Ry
1 sty 1 - AW
AV
R;

Let v,=0whenv,, =v,,thenR, /R, =R, /R,.

Ry
(b)
Vo, = 1+& Va :(1+ RZJ[ Ry jv,z 4%

R, - R (©)
V, = E(vI2 —V,,), closedloopgain A, =R,/R, 1
| =
P B ik 34 ¢ Electronics 11, 2010 16



Difference Amplifier

O Differential Input Resistance

RZ
| AANA
5 —
_ R —
Rl —_— 2R1 ; l\'Hllﬂ +

=

Circuit for measuring differential input resistance of op-amp difference amplifier

O Common-Mode Rejection Ratio (CMRR)

Common-mode input signal: V., = (V,; +V,,)/2

V
Common-mode gain: A, = V—O
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Example 9.7 Objective:
ence amplifier.

Calculate the common-mode rejection ratio of a differ-

Consider the difference amplifier shown in Figure 9.23(a). Let R,/R; = 10 and
R4/R; = 11. Determine CMRR(dB).

Solution: From Equation (9.50(b)), we have

to = (1+10) (1377 ¥ = 100

or
vo = 10.0833v;; — 10vy
The differential-mode input voltage is defined as
Va =Vp — Vi

and the common-mode input voltage is defined as
Vem = (vn1 +v12)/2

Combining these two equations produces

Va
Vil = Vem — —2_

and

Va

V2 = Vou + ?

LI T A

(9.60)

If we substitute Equations (9.61(a)) and (9.61(b)) in Equation (9.60), we obtain
vo = (10.0833)(vep +%‘*) =~ (1) (v — %)
or
vo = 10.042v, + 0.0833v,,, (9.62)
The output voltage is also
vo = AgVy + ApmVem (9.63)
If we compare Equations (9.62) and (9.63), we see that

A;=10042 and A, = 0.0833

(9.61(a))| Therefore, from Equation (9.59), the common-mode rejection ratio, is
10.042
CMRR(dB) = 20 loglo(m) =41.6dB
(9.61(b))
Electronics 11, 2010 18



Instrumentation Amplifier
O To obtain high input impedance and a high gain

i = Vin— Vi
1=
Rl
+
: R R 0| 4
Vor =V +iR, =1+ —= v, — v, = R
4
. R3
: R R _ A -
Vo, =V,, — iR, =| 1+ =2 |v,, —=2v,, =212 A3 o
R1 Rl 1 +
Ry MM .
R R2 §R4
—_4 -
Vo =% (Voz o V01) 0| 4, 1
— E 1+ ? (V| 2 V| 1) Voltages and currents in instrumentation amplifier
3 1
R, —

The differential gain is a function of resistance R;.
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Integrator and Differentiator

O Integrator

12
O Differentiator
Vo =——=2V, =-SR,C,
1
dv, (t)
v, (t) =-RC, —
o(t) ~

P B ik 34 ¢

Op-amp integrator

Ry

AN
= I -
2
ﬁ

Op-amp differentiator
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Precision Half-Wave Rectifier
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Figure 8.33 Precision half-wave rectifier circuit
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Figure 9.34 Voltage transfer characteristics of precision half-wave recifier
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Log and Antilog Amplifiers

O Log Amplifier N _
]
ip =1(e™"" 1) ~ I g™V D,
Rl
Vv
=1 —AAN -
R, ) —0
Vp =—Vo
| .oV = Vi Vo =-V; In M Simple log amplifier
¥ IS 1
1
O Antilog or Exponential Amplifier R
YWY
i ~ I eVD /VT 11.2
D~ 'S

] ; - \ o Vo
Vg =—i R=—IR-e"™" > 7

A simple antilog, or exponential, amplifier
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Summing Op-Amp Circuit Design

R R
VO(Vll):_?Fvll Vo(V|2):_R—FV|2
1 2
Rs /1R, Vo = =1V =8,V T85V,3 +a,V),
Vz(V|3):R R //R Vis
AMNN—
R
VO(VIS): 1+ R //FR Vz(V|3)
1 2

e

(. _Re R, / R, y
R /IR, \Ry+R, /IR, ) "°

(1. _Re R,/ Ry I R, y 1
R /IR, R, '3

R R, //R, /IR
Vo(V|4):£1+ R //FR j[ : RB C)VM
111 B

S
i
o

Generalized op-amp summing amplifier

Vo = Vo (V|1) +Vo (V|2) +Vo (Vls) +Vo (V|4)

L - U W Electronics 1l, 2010
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Design Example 9.10 Objective: Design a summing op-amp to produce the
output

Vo = —lOV” — 41712 + 5V[3 + 2V[4

The smallest resistor value allowable is 20 k2.

