6.1
Introduction

We saw in Chapter 5 that transistors can be used to provide amplification of signals. The
operational ‘amplifier (or op-amp) is a high-gain, direct-coupled amplifier consisting of
multiple stages: an input stage to provide a high input resistance with a certain amount of
voltage gain, a middle stage to provide a high voltage gain, and an output stage to provide
a low output resistance. It operates with a differential voltage between two input terminals,
and it is a complete, integrated-circuit, prepackaged amplifier. An op-amp, often referred
to as a linear (or analog) integrated circuit (IC), is a very popular and versatile integrated
circuit. It serves as a building block for many electronic circuits. For most applications,
knowledge of the-terminal characteristics of op-amps is all you need to design op-amp cir-
cuits. However, for some applications requiring precision, internal knowledge of op-amps
is necessary.
The learning objectives of this chapter are as follows:

* To learn about the external characteristics of op-amps and how to model op-amps
* To analyze and design op-amp circuits
¢ To learn about the usefulness of op-amps in signal conditioning
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6.2

Characteristics of

Ideal Op-Amps

FIGURE 6.1
Symbol for an op-amp

+Vec

The symbol for an op-amp is shown in Fig. 6.1. An op-amp has at least five terminals.
Terminal 2 is called the “inverting input” because the output that results from input at this
terminal will be inverted. Terminal 3 is called the “noninverting input” because the output
that results from input at this terminal will have the same polarity as the input. Terminal 4
is for negative dc supply Vgg- Terminal 6 is the output terminal. Terminal 7 is for positive
de supply V.

Instead of using two dc power supplies, one can generate V- and Vg from a single
power supply V-, as shown in Fig. 6.2(a). The value of R should be high enough (usu-
ally, R = 10 k{2) that it does not draw much current from the dc supply V. Capacitors
are used for decoupling (bypass) of the dc power supply, and the value of C is typically in
the range of 0.01 wF to 10 wF. Instead of two resistors, a potentiometer can be used to en-
sure that Vo~ = Vg, as shown in Fig. 6.2(b). Diodes D, and D, prevent any reverse cur-
rent flow; they are often used to protect the op-amp in case the positive and negative ter-
minals of the supply voltages Ve are reversed accidentally. Also, two zener diodes can be
used to obtain symmetrical supply voltages, as shown in Fig. 6.2(c). The value of R should
be low enough to force the zener diodes to operate in the zener or avalanche mode. It
should be noted that this circuit will not work if the dc supply comes with a ground.

FIGURE 6.2 MArmngcmenls for positive and negative supply voltages
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The outpyt voltage of an op-amp is directly proportional to the small-signal differen-
tial (or difference) input voltage. Thus, an op-amp can be modeled as a voltage-controlled

voltage source; its equivalent circuit is shown in Fig. 6.3(a). The output voltage vy is
given by

‘vo = ——ond = —AO(‘!+ hand v_) (6.1)
where A, = small-signal open-loop voltage gain

vq = small-signal differential (or difference) input voltage

v_ = small-signal voltage at the inverting terminal with respect to the
ground

v, = small-signal voltage at the noninverting terminal with respect to the
ground

Input resistance R, is the equivalent resistance between the differential input terminals.
The input resistance of an op-amp with a BJT input stage is very high, with a typical
value of 2 M(). Op-amps with an FET input stage have much higher input resistances
. 12 . & s .
(i.e.; 1077 (). Therefore, the input current drawn by the amplifier is very small (typically
on the order of nA), tending to zero.
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FIGURE 6.3 Equivalent circuit of an op-amp
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(a) Equivalent circuit (b) Transfer characteristic (¢) Typical gain versus frequency characteristic

Output resistance R is Thevenin’s equivalent resistance. It is usually in the range of
10 to 100 Q, with a typical value of 75 . Its effective value is reduced, however, when
external connections are made; then R, can be neglected for most applications.

Open-loop differential voltage gain A o 1s the differential voltage gain of the amplifier
with no external components. It ranges from 10* to 105, with a typical value of 2 X 10°.
Since the value of A, is very large, v4 becomes very small (typically on the order of wv),
tending to zero. The transfer characteristic (vo versus v,) is shown in Fig. 6.3(b). In real-
ity, the output voltage cannot exceed the positive or'negative saturation voltage * Vi, of

" the op-amp, which is set by supply voltages V(- and Vg, respectively. The saturation volt-
age is usually 1 V lower than the supply voltage V- or Ve Thus, the output voltage will
be directly proportional to the differential input voltage v4 only until it reaches the satura-
tion voltage; thereafter the output voltage remains constant. The gain of practical Op-amps
is also frequency dependent. A typical gain-versus-frequency characteristic is shown in
Fig. 6.3(c). The typical value of the cut-off frequency f is 10 Hz, with a typical gain band-
width of 1 MHz. Note that the model in Fig. 6.3(a) does not take into account the satura-
tion effect and assumes that gain A, remains constant for all frequencies.

The analysis and design of circuits employing op-amps can be greatly simplified if the
op-amps in the circuit are assumed to be ideal. Such an assumption allows you to approx-
imate the behavior of the op-amp circuit and to obtain the approximate values of circuit
components that will satisfy some design specifications. Although the characteristics of
practical op-amps differ from the ideal characteristics, the errors introduced by deviations
from the ideal conditions are acceptable in most applications.’A complex op-amp model is
used in applications requiring precise results. The circuit model of an ideal op-amp is
shown in Fig. 6.4; its characteristics are as follows:

* The open-loop voltage gain is infinite: A, =

* The input resistance is infinite: R, = o,

* The amplifier draws no current: i, =0.

* The output resistance is negligible: R, =0

* The gain A remains constant and is not a function of frequency.

FIGURE 6.4
Model of an ideal op-amp
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* The output voltage does not change with changes in power supplies. This condition
is generally specified in terms of the power supply sensitivity PSS: PSS = 0.

* An op-amp is a differential amplifier, and it should amplify the differential signal
appearing between the two input terminals. Any signal that is common to two inputs
(i.e., noise) should not be amplified and should not appear in the output. Thus, the
differential gain (due to a differential signal) should tend to infinity, and the com-
mon mode gain (due to a common signal) should tend to zero. The condition is gen-
erally specified in terms of the common mode rejection ratio CMRR: CMRR = o,
This'ratio is discussed in Sec. 7.3.

1

EXAMPLE 6.1 ‘ Finding the differential input voltage and input current of an op-amp The op-amp of
Fig. 6.3(a) has an open-loop gain of A, =2X 103 The input resistance is R; = 0.6 M{). The dc sup-
ply voltages are Vee = 12V and ~ Veg = —12V.

