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Op-Amp Applications
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7. Difference Amplifier

8. Instrumentation
Amplifier
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9. Integrator
10. Differentiator

11. Reference  Voltage
Source Design

12. Precision Half-wave
Rectifier
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9.5.3 Difference Amplifier

* An ideal difference amplifier amplifies only the difference between
two signals

* |t rejects any common signals to the two input terminals.

* For example, a microphone system amplifies an audio signal applied to one
terminal of a difference amplifier, and rejects any 60 Hz noise signal or
“hum” existing on both terminals.

* We would like to make a difference ampilifier, in which:

* The output is a function of the ratio of resistors, as we had for the inverting
and noninverting amplifiers.



9.5.3 Difference Amplifier

* Consider the circuit shown in Figure 9.24(a), with
inputs v;; and vy,.

* To analyze the circuit, we will use:
1. Superposition and
2. The virtual short concept.

* Figure 9.24(b) shows the circuit with input v;, = 0. Ry
* There are no currents in R; and R,; therefore, v,, = 0. Ri oy | O
* The resulting circuit is the inverting amplifier """ 1 .
previously considered, for which: TR L
R2 - | %R
Vo1 = ——V 4
01 R, 't 1

Figure 9.24(b)



9.5.3 Difference Amplifier :

UHO—"\J‘T"‘]\N -
* Figure 9.24(c) shows the circuit with v;; = 0. - B we
R;
* Since the current into the op-amp is zero, R; R,
and R, form a voltage divider. 1
R4 Figure 9.24(a)
Uob = V12
(R3 + R4) 5
* From the virtual short concept, v{;, = vy and R0
the circuit becomes a noninverting amplifier: L W o
Y e B

RZ RZ 3 - 0
U02: 1+R_1 vlb: 1+R_1 Uzb %ﬁ';

Figure 9.24(c)
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9.5.3 Difference Amplifier

AAAA"
1, B 1-'(_} 1
> -
Ry L 3

(% — 1%

e Substituting:

* |Into:

* we obtain:

Vg2

_ (142 Ry
Voz = R, \R; + R, ) "2

which can be rearranged as follows:

Voo = |1+ & Ra/Rs %
02 R1 1 + R4/R3 12 =

Figure 9.24(c)




9.5.3 Difference Amplifier

AN
R, . J 0
v o—ANWA -
R V2a P01
2 L0

(% =\ |V = 3 0
01 R 11 %ﬁh

1
_ (4 R> Ry/Rs3 L
Vo2 = T R_1 1+ R4/R3 Vr2 Figure 9.24(b)
* By superposition, the net output voltage is the R,
sum of the individual terms, we have: Ry, | O,
Vo = Vo1 + Vo U_;__MN\' V2 : Vo2
R, R, R4/R;3 Tk -
Vo = — | — v11+ 1+ — (48) R,
R4 R,/ \1+ R,/R;

Figure 9.24(c)



9.5.3 Difference Amplifier

AA'A
1IH‘J

—_—

1-‘”0—"\.!%%

Vo = 1+R2 Ra/Rs 1% a % h“_.. p 7
¢ Ry J\1+R4/Rs) ™ \Ry) "

* A property of the ideal difference amplifier is that:
* The output voltage is zero when v;; = v,.

. ,?c‘n inspection of Equation above shows that this condition is met Flgure 9.24(b)
|
Ry R,
Ry Ry
* The output voltage is then:

Vo = Vo2

Viop —V
Rl( 12 11)
* Which indicates that this amplifier has a differential gain of:
Ag = Ry/R4

* This factor is a closed-loop differential gain, rather than the open-loop
differential gain A,; of the op-amp itself.

Figure 9.24(c)
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9.5.3 Difference Amplifier

 Another important characteristic of electronic
circuits is the input resistance.

e The differential input resistance can be
geztermined by using the circuit shown in Figure
.25.