Solution: First we determine the values of resistors R, R,, and Ry, and then we can
determine the inverting terms. We know that

&-—10 and &z

= 4
R R,

Resistor R; will be the smallest value, so we can set R; = 20k2. Then,

Rp =200kQ2 and R, =50k

The multiplying factor in the noninverting terms becomes ) R,
I AMA
Rf 200 Ry
1 =|(l4+=——=]|=15 :
( * RlnRz) ( - 20||50) 2 —AMW
We then need VW
Ry
Rp Rp Vis —AAMA—
I5{——1}= d I5—1=2
( )(RA) > ( )(RB) Rp
If we take the ratio of these two expressions, we have
Rp_>
R, 2

If we choose R, = 80kS2, then Rp = 200kS2, Rp = 26.67kS2, and R, becomes Ry =
50k€.

L - U W Electronics 1l, 2010
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Reference Voltage Source Design

V+
] R2

VW
V, = [1+ &}/Z ng’ R,
R, LYW -

f
L1

V; Is used only to start up the circuit.

The Zener diode begins to conduct when L

R, R _

—v >V, +V, =V, +0.7 A D"_Q
L R
R, A
Z 1 +
R, - N
V -V, R), -

G R  RR
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Design Example 9.11 Objective: Design a voltage reference source with an
output of 10.0V. Use a Zener diode with a breakdown voltage of 5.6 V. Assume the
voltage regulation will be within specifications if the Zener diode is biased between
1-1.2mA.

Solution: Consider the circuit shown in Figure 9.39. For this example, we need

v, R\ 100 " R,
0 2 :
0 _ (1 422) = 222
o~ ( + Rl) 0 AN
Therefore,
R N Ry — |
R% = 0.786 Vs o—AN——>—
1 Dl RF
We know that
Ry AMAN
Vo—Vz =~
Ip=——F— /
Rr +
If we set I equal to the minimum bias current, we have &V
]mA=10—5.6 —
F
which means that Ry = 4.4kQ. If we choose R, = 30k<, then R, = 38.17kS.
Resistors Ry and R, can be determined from Figure 9.40. The maximum Zener
current supplied by Vg, R;, and R, should be no more than 0.2 mA. We set the current
through D, equal to 0.2mA, for V¢ = 10V. We then have R, o D,
Vi=V,+07=56+07=63V o—AMA—2 >t Vz=5.6V
1= |2
Also, / In $
Vi 6.3 SR, vV
= = = — Y
1y R_R =
and i
L _Vs=Vi_10-63 37 =
"Ry Ry Ry
If we set /, = 0.2mA, then Electronics I, 2010 26
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Difference Amplifier and Bridge Circuit Design

O A transducer is a device that transforms one form of energy into another form.
v' EX. A microphone converts acoustical energy to produce electrical outputs.
O Bridge Circuit

Resistance R represents the transducer, and parameter O is the deviation of R from
R due to the mput response of the transducer.

R,1+5) R .
R(1+5)+R R +R,

N R1//R2 s
R1+R2

Bridge circuit
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Design Example 9.12 Objective: Design an amplifier system that will produce
an output voltage of £5 V when the resistance Rz deviates by £1% from the value of R,.
This would occur, for example, in a system where Rj is a thermistor whose resistance is
given by

B (0.040)(T — 300)
Ry = 200[1 + 00 kQ

where T is the absolute temperature. For R; to vary by 1% means the temperature is
in the range 225 < T < 375°K.

Consider biasing the bridge circuit at ¥ =7.5V using a 5.6V Zener diode.
Assume +10V is available for biasing the op-amp and reference voltage source, and
that Rl = R2 = 200k%2.

Ry =2000kL2 R =67.86k
AW

= Ry =187k

AN
Rj=200kez | Ra=13ki |
§R1’ =19.62k0

AN
AV
R2:’Z[I]kﬂ. Ré:lSkﬂ.
AN

Complete amplifier system




Solution: With R; = R,, from Equation (9.93), we have

6
Vo1 = (Z) V+

For ¥* =7.5V and 8 = 0.01, the maximum output of the bridge circuit is vo; =
0.01875 V. If the output of the amplifier system is to be +5V, the gain of the instru-
mentation amplifier must be 5/0.01875 = 266.7. Consider the instrumentation amplifier
shown in Figure 9.25. The output voltage is given by Equation (9.67), which can be

R, /. 2R,
—1{1
( TR

Vo
=
Vo1 R3

) = 266.7

We would like the ratios R;/R; and R;/R| to be the same order of magnitude. If we let
R, =15.0kQ and Ry = 187.0kS2, then R4/R; = 12.467 and R;/R; = 10.195. If we set
R; =200.0kQ, then R{ = 19.62k%.

Resistance R{ can be a combination of a fixed resistance in series with a poten-
tiometer, to permit adjustment of the gain.

Comment: The complete design of this instrumentation amplifier is shown in Figure
9.42. Correlation of the reference voltage source design is left as an exercise.
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