(a) What value of v; will saturate the amplifier?
(b) What are the values of the corresponding input current i;?

SOLUTION @) vy =vo/A, = £12/(2 X 10°) = 260 pV
(b) i; = —vy/R; = 260 wV /0.6 ML = 0.1 nA

1

EXAMPLE 6.2 * Finding the maximum output voltage of an op-amp.‘ The op-amp of Fig. 6.3(a) has A, = 2 X
10°, R, =2MQO, R =750, Vee = 12V, and — Vi = —12 V. The maximum possible output volt-

age swing'is =11 V. 1f v_ = 100 nV and vy =25 PV, determine the output voltage Vo

SOLUTION From Eq. (6.1),

‘ Vo = A vy v ) =2X 10° X (25 - 100) X 1070 = —|5V

Because of the saturation, the output voltage cannot exceed the maximum voltage limit of —11V,
and therefore vy = —11 V.

i

KEY POINTS OF SECTION 6.2

ey g

* An ;Op'-arrip isa di&ch&mpieﬁ d‘i‘\ffer\eq‘ual arﬁphﬁer It has a high gain (typically 2% 10°
" ahigh input resistance (typically'1 M), ‘and a'low output resistance (typically 50 Q). ]
/" * An ideal op-amp has the characteristic of infiniite gain, infinite input resistance, and zero

© output resistance. "\ vl AR :
- .* An op-amp requires dc power : %Ta{(imum output voltage swing is limited
* to the dc supply voltages. ' P ‘ TR
1
6.3 There are many types of op-amps, as we will see in Chapter 15. An op-amp can be simu- -
Op-Amp lated from its internal circuit arrangement. The internal structure of op-amps is very com-

. plex, however, and differs from one model to another. For example, the nA741 type of
P Sp ice/SPICE general-purpose op-amp consists of 24 transistors. It is too complex for the student version

Models of the PSpice circuit simulation software to analyze; however, a macromodel, which is
a simplified version of the op-amp and requires ‘only two transistors, is quite accurate
for many applications and can be simulated as a subcircuit or a library file [6]. Some
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FIGURE 6.5
dc linear model
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manufacturers of op-amps supply macromodels of their products [5]. The student version
of PSpice has a library called NOM.LIB, which contains models of three common types
of op-amps: wA741, LM324, and LF411. The parameters of the three op-amps for the cir-
cuit model in Fig. 6.3(a) are as follows:

* The wA741 op-amp is a general-purpose op-amp with a BJT input stage. It is capa-
ble of producing output voltages of *14 V with dc power supply voltages of
*15 V. The parameters are R, =2MO,R =751, A, =2X 10°, break frequency
Jy, =10 Hz, and unity-gain bandwid(hfbw = | MHz. ‘

The LF411 op-amp is a general-purpose op-amp with an FET input stage. It is ca-
pable of producing output voltages of +13.5 V with dc power supply voltages of
*15 V. The parameters are R, = 10'2 , R,=500Q, A =2x 10%, break fre-
quency f, = 20 Hz, and unity-gain bandwidth f, , = 4 MHz.

The LM324 op-amp has a BJT input stage and is used with a single dc power
supply voltage. It can produce output voltages in the range from approximately
20mV to 13.5 V with a dc supply voltage of +15 V. The parameters are R, = 2MQ,
R,=500,A =2X 103, break frequency f; = 4 kHz, and unity-gain bandwidth
Jow = 1 MHz.

The professional version of PSpice supports library files for many devices. It is
advisable to check the name of the current library file by listing the files of the PSpice
programs (using DOS command DIR). '

If the PSpice/SPICE model of an op-amp is not available, it is possible to represent
the op-amp by simple models that give reasonable results, especially for determining the
approximate design values of op-amp circuits. PSpice/SPICE models can be classified into
three types: dc linear models, ac linear models, and nonlinear macromodels. Taking the
wAT41 op-amp as an example, we will develop simple PSpice/SPICE models of these
three types.

An op-amp may be modeled as a voltage-controlled voltage source, as shown in Fig. 6.5.
Two zener diodes are connected back to back in order to limit the output swing to the sat-
uration voltages (say, between — 14 V and + 14 V). This simple model, which assumes that
the voltage gain is independent of the frequency, is suitable only for dc or low-frequency
applications. The list of the PSpice/SPICE subcircuit UA741_DC for Fig. 6.5 is shown
below.

* Subcircuit definition for UA741_DC

.SUBCKT UA741_DC 1 2 3 4

* Subcircuit name Vi+ Vi- Vo+ Vo-

RI 1 2 2MEG ; Input resistance

RO 5 3 75 ; Output resistance

EA 5 4 1 2 2E+5 ;. Voltage-controlled voltage source

DI 3 6 DMOD ; Zener diode with model DMOD

D2 4 6. DMOD ; Zener diode with model DMOD

-MODEL DMOD D (BV=14V) ; Ideal zener model with a zener voltage of 14 Vv
.ENDS UA741_bC ; End of subcircuit definition
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In PSpice/SPICE, the name of a subcircuit must begin with X. For example, the call-
ing statement for the amplifier A1, which uses the subcircuit UA741_DC, is as follows:

Xal 5 6 7 8 UA741_DC
* Vi+ Vi- Vo+ Vo- Subcircuit name

This subcircuit definition UA741_DC can be inserted into the circuit file. Alternatively, it
can reside in a user-defined file, say USER.LIB in C drive, in which case the circuit file
must contain the following statement:

C:USER.LIB’; Library file name must include the drive and directory location

ac Linear Model The frequenéy response of internally frequency-compensated op-amps can be approxi-
mated by a single break frequency, as shown in Fig. 6.6(a). This characteristic can be mod-
eled by the circuit of Fig. 6.6(b), which is a frequency-dependent model of an op-amp. The
dependent sources have a common node 4. Without this common node, PSpice/SPICE will
give an error message, because there will be no dc path from the nodes of the dependent
current source to the ground. The common node could be either with the input stage or
with the output stage. The time constant 7 = RC, gives the break frequency Jy- If an op-
amp has more than one break frequency, it can be represented by using as many capacitors
as there are breaks. R; and R, are the input and output resistances, respectively. A, is the
open-circuit dc voltage gain. Two zener diodes are connected back to back in order to limit
the output swing to the saturation voltages (say, between —14 V and + 14 V).