* In the figure, we have imposed the condition given
in Equation:

Ry R,
Rs R,
* Set R]_ — R3 and R2 —_ R4.
* The input resistance is then defined as: i Vil
v[ R) short
Rl —— circuit

] =
Figure 9.25



9.5.3 Difference Amplifier

Uy
R' —_
g
e Taking into account the virtual short concept,
we can write a loop equation, as follows: Figure 9.24(a)
vl :i'Rl‘l‘i'Rl — l(Z'Rl)
* The input resistance is: A VoA
R; = 2R, ' : '

Virtual
short
circuit

Figure 9.25
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9.5.3 Difference Amplifier
common-mode input signal

* In the ideal difference amplifier, the output v, is
zero when Vi1 = Vyy.

 However, an inspection of Equation:

Vy = 1+& Ra/Rs Viy — & %
0 R, J\1+R,/R;) " \R, /"

shows that this condition is not satisfied if:
Ry/R3 # Ry /R4

* When v;; = vy,, the input is called a common-
mode input signal.

* The common-mode input voltage is defined as:
Ve = (V51 +v52) /2

R
Uno—A\WW -
>
Un |+
R;
Ry
Figure_9.24(a)



9.5.3 Difference Amplifier
common-mode rejection ratio

Vem = (Vi1 +v12) /2
The common-mode gain is then defined as:

Vo
Aoy =
Vem =
* |deally, when a common-mode signal is applied, vy = 0 and Figure 9.24(a)

A = 0.

A nonzero common-mode gain may be generated in actual
op-amp circuits.
A figure of merit for a difference amplifier is the common-

mode rejection ratio (CMRR), which is defined as:

* The magnitude of the ratio of differential gain to common-mode
gain:

Ay

CMRR =
Acm




9.5.3 Difference Amplifier

Agq
CMRR =
Acm
e Usually, the CMRR is expressed in decibels:
CMRR(dB) = 20 log |—
Acm
* |deally, the common-mode rejection ratio is

infinite.
* In an actual differential amplifier, we would like the

common-mode rejection ratio to be as large as
possible.

2018-10-01 Medical Electronics - Dr. Hani Jamleh - JU

R
V11 o—AMWN >
0V
Un |+
Ry
Ry
Figure_9.24(a)
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EXAMPLE 9.7 :

R,

Uno—A\WNA -
* Objective: Calculate the common-mode rejection ratio of a | >"—D‘L‘u

difference amplifier. PR

* Consider the difference amplifier shown in Figure 9.24(a). Ry
LetRz/Rl — 10 and R4/R3 — 11

* Determine CMRR(dB). Figure 9.24(a)

e Solution: From Equation:

Vo = 1+& Ra/Rs Vo — & v
0 R, J\1+R,/R;) "* \R,) "

* we have:

UO — (1 + 10) (1 n 11) v12 — (10)U11
UO — 100833”12 — 107711
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EXAMPLE 9.7

vy = 10.0833v,, — 10V,

* The differential-mode input voltage is defined as:

Vg = V2 —Vn1

and the common-mode input voltage is defined as:

Vem = (Vi1 +vp2)/2
* Combining these two equations produces:
v

. d
Vi1 = Vem _7

Va
Vip = U + 7

2018-10-01 Medical Electronics - Dr. Hani Jamleh - JU

R
Uiio—AMW -
Un |+
R3
Ry
Figure_9.24(a)
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EXAMPLE 9.7

* If we substitute Equations:

Vda
Vi1 = Vem — 7
and
Va
Vip = Uem + 7
in Equation:
Uo — 1008331712 — 101711
we obtain:

vy = (10.0833) (v, + %) — (10) (Vem -

R,

——AMA——

Ry

V11 o—AMWN >
a—7!

Un |+

R;

Ry
Figure_9.24(a)

2)



EXAMPLE 9.7 v

A
vo = (10.0833) (Ucm + %) —(10) (ch _ vz_d) o >~Mm
vo = 10.042v,; + 0.0833v,,, R
* The output voltage is also: e 2400

Vo = AqVgq + AecmVem
* |f we compare the two Equations above, we get:
Az = 10.042 and A,,,, = 0.0833

* Therefore the common-mode rejection ratio, is:

CMRR(dB) = 201 Aa | _ 201 10.942) _ 41.6dB




EXAMPLE 9.7 v

MM

Vno—A\WWy -
o0 v 4
CMRR(dB) = 20logq 00833 ) = 41.6dB Ry

* Comment: For good differential amplifiers, typical
CMRR values are in the range of 80~100 dB.

* This example shows how close the ratios R,/R;4
and R,/R; must be in order to achieve a CMRR
value in that range.

Figure_9.24(a)



9.5.4 Instrumentation Amplifier :

Uno—A\WNA -
* We saw that it is difficult to obtain: . >‘Hﬂ
1. Ahighinputimpedance R; and
2. Ahighgain A, in a difference amplifier
* with reasonable resistor values. =

* One solution is:

U

* To insert a voltage follower between each source / vor
and the corresponding input.

* A disadvantage of this design is that: MWA— B

Az — V0

* The gain of the amplifier cannot easily be 4
changed. In which we would need to change two Ry ER

resistance values and still maintain equal ratios
between R, /R; and R, /R5.

n
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9.5.4 Instrumentation Amplifier

e Optimally, we would like to be able to change ” }‘1 vor
the gain by changing only a single resistance | A
value. 3 “ W v
* The circuit in Figure 9.26, called an ]  ® R
instrumentation  amplifier,  allows  this . %‘ﬁ
flexibility. v | 2 V02 =
* Two noninverting amplifiers, A; and A4,, are used Figure 9.26

as the input stage, and
* A difference amplifier, A5 is the amplifying stage.
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9.5.4 Instrumentation Amplifier

‘1o 1+ .
0f 4 Vo1 = vy + 1Ry
* We begin the analysis using the virtual of | ¥, N
h for the i [ | &
short concept for the input stages. =
P |l » | Y
* The currents and voltages in the = * /gl I ; } ’
oo . . e 3
amplifier are shown in Figure 9.27. The R]ﬂl‘ M R,
current in resistor R4 is then: 5 A o=ty L
- (v —vp) me—— R
l1 = Rl Figure 9.27
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9.5.4 Instrumentation Amplifier

Un o———

Vo1 = vy + 1Ry

=+

* The current in resistors R, is also i{, and
the output voltages of op-amps A; and
A, are, respectively: '

R; R;

Vo1 =1 +i«Ro=14+— v}y ——V
01 1 1182 ( R1> I1 R, 12

Vo2 =Vp =
— 1R

Figure 9.27

. R, R,
Vo2 =V — iRy = | 1 +R_1 U2 _R_lvll
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9.5.4 Instrumentation Amplifier

‘no—— +
0f 4 Vo1 =vp + iRy
* From previous results, the output of the of | ¥,
. e . . . —— W\ R
difference amplifier is given as: = \
R f|:L“ﬂ_LE lg | } 0 Vg
, |
Vo = R (Uoz — Vo1) gt Ry
3 ]ﬂl* w A%RJ,
* Substituting Equations of vpqand vp, 5 A S|
into the Equation above: tRo—% ~ika
Figure 9.27

R ( ZRZ)
v 1 +— (v, — V1)
0= R, R, 12— Vn



9.5.4 Instrumentation Amplifier

— R,
* Two advantages:

1. Since the input signal voltages are applied
directly to the noninverting terminals of A,
and A,, the input impedance is very large,
ideally infinite.

It is one desirable
instrumentation amplifier.