FIGURE 6.6  ac lincar model with a single break frequency
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(a) Break frequency (b) Linear circuit model

The output voltage can be expressed in Laplace’s domain as

AR AV
Vo =AY, = = (6.2)
1 +R|C]s I +RlCls

Substituting‘s = jw = j2ufinto Eq. (6.2) gives

AV AV
vy=-—-249 . _Tod (6.3)
° 1+j2nfRC, 1 + Jf/f,
which gives the frequency-dependent open-loop voltage gain of an op-amp with a single
break frequency as

. 0 AO
Ajw) = 7; = m ; (6.4)
where fy = 1/Q7R,C,) = break frequency, in Hz
A, = large-signal (or dc) voltage gain of the op-amp
For pnA741 op-amps, f, = 10 Hz, A, =2 X 10°, R, =2MQ, and R, =75 Q. If we
let R, = 10 k€ (used as a typical value), C,=1/Qm X 10X 10 X 103) = 1.15619 uE

¥




SECTION 6.4 > ANALYSIS OF IDEAL OP-AMP CIRCUITS 273

Note that we could also choose a different value of R,. The list of the PSpice/SPICE sub-
circuit UA741_AC for Fig. 6.6(b) is shown below. '

* Subcircuit deﬁnition for UA741_AC
.SUBCKT UA741_AC 1 2 3 4
* Subcircuit name Vi+ Vi- Vo+ Vo-

RI 1 2 2MEG ; Input resistance

RO 6 3 75 ; Output resistance

. GB 4 5 1 2 0.1M i Voltage-controlled current source
R1 5 4 10K
Cl 5 4 "1.5619UF
EA 6 4 5 4 2E+5 ; Voltage-controlled voltage source
D1 3 7 DMOD i Zener diode with model DMOD

D2 4 .7 DMOD ; Zener diode with model DMOD
-MODEL DMOD D (BV=14V) ; Ideal zener model with a zener voltage of 14 v
.ENDS UA741_AC ; End of subcircuit definition

Nonlinear Macromodel The subcircuit definitions of op-amp macromodels are described by a set of MODEL
statements. The macromodels are normally simulated at room temperature and contain
nominal values. The effects of temperature are not included. The library file NOM.LIB
contains the subcircuit definition UA741, which can be called up by including the follow-
ing general statements in the circuit file:

* Subcircuit call for UA741 (or . LF411 or LM324) op-amp
* Connections: noninverting input
* | Inverting input

Positive power supply

| | Output ‘

| | ] Subcircuit name
2 4 5 6 UA741 (or LF411 or LM324) ; Subcircuit calling must begin with X
* Vi+ Vi- Vp+ Vp- Vout i Calling UA741 for amplifier Al
.LIB NOM.LIB ; Calling library file NOM.LIB

|
|
| | Negative power supply
|
|

I
l
l
* |
|
1

KEY POINTS OF SECTION 6.3

k- An Op-amp can be represented in PSpice/SPICE by one of three models: (a) a dc linear -

model, which is simple but suitable only for low frequencies (typically less than 20 Hz); (b)

; an ac linear model, which is simple and frequency dependent; (c) a nonlinear macromodel,
which is more complex. ‘

* The student version of PSpice limits the number of active devices and nodes, allowing only
one macromodel in a circuit. Thus, the choice of a model depends on the complexity of the
circuit; the preferred model is the rriacromodel, followed by the ac model and then the dc

" model. ’

El

6.4 In Eq. (6.1) there are three possible conditions for the output voltage v : if v_ = 0, vo will

‘ AH(IIYSiS Of[dEdI be positive (vy = Agvy), (b) if v =0, vo will be negative (_"O_= —Av_), or (c) if

- both v, and v_ are present, vo = Ay(vy — v_). Therefore, depending on the conditions

OP'AmP Circuits of the input voltages, op-amp circuits can be classified into three basic configurations:
noninverting amplifiers, inverting amplifiers, or differential (or difference) amplifiers.
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Noninverting
Amplifiers

FIGURE 6.7
Noninverting amplifier
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The configuration of a noninverting amplifier is shown in Fig. 6.7(a). The input voltage Vg
is connected to the noninverting terminal. The voltage v,, which is proportional to the out-
put voltage, is connected via R, and R to the inverting terminal. Using Kirchhoff’s volt-
age law (KVL), we get

vg = v, v,
The differential voltage vy, given by
Va T Vs T Vg

is then amplified by the op-amp, whose output is then fed back to the inverting terminal.
Thus, this is a feedback circuit; the block diagram is shown in Fig. 6.7(b). We will cover
feedback in Chapter 10.

s + Ve

—— 9o
+
+
vs(& ———AAA vo = (1 +
_<> lll RF 0 Yo
‘Y
R, Ag= f
F =
Rin = -‘— -L ROUI
IS bt
(a) Noninverting configuration (b) Closed-loop feedback

Let us assume an ideal op-amp. That is, vy = 0, ig = 0, and A = . The voltage v, at
the inverting terminal is ‘

Vx T Vs T Vg T Vs
Using Kirchhoff’s current law (KCL) at the inverting terminal, we get
iy +i+i =0

Since the current i; drawn by an ideal op-amp is zero, i, = —ip. That is,
Do BTVo o s _¥TY

which, after simplification, yields

R
. F

giving the closed-loop voltage gain Apas
A= —==1+— : (6.5)

Since the current drawn by the amplifier is zero, the effective input resistance of the am-
plifier is very high, tending to infinity: |
's

Rin=7—=oo
S



FIGURE 6.8
Voltage follower
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The effective output resistance is given by Ry = R, =0 Q. If Re=0Qor R, ==, as
shown in Fig. 6.8, Eq. (6.5) becomes

Ap=1 (6.6)

That is, the output voltage equals the input voltage: Vo = vg. The circuit of Fig. 6.8 is
commonly referred to as a voltage follower, since its output voltage follows the input volt-
age. It has the inherent characteristics of a high input impedance (or resistance, typically
1019 Q) and a low output impedance (or resistance, typically 50 m(2). The exact values can
be found by applying the feedback analysis techniques discussed in Chapter 10. A voltage
follower is commonly used as the bujffer stage between a low impedance load and a source
requiring a high impedance load.

- + +
IS ‘ A
V = 00 p————0
+ T +
vs “p - .
— N \70 = Vs
T'i
| )
Rin = .I'_S Roul
I's
NOTES:

1. The current is flowing into an op-amp and the differential voltage v, are very small, tending to
zero. Thus, the inverting terminal is at a ground potential with respect to the noninverting termi-
nal, and it is said to be at the virtual short.

2. A, isthe S)per}-loop voltfxge gain of the op-amp, whereas’;’Ar is the closed-loop voltage gain of the
op-amp-circuit (or amplifier) and is dependent only on external components.