2. The differential gain is a function of resistor
R, which can easily be varied by usin%)a
potentiometer, thus providing a variable
amplifier gain. T

2R,
(26 1+ R_1 (Vi2 — V1)

characteristic of the

2018-10-01
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Un o———

=+

\ \

Vo1 = vy + iRy

Vo2 =Vp
—i1R,

Figure 9.27

Q | \>}
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EXAMPLE 9.8

» Objective: Determine the range required for | * vor
resistor Ry, to realize a differential gain WA
adjustable from 5 to 500. 3 R, W}F
* For the instrumentation amplifier circuit | R R
shown in Figure 9.26. . %‘h
» Assume that R, = 2R3, so that the difference w1+ =

amplifier gain is 2. Figure 9.26
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EXAMPLE 9.8

Up

* Solution: Assume that resistance R; is a
combination of a fixed resistance R;r and a

variable resistance Ry,, as shown in Figure
9.28.

e The fixed resistance ensures that:
* The gain is limited to a maximum value, even if .,

vol

%FH
Van —

the variable resistance is set equal to zero. Figure 9.26
* Assume the variable resistance is a ,
potentiometer: SRy
— Ry
R1V 100 kQ 100 kﬂ{%ﬁr
[ pot

2018-10-01 Medical Electronics - Dr. Hani Jamleh - JU Figure 9.28 T 27




EXAMPLE 9.8

U

\

* From the Equation:
R4 2R, R,
Vo = 1 +— (W —vn) R,
R3 Rl ) — AAA——
* The maximum differential gain is: ) gR"r — W } -
2R Voo (23R, M )
500 = 2 <1 + —2> RRb
le Ry
2Ry = 249R;¢ % =
+— \NWW—
* The minimum differential gain is:

> Van

5= 2(14+-— 22
B R, + 100k
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EXAMPLE 9.8

Un

* Let:
ZRZ — 24‘9R1f
* Into:
5=2(1+—2 |
B Rys + 100k R,.
¢ We get: 0
"~ Ryp +100

* The resulting value of Ry ¢ is:
Rys = 0.606k() = 6060

* which yields:

2018-10-01 Medical Electronics - Dr. Hani Jamleh - JU
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Ry
——AAM—
R;
AN ——
— I'U
ATATATAY
R;
R4

Van
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EXAMPLE 9.8

Un

\

le — 6069, and R2 — 755kQ
— WW—
* Comment: We can select standard resistance Ry
values that are close to the values calculated, R,
and the range of the gain will be approximately — AMW—

in the desired range. ' gmf R !

Table C.1 Standard resistance R { —— g
values (x 107) 100 kﬂ{g}ﬁ']v Tﬁf
pot =~ )
10 16 27 43 68 ) Ry
11 18 30 47 75
12 20 33 5l 82 o =
13 22 36 56 91 — AN ——
15 24 39 62 100 \
A

* Rif =606 - 470+ 130 = 60042, and
* R, = 75.5k) - 75kQ + 5100 = 75.51 kQ

2 U
L

L 1
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EXAMPLE 9.8

Un

* Design Pointer: An amplifier with a wide
range of gain and designed with a
potentiometer would normally not be
used with standard integrated circuits in

electronic systems. 100 KO

_ pot

* However, such a circuit might be very
useful in specialized test equipment.

L 1

2018-10-01 Medical Electronics - Dr. Hani Jamleh - JU
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9.7.3 Difference Amplifier and Bridge Circuit
Design

* A transducer is:
* A device that transforms one form of energy into another form.

* One type of transducer uses nonelectrical inputs to produce electrical
outputs.

* For example:
* A microphone converts acoustical energy into electrical energy.

A pressure transducer is a device in which a resistance is a function of
pressure, so that pressure can be converted to an electrical signal.

* Often, the output characteristics of these transducers are measured
with a bridge circuit.
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Wheatstone bridge wikipedial

* A Wheatstone bridge is an electrical circuit used to measure an
unknown electrical resistance by balancing two legs of a bridge
circuit, one leg of which includes the unknown component.

* The primary benefit of a Wheatstone bridge is:

 Its ability to provide extremely accurate measurements (in contrast with
something like a simple voltage divider).

* Its operation is similar to the original potentiometer.
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9.7.3 Difference Amplifier and Bridge Circuit
Design

* Figure 9.44 shows a bridge circuit.
* Resistance R; represents the transducer, and

* Parameter § is the deviation of R; from R, due to the input
response of the transducer.