3. A noninverting amplifier can be designed to give a specified gain Ag simply by choosing the ap-
propriate ratio Rp/R|. A small value of R; will load the'amplifier and cause it to draw apprecia-
ble current, and a large value of Rp: will increase the noise generated in the resistor. As a guide,
all resistances in op-amp circuits should be between | k() and 10 MQ.

4. Designing a noninverting voltage amplifier is very simple: Given gain A;, choose R, and then
find Rp. -

" EXAMPLE 6.3

SOLUTION

1

Designing a noninverting op-amp circuit Design a noninverting amplifier as shown in Fig. 6.7(a)
to provide a closed-loop voltage gain of A¢ = 80. The input voltage is vg = 200 mV with a source
resistance of R = 500 (). Find the value of output voltage vg- The dc supply voltages are Vee =
Ve =12V,

EE :

Choose a suitable value of R\: Let R, = 5 k(). Find the value of R from Eq. (6.5). Since A;=80=
1+ Rp/R,,
Re/R, =179
and Rp=79X5=1395k(}
Find the output voltage v from Eq. (6.5):
Vo = Apg =80 X 200X 1073 = 16V

which exceeds the maximum dc supply voltage Vee = 12 V. Thus, the output voltage will be
Vo =Vee =12V

NOTE: R_is in series with the op-amp input resistance R, which is very large in comparison to
Rg. Therefore, R will not affect the closed-loop gain A,
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EXAMPLE 6.4 ‘

SOLUTION

Finding the voltage gain of a noninverting op-amp circuit For the noninverting amplifier in
Fig. 6.7(a), the input voltage is vg = 100 mV with a source resistance of R, = 500 (2. The circuit
parameters are R. = 395 kQ, R =5 k{1, and A,=2X 10°. Calculate (a) the closed-loop gain Ap
(b) the output voltage v, and (c) the errors in the output voltage vo and the gain A, if A tends to
infinity.

Since the current drawn by the op-amp is zero, i, = —i. That s, ‘
Vx _ Y7V
R, Re
which givesj )
‘ R .
v, = mlro (6.7)
The output voltage v, is
v = Aglvg = V) = Ay, (6.8)
The input voltage at the noninverting terminal is the sum of v, and vy. That is,
vg = v, t oy
which, after substitution of v, from Eq. (6.7) and vy from Eq. (6.8), becomes
Ryv v R
s R—l_ii)ﬁ?J"Z%:vo(mJ”f:_o)
Thus, the closed-loop voltage gain Apis given by
A= Yo _ AR, + Rp) _ 1+ R:/R, _ 1+ Re/R, ©9)
Vs AR TR+ R 1+ (1 +R/R)/A, IF+x
where x = 1 <l + fﬁ) (6.10)
A, R

For a small value of x, which is usually the case, (I + x)_'l =1 — x, and Eq. (6.9) can be approxi-
mated by -

[y 4 Re .
Ac= (1 + E—)(l - x) 6.11) -

1

Therefore, the error introduced for a finite value of gain A, is x.
(a) From Eq. (6.10),

cx=(1+ 395)5)/(2 X 10%) = 40 X 107° = 40 x 107 %%
From Eq. 6.9),
Ap=(1+395/5)/(1 + 40 X 107%) = 79.968
(b) The output voltage v, is
Vo = A = 79.9992 X 100 X 1073 = 7.9968 V
(c) From Eq. (6.11), the error in the output voltage Vg is
| Avg = ~x(1 + Rg/R)) = =40 X 1075 X 80 = =32 mV, or 0.04%
The error in the gain Ay is

AA;= —x = =40 X 1077 = ~0.04%
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P NOTE: Inorder to minimize the dependency of the closed-loop gain A

¢ on the open-loop gain A,
the value of x should be made very small. That is,

Rg :
Ao >> (1 + R—) (6.12)
1
This condition is often satisfied by making A at least ten times larger than (1 + R:/R)). That is,
R
L+ —==1=0.14, ; (6.13)
R, .
Inverting Amplifiers Another common configuration is the invertin

g voltage amplifier, as shown in Fig. 6.9. Ry
is used to feed the output voltage back to the inverting termiinal of the op-amp. Using
Kirchhoff’s voltage law, we have

: vS=RliS——vd

(6.14)
~vg = Reig + vy (6.15)
FIGURE 6.9 it
Inverting amplifier — AV
R, I Re
—
— MWV —1 -
s Va A() ———-—0
+
+
"5_6) .
<E
Rin = I—S— R()ul
N
Using Kirchhoff’s current law at the inverting terminal, we get
ig = ip + i (6.16)

For an ideal op-amp, vg=~0andi ~ 0. That is, Eq. (6.14) becomes
vs = Ryis

which gives

ot
S
Rl

Also, Rpi; + vo = 0, which gives the feedback current as

\’O

For i; = 0, Eq. (6.16) becomes

v v
Lo S o)
o= j or R A— )
ST

R, Rg

Therefore, the output voltage is related to the input voltage by

RF
Vo = — EI- Vg (6.17)
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which gives the closed-loop voltage gain of the op-amp circuit as

‘YO .
Ap=—-= o (6.18)
S 1

Since vy = 0, the effective input resistance R;, of the amplifier is given by

v v
ig (vg + vd)/Rl

The effective output resistance is given by R

R, =~ 01

out

NOTES:

1. The negative sign in Eq. (6.17) signifies that the output voltage is out of phase with respect to
the input voltage by 180° (in the case of an ac input) or of opposite polarity (in the case of a
dc input). '

2. The current j; flowing into the op-amp is very small, tending to zero, and the voltage v, at the in-
verting terminal is also very small, tending to zero. Although the inverting terminal is not the
ground point, this terminal is said to be a virtual short.

3. Aninverting amplifier can be designed to give a specified gain simply by choosing the appropri-
ate ratio RF/RI. A small value of R, will load the input source, and a large value of Ry will in-
crease the noise generated in the resistor. As a guide, all resistances in op-amp circuits should be
between 1 k{2 and 10 M().

4. If R| = Ry, Eq. (6.18) gives Ap = —land vy = —vq. The circuit then behaves as a unity-gain in-
verter (or simply an inverter).

5. Designing an inverting voltage amplifier is straightforward: Given R;, and gain A, find R, and
then find R. '

EXAMPLE 6.5 ‘

SOLUTION

Designing an inverting op-amp circuit to limit the input current A transducer produces a volt-
age signal of vg = 100 mV with an internal resistance of R, = 2 k(). Design the inverting op-amp
amplifier of Fig. 6.9 by determining the values of Ry, Rp. and R,. The output voltage should be
Vo = —8 V. The current drawn from the transducer should not be more than 10 KA. Assume an ideal
op-amp and Voo = Ve = 15 V.

R = 2k{), vg = 100 mV, and vy = —8 V. The source resistance R (not shown in Fig. 6.9) is in se-
ries with R,. Let

Ry =R, + R,
The maximum input current is

iS(max) =10 pA
The minimum input resistance is

Rinminy = vs/is(nmx) = 100 mV /10 pA = 10 k)
Thus, " Rp = 8(R| + R) = 80R| = 80 X 10 k(2 = 800 k{2
and Ap=vo/vg==8/(100 X 1073 = ~80
From Eq. (6.18),

—80 = —Rp/R| = —Rp/(R, + R)
Thus, Ry =R, +R,=R = 10 k2

in{min) —

or Ry=R| —R,=10k-2k =28k}
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EXAMPLE 6.6 *

SOLUTION

Finding the voltage gain of an inverting op-amp circuit The parameters of the op-amp circuit in
Fig. 6.9 are R = 800 k(, Ry =10k{},and A =2 x 10°. Calculate (a) the closed-loop gain Ap=
vo/ Vs (b) the output voltage v,, and (c) the errors in the output voltage v, and the gain Afif A
tends to infinity: Assume that source resistance R, =0.

R, =10 k{1, Ry = 800 k1, RF/Rl =80, A, =2 X 105, and vg = 100 mV. From Fig. 6.9, Vo =
Agvg or vy = vO/AO. The input current ig through R, can be found from

Ve F Vv, ve + va /A '
L Vs tva _ vs /A, (6.19)

s RI Rl
From Fig. 6.9, the output voltage is given by
Vo = TVg ~ iRp = —vy — igRg  (since iy =~ ig)
_ Vo vt vo/ A, :
Ao Rl F
which, after simpliﬁcation, gives the closed-loop voltage gain Agas
v R:/R R
A== e/ Ry =-—_F (6.20)
vg L+ (1+R/R)/A,  R(1+x)
wh Ly Ee ' (6.21)
ere x=— — ' .
. Ao Rl

For a small value of x, which is usually the case, (1 + x)"l = | — x, and Eq. (6.20) can be approx-
imated by

R
Ap= _7?TF(1 - x) - (6.22)

Therefore, the error introduced for a finite value of gain A is x.
(a) From Eq.(6.21),

x=(1+80)/(2 % 10% = 40.5 X 1075 = 40.5 x 10~3%
From Eq. (6.20), o

Ap=—80/(1 +40.5 X 1075) = —79.9676
(b) The output voltage Vg is |

Vo = Avg = —79.9676 X 100.X 1073 = —7.99676 V
(¢) From Eq.(6.22), the error in the output voltage v, is >

Avg = xRp/R; =405 X 1075 X 80 = 32.4 mYV, or 0.0405%
The error in the gain Apis

AAp = x =405 X 1075 = 0.0405%

Differential Amplifiers

In the differential amplifier configuration, shown in Fig. 6.10, two input voltages (v, and
v,) are applied—one to the noninverting terminal and another to the inverting terminal.
Resistances R, and R, are used to step down the voltage applied to the noninverting ter-
minal. Let us apply the superposition theorem to find the output voltage v,. That is, we
will find the output voltage Voar Which is due to the input voltage v, only, and then we will
find the output voltage Vop» Which is due to v, only. The output voltage will be the sum of
Voa and vy, :
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FIGURE 6.10
Differential amplifier
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The voltage v, can be related to the input voltage v, by
R

. .
V= (6.23)
* R +R

Applying Egs. (6.5) and (6.23) gives the output voltage v
noninverting terminal, as

' Ry R Ry '
[ — + — iy = + -— N . L
we (17 (1 77

Applying Eq. (6.17) gives the output voltage v ob» Which is due to the input at the inverting
terminal, as

oa» Which is due to the input at the

Re
S

Vob R ; b | (6.25)

Therefore, the resultant output voltage is given by

\)O=vb+vl=_——vb+ + — [ —— v (6.26)
0 0a RI RI Rx + Ra a
which, for R, = R, and Rg = R, becomes
v RF - 3
Vg = (va - Vb) -R— (6.27)

1

Thus, the circuit in Fig. 6.10 can operate as a differential voltage amplifier with a closed-
loop voltage gain of R /R For example, if v, =3V, vy =5V, R = R, = 12 k{1, and
Rp =R, =24 kQ, then Eq. (6.27) gives

=(3-5)X24kQ1/12kQl = —4V

If all the resistances have the same values (that is, R,=R,=Rg=R «» Eq. (6.27) is re-
duced to ;

Vo SV, T vy (6.28)
in which case the cxrcmt w1ll operate as a difference amplifier. For example if v, =3,
=5V,and R, = Rl = R, = 20 k{}, then Eq. (6.28) gives

;'vo——va——vb=3—5=-—2V

KEY POINTS OF SECTION 6 4

and differential.
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"% The output voltage of an op-amp circuit is almost independent of the Op-amp parameters; it
depends largely on the external ciréuit elements, : : T

* The analysis of an op-amp circuit can be simplified by assuming that the voltage across the

. Op-amp terminals and the current drawn by the op-amp are very small, tending to zero. The

;. error due to these assumptions generally is less than 0.1%.

6.5
Op-Amp
Applications

The applications of op-amps are endless, and there are numerous books on op-amps
[1, 2, 4]. Most of the applications are derived from the basic op-amp configurations de-
scribed in Sec. 6.4. In this section we will discuss several applications of op-amps.