* The output voltage v,4 is now a measure of 9.
* Applying voltage divider concept:

+ R3 +
L R, +R,
Voq = a: t
o1 R1 + Rz Figure 9.44
* Therefore: .



9.7.3 Difference Amplifier and Bridge Circuit
Design
* If vy is an open-circuit voltage, then:

¥ —
Vo1 = Vo1 — Vo1

R,(1+6) R,

Vo1 = — T
oL 1R,(1+8)+R, R +R,

§ ::RIRZ4—R§4—5R1R24—5R§-—R§-—5R§-—RIR2V+
o1 SR,(Ry + R,) + (R; + R,)?

Figure 9.44

SRR,
vOl — V
OR,(Ry + Ry) + (R + R,)?
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9.7.3 Difference Amplifier and Bridge Circuit
Design

SR,R, ) o
Vo1 = V
Reduces to: )
Ri Il R,
Vo1 = o) (Rl n RZ) vt Ry=R,(1+ 9)

Figure 9.44
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9.7.3 Difference Amplifier and Bridge Circuit

Design

Ri I R
v01:8( 1 2)V+

R{ + R,
* Since neither side of voltage vy, is at ground
potential, we must connect vy, to an

instrumentation amplifier.

* In addition, vy is directly proportional to supply
voltage V7; therefore, this bias should be a well-
defined voltage reference.

2018-10-01 Medical Electronics - Dr. Hani Jamleh - JU
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DESIGN EXAMPLE 9.12

Objective: Design an amplifier system that will produce an output voltage of +5V
when the resistance R; deviates by +1% from the value of R,.

This would occur, for example, in a system where R5; is a thermistor whose

resistance is given by:
. < 2001 +(0.040)(T — 300)
> 300

k() H
* Where T is the absolute temperature. PR a
For R; to vary by 1% means the temperature is in the range: | | | (

225 < T < 375K—>-48 < T <102°C
e Consider biasing the bridge circuit at V' = 7.5V using a 5.6 V Zener diode.

* Assume +10V is available for biasing the op-amp and reference voltage source,
and that Ry = R, = 200 k().
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Home Work

* Simulate the circuit
shown in Figure 9.45
using Multisim.

* See DESIGN
EXAMPLE 9.12 in
Microelectronics
Book by Neamen 4t
ed.

2018-10-01

1

R =2000kQ R; =67.86kQ

Ry =74 kQ

— +

Rp =7.6kQ
—NW—

——

ir=0.25mA
+

et

E\\ 1-‘2 = 56 A"

R, =200 kQ

R; =200(1 + &) kQ R, =200 kQ

R =200 kQ

§R[ =19.62 kQ

R} =200 k2
AAAN

>

R;=15kQ

R;=15kQ

Medical Electronics - Dr. Hani Jamleh - JU
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Figure 9.45

R;=187kQ
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9.5.5 Integrator and Differentiator

* In the op-amp circuits previously considered, the Z,
elements exterior to the op-amp have been
resistors. 0

e Other elements can be used, with differing results. vro

e Figure 9.29 shows a generalized inverting amplifier ” I:(, o
for which the voltage transfer function has the same :
general form as before: =

Vo Z;

U 0

— Figure 9.29
Uy Zq °
* where Z; and Z, are generalized impedances.

 Two special circuits can be developed from this
generalized inverting amplifier :
* Integrator and
 Differentiator.
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Op-amp Iintegrator

 Low Pass Filter

Figure 9.30

R
A (dB) R

] -20dB/decade
out 1) Freguen
AN \Freq ency

1
1 L
C_F.‘z CI\
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Op-amp differentiator

* High Pass Filter

2018-10-01

C
. 1 >
L'O
+
Input Signal I Qutput Signal
| L
| =
|_ | Spikes
I )
| Figure 9.31
Square Wave |
I
I
I
I Rectangular
I
_ I
Triangular Wave |
I
I
I
I \ /
I
I
/!
I
Sine Wave | Cosine Sine
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