If the resistance Ry in the inverting amplifier of Fig. 6.9 is replaced by a capacitance Ck
the circuit will operate as an integrator. Such a circuit is shown in Fig. 6.11(a). R is in-
cluded to minimize the effect of op-amp imperfections (i.e., the input biasing current,
which will be discussed in Chapter 7). The value of R, should be made equal to R,. The
impedance of C. in Laplace’s domain is Zz = 1/(sCg). Applying Eq. (6.17) gives the out-
put voltage in Laplace’s domain as

ZF
V(s) = —(—-) Vs(s) = - V(s) (6.29)

Z, sRlCF

from which the output voltage in the time domain becomes

l 1
volh) = -———~f vg dt + v(r = 0) (6.30)
R Cr Jy ¢

where v(t = 0) = V.o represents the initial capacitor voltage. That is, the output voltage
is given by the integral of the input voltage vg. Equation (6.30) can also be derived from a
circuit analysis similar to that discussed in Sec. 6.4. That is, '

co_ .. vgtvy g ’
=1 = g = ——— = —= 6.31
o= if=Ig R, 3 (6.31)

since the op-amp input current is zero. Therefore, the output voltage, which is the negative
of the capacitor voltage, is given by '

{ H
vl = —ve(t) = _% j ig dr + velt = 0) (6.32)
F 70

Substituting ig = vg/R| from Eq. (6.31) into Eq. (6.32), we can obtain Eq. (6.30). Time
constant 7; = R, Cy. for Fig. 6.11(a) is known as the integration time constant. If the input
is a constant current is = Ig, then Eq. (6.32) gives

=N 0 Q 0 6.33

1A (1) = — 1)y == —— = = — S = .
1"0( ) V(1) Cr Vc( ) C: vl ) (6.33)
That is, the butput voltage is the integral of the input current I5 and is proportional to the
input charge Q. Thus, the circuit in Fig. 6.11(a) can also be used as a current integrator, or
charge amplifier. The plot of the output voltage for a pulse input is shown in Fig. 6.11(b).
At lower frequencies, the impedance Zp of C will increase, and less signal will be fed
back to the inverting terminal of the op-amp. Thus, the output voltage will increase. At
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FIGURE 6.11 Integrator circuit

(a) Circuit

FIGURE 6.12

Typical input and output
signals of an integrator

fi finHz)
(c) Magnitude plot

(b) Waveforms

higher frequencies, the impedance Zg will decrease, causing more signal to be fed back to -
the inverting terminal. Thus, the output voltage will decrease. Therefore, an integrator cir-
cuit behaves like a low-pass filter. The magnitude plot of the voltage gain V (jw)/ V(jw) *

in Eq. (6.29) will have a low-pass characteristic with a zero break frequency, as shown in
Fig. 6.11(c). ‘

For the case in which the input signal is a constant dc vbltage, Eq. (6.30) simplifies to

PROE —( )z +V,,

Typical plots of some input signals and the resulting output signals are shown in Fig. 6.12.

Vs
R\C

(6.34)

Vg Vg Vg

Yo Yo

g 0
f t
\ 2

In practice, as a result of its imperfectionis (e.g., drift, input-offset current), an op-amp
produces an output voltage even if the input signal is zero (vg = 0), and the capacitor will
be charged by the small but finite current through it. The capacitor prevents any dc signal
from feeding back from the output terminal to the input side of the op-amp. As a result,
the capacitor will be charged continuously, and the output voltage will build up until the
Op-amp saturates. A resistor with a large value of R is normally connected in parallel with
the capacitor of capacitance Cg, as shown in Fig. 6.13. Ry provides the dc feedback and
overcomes this saturation problem. Time constant T (=RgCg) must be larger than the
period T (=1/f,) of the input signal. A ratio of ten to one is generally adequate; that is,
e = 10T. For Fig. 6.13, the feedback impedance is

Zz = Re| (1/sCp) = Re/(1 + sRCp)
and Eq. (6.17) gives the output voltage in Laplace’s domain as
Rp/R,
1 + sRpCy

Yo

-

Vo(s) = — Vs(s)



FIGURE 6.13

Practical inverting
integrator
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For a step input voltage of vg = Vg, V(s) = Vs/s, and Eq. (6.35) can be simplified to give
the output voltage in the time domain as

R . .
Vo) = =V (1 = 71/ ReC) (6.36)
I
Forr=0. IRFCF, Eq. (6.36) can be approximated by

Ry ! Vs
volt) = ~Vg— = - ! (6.37)

which is the time integral of the input voltage. Therefore, the analysis and the input-
output relation of the integrator in Fig. 6.11 can be applied to the one in Fig. 6.13, pro-
vided 7 = 10T. ’

EXAMPLE 6.7 ‘

SOLUTION

Designing an op-amp integrator

(a) Design an integrator of the form shown in Fig. 6.13. The frequency of the input signal isf, =
500 Hz. The voltage gain should be unity at a frequency of f; = 1590 kHz. That is, the unity-gain
bandwidth is f,, = 1590 kHz.

(b) The integrator in part (a) has Vee =12V, =Vgg = —12 V, and maximum voltage swing =
10 V. The initial capacitor voltage is Veo = 0 V. Draw the waveform of the output voltage for the
input voltage shown in Fig. 6.14.

(¢) Use PSpice/SPICE to plot the output voltage for the input voltage in part (b).

FIGURE 6.14 Input voltage for Example 6.7

Vs

1 2 3 4 5 r(inms)

-2+ —_

(a) The steps in completing the design are as follows.
Step 1. Choose a suitable value of Cg: Let Cp = 0.1 uF.
Step 2. Calculate the time constant required to satisfy the unity-gain frequency requirement:
— l —_
i T 2af, T 2w x 1590 Hz

= 100 us
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Step 3. Calculate the value of R, from 7;:

R, =7,/Cg = 100 ps/0.1 pF = 1 k)
Step 4. Choose time constant 7, = 10T = 10/f1;

e = 10/500 Hz = 20 ms
Step 5. Calculate the value of Rg from 7

Rp = 7/Cg = 20 ms /0.1 wF = 200 k(2 1
(b) Vi =10V, and 7; = R;Cp. = 1 X 10° X 0.1 X 107 = 0.1 ms. Since r; >> ., the effect of

sat
7 can be neglected. :

For 0 =t = 1 ms: From Egq. (6.30), the output voltage is given by

] !’
Vg =0 ——— | 2dt= -2 X 10000t
© R\ Ce Jo
where ¢ is in ms. At ¢ = | ms, Vo = —20 V, which is more than the saturation voltage and thus is
not possible. The time required for the output voltage to reach the saturation voltage of —10 V is
t; = 10/(2 X 10000) = 0.5 ms. For 0.5 ms < ¢ < I ms, the capacitor voltage is V , = —10 V.
For I ms = ¢ = 2 ms: From Eq. (6.30), the output voltage is given by

v = —10+

1 1—1
2dt = —10+ 2 X 10000¢t — 1}
RICFJO =1

where 1 is in ms. At = 2 ms, v = 10V, and the capacitor voltage is Vo= 10V.
For 2 ms =< r = 3 ms: From Eq. (6.30), the output voltage is given by

=2
v =10 — f 2dr =10 — 2 X 10000(t — 2)
0

where 1 is in ms. Atr = 3 ms, vo = —10V, and the capacitor voltage is Vo= —10V.
For 3 ms = 1 = 4 ms: From Eg. (6.30), the output voltage is given by

1
R,Cy

=3
vog = —10 + f 2dt = —10 + 2 X 10000t — 3)
0

where ¢ is in ms. At = 4 ms, Vo = 10V, and the capacitor voltage is Vo = 10V.
The waveforms for input and output voltages are shown in Fig. 6.15.

FIGURE 6.15 Waveforms for Example 6.7
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(c) The integrator for PSpice simulation is shown in Fig. 6.16. The list of the circuit file is as i
follows.

Example 6.7 Practical Integrator
Vs 1 0 PULSE (2V -2V 0 1INS 1NS 1MS 2MS) : Pulse waveform
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CF 3 4 0.1Uf

Rl 1 3 1K

RF 3 4 200K

RXK 2 0 1K

VCC 5 0 DC 12v ; dc positive supply

VEE 0 6 .DC 12V ; dc negative supply

.LIB NOM.LIB i Referring to PSpice library file NOM.LIB
; for UA741 op-amp model

XAl 2 3 5 6 4 UA741 i Subcircuit call for op-amp UA741

* Vi+ vi- +vec -vee vo A

.TRAN 10US 4MS ; Transient analysis

. PROBE ‘ ; Graphics'post—processor

.END

FIGURE 6.16 Integrator circuit for PSpice simulation

R
200 k2

The plot of the output voltage Vo = V(CF:2) is shown in Fig. 6.17. Notice that the results differ sig-
nificantly from the calculated values, because PSpice uses the characteristics of a real op-amp rather
than the ideal model. For example, f; = 0.588 ms (the expected value is 0.5 ms) and the negative sat-
uration voltage is —11.54 V. The PSpice simulation does not have zener diodes to limit the output to
10 V. If zener diodes are connected in the op-amp circuit, the results of the PSpice simulation will
be in agreement with the calculated values.

FIGURE 6.17 PSpice plots for Example 6.7

200 A -
s 1.68ns 2 .80ms
u U{CF:2) U(R1:1)
Time
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NOTE: While running the PSpice simulation, you must select Use Initial Condition in the setup;
otherwise the output plot will be different from what is shown in Fig. 6.17.

EXAMPLE 6.8

SOLUTION

Dif ferentiators

FIGURE 6.19
Differentiator circuit

Finding the 3-dB frequency of an integrator using' Miller’s theorem The integrator
of Fig. 6.11(a) has Cr. = 0.001 pF and R, =1 kf). The open-loop gain of the op-amp is A =
-2 X 10°. Use Miller’s theorem (discussed in Section 4.9) to find the 3-dB frequency of the
integrator,

Miller’s theorem can be applied to replace the feedback capacitance Cp by an equivalent input
capacitance C, and an output capacitance C., as shown in Fig. 6.18. With the open-loop gain
A, = ~A,, and the capacitive impedance Z: = l/(j27rfCF), we can apply Egs. (4.95) and (4.98) to
find the Miller capacitances:

C, = Cel +A)) =0.001 uF X (1 + 2 X 10%) = 200.001 pF
€y =Cll +1/A))=C, = 0.001 pF
The output voltage in Laplace’s domain is

Vo(s) = A Vy(5)

1/(sC,) V(s)
Vyo) = = ——Fe Y () = - — 5"
R, +1/(sC) I +R,C,s
The transfer function between the input and output voltages is given by
: V. (s) A
A(s) = 22— = — 2
’ V(s) 1 + Rle.s

There‘fore; the 3-dB frequency is
' wy, = 1/(RIC)=1/(1 X 10® X 200.001 x 1076 = 5rad/s or  f,=0.7958 Hz

FIGURE 6.18 Equivalent circuit for Example 6.8

+ + ] + v

+

Vs Vd _,_ C, Ayg ==G- Yo

R,

If the resistance R, in the inverting amplifier of Fig. 6.9 is replaced by a capacitance Cp
as shown in Fig. 6.19(a), the circuit will operate as a differentiator. The value of R, should -

Re

V.
hllL—’ lii MWy * 20log 70
¢ s L D Ve )i :
- 20 dB/decade
+ Y 0 N
L, f
s P + 6 + Vo
= . 0 —
3 44 — Ve o fi f(GnHz) |
Ry = RF ‘; i

(a) Circuit (b) Waveforms (c) Magnitude plot
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be made equal to R.. The impedance of C, in Laplace’s transform is Z| = l/(sCl). Using
Eq. (6.17), we can find the output voltage in Laplace’s domain as

RF
V(s) = —(Z> Vi(s) = =sRC,V(s) (6.38)
which gives the output voltage in the time domain as
dvg
Vg = _RFCI 7{* : (6.39)

This equation can also be derived from a circuit analysis similar to that discussed in
Sec. 6.4. That is,

s
dt
Vo = —RFif = —-RFiS (6.41)
Substituting i from Eq. (6.40) into Eq. (6.41) gives Eq. (6.39). Time constant 74 = RgC|
in Fig. 6.19(a) is known as the differentiator time constant. The output voltage in response
to a triangular wave is shown in Fig. 6.19(b).

A differentiator circuit is useful in producing sharp trigger pulses to drive other cir-
cuits. When the frequency is increased, the impedance Z, of C, decreases and the output
. voltage increases. Therefore, a differentiator circuit behaves like a high-pass network. The
magpnitude plot of the voltage gain V,(jw)/ V(jw) in Eq. (6.38) has a high-pass character-
istic with an infinite break frequency, as shown in Fig. 6.19(c). Typical plots of some in-

put signalsiand the resulting output signals are shown in Fig. 6.20.

g =ig=C (6.40)

FIGURE 6.20 Vs Vs Vs
Typical input and output 1+ %)
: ) . oA
signals of a differentiator d
0 0 0
t t !
Yo Yo Yo
0 \ﬁ 0 , 0 >
/ t t ¢ t
—_ 1 4 _1 o rtrr———————

If there is any sharp change in the input voltage vg(#) due to noise or picked-up inter-
ference, there will be amplified spikes at the output, and the circuit will behave like a noise
magnifier. Thus, this type of differentiating circuit is not often used. A modified circuit that
is often utilized as a differentiator is shown in Fig. 6.21(a), in which a small resistance
R, (<Rp) is connected in series with C 1 to limit the gain at high frequencies. However, this
arrangement also limits the high-frequency range, as shown in the magnitude plot in
Fig. 6.21(b).

The impedance Z, for R and C 1 in Laplace’s domain is

1 1 +sR,C,
sC;  sC

Z =R+

Using Eqg. (6.38), we have for the transfer function of the circuit in Fig. 6.21(a)

V_(s) R ReC,s
a;:At_(S):___O__: F__ F~1

I L ihd Wl (6.42)
V) Z 1 + sR,C,
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FIGURE 6.21
Practical inverting
differentiator
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(a) Circuit " (b) Magnitude plot
For s = jw,
R-C,jw
Adjw) = ——F (6.43)

The magnitude of Eq. (6.43) is given by
ReCiw
[+ (wR,C?'/?

|Adjw)| = (6.44)

Therefore, the break frequency is w, =1/ (RyC)). For frequencies greater than Wy,
(@R C)> >> 1, and Eq. (6.44) reduces to

: RF
|Agjw)] = ra (6.45)
1

EXAMPLE 6.9 ‘

SOLUTION

Designing an op-amp differentiator

(a) Design a differentiator of the form shown in Fig. 6.21(a) to satisfy the following specifications:

gain-limiting frequency Jo = 1 kHz, and maximum closed-loop gain Afmaxy = 10. Determine the
values of R, R, and C|.

(b) Use PSpice/SPICE to plot the frequency respon“s-‘e for part (a). Assume a sinusoidal input volt-
age of peak value Vs(peaky = 0-1 V.

Af(max) = 10, and f, = | kHz.
(a) The steps in completing the design are as follows.
Step 1. Choose a suitable value for capacitance C,: Let C, = 0.1 uF.
Step 2. Calculate the value of R, from the break frequencyfb:
fy = 1/QaR,C))
1 kHz = 1/(2mR, X 0.1 X 107%)
R, =1592Q

Step 3. Calculate the value of Ry from Eq. (6.45):
Af(max) = RF/RI
Rp= 1592Af(max) = 1592 X 10 = 15.92 k()

(b) The differentiator circuit for PSpice simulation is shown in Fig. 6.22. The list of the circuit file
is as follows.

Example 6.9 Differentiator

VI 1 0 AC 0.1v ; ac voltage of 1 V (peak)
R1 1 7 1592 :
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¢l 7 3 0.1UF

RF 3 4 15.92K

RX 2 0 15.92K

Ve S 0 DC 12V ; dc positive supply
VEE 0 6 DC 12V ; d¢ negative supply

.LIB NOM.LIB ; Referring to PSpice library file NOM.LIB
) ; for UA741 op-amp model

XAl 2 3 5 6 4 UA741 ; Subcircuit call for op-amp UA741

*  vi+ vi- +vce -vee vo

.AC DEC 10 100HZ 1MEGHZ ; ac analysis

. PROBE - ; Graphics post-processor
.END

FIGURE 6.22 Differentiator circuit for PSpice simulation

Re
15.92 k2

£ Vee

12v

Vee

-'-'[“—:,-; 12V

The plot of the frequency response for the output voltage is shown in Fig. 6.23, which gives
Afmaxy = 9-995 (expected value is 100 X 0.1 = 10). The break frequency Jy (at Ap=9.995 X
0.707 = 7.07) is 983 Hz (expected value is 1 kHz). The upper frequency limit (that is, 95 kHz) is
due to the internal frequency behavior of the op-amp.

FIGURE 6.23 PSpice plot for Example 6.9

180Hz 18KHz 1.8HHz
n U{UT:0UT)/U(R1:1)
Frequency

An instrumentation amplifier is a dedicated differential amplifier with an extremely high
input impedance. Its gain can be precisely set by a single resistance. It has a high common-
mode rejection capability (i.e., it is able to reject a signal that is common to both terminals
but to amplify a differential signal), and this feature is very useful for receiving small
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FIGURE 6.24
Instrumentation amplifier

i
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signals buried in large common-mode offsets or noise. Therefore, instrumentation ampli-
fiers are commonly used as signal conditioners of low-level (often dc) signals in large

amounts of noise. The circuit diagram of an instrumentation amplifier is shown in-

Fig. 6.24. The amplifier consists of two stages. The first stage is the differential stage. Each
input signal (vg, or Vg,) is applied directly to the noninverting terminal of its op-amp in
order to provide the very high input impedance. The second'stage is a difference amplifier,
which gives a low output impedance and can also allow voltage gain.

£

Vig = Vg — vs2 §Rg

| At me - e .t S — A T~ — —— i~ — 7 o - mms o—

|
|
i
! Difference amplifier

Differential input buffer

The voltage drop between the input terminals of an op-amp is very small, tending to
Zero: vy = vyp = 0. Thus, the voltage drop across the middle resistor R_ of the potential
divider is &

vrg = Vs T Vs2
which gives the current irg through Rg as

i = tm_Ys1 TV
g
R, R, ,
This current flows through all three of the resistors, because the currents flowing into the
input terminals of the op-amps are zero. Therefore, the output voltage of the differential
stage becomes :

- _ Ys1t T Vsy Ay 2R

‘ & : 8
Using Eq. (6.27), we can calculate the output voltage Vo as
‘ R 2R\/R
= F _ F
YO = TVod R —(vg _“’sz)<1A + E)(E) (646

which is the output of the instrumentation amplifier. This gain is normally varied by
Rg. If the gain variation is not desired, then R_ can be removed and the differential ampli-

fier can be made with two unity-gain voltage followers. This arrangement is shown in
Fig. 6.25.




FIGURE 6.25
Instrumentation amplifier
with fixed gain

Noninverting Summing
_ Amplifiers

FIGURE 6.26
Noninverting summing
amplifier
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Differential input buffer Difference amplifier

The basic noninverting amplifier in Fig. 6.7 can be operated as a summing amplifier. A
noninverting summing amplifier with three inputs is shown in Figure 6.26. Summing am-
plifiers are commonly employed in analog computing. By the superposition theorem, the
voltage v at the noninverting terminal is

Rb " Rc Ra " Rc Ra " Rb
Yo T Va Vb Ve
R, + R, ||IR, R, + R,|IR. R.+R,[R,
R R R '
A A A -
- po+ 2 A ; (6.47)
b b
R, * R, R, ¢
where R, =R, ||R,[IR) (6.48)
Applying‘Eq. (6.5) for the noninverting amplifier and Eq. (6.47) gives the output voltage:
R Re\/R R R
. F _ F A A A
Vo = (l -+ —1—{8—) v, = (l + E;)(R—a v, + Rb Vb + Rc \c) (6.49)
For R, = R, = R, = R, Eq. (6.48) gives R, = R/3, and Eq. (6.49) becomes
R v, +v + v
F a b c
=1+ L2 _b ¢ 6.50
o ( Ry ) ( 3 ) (€30

Thus, the output voltage is equal to the average of all the input voltages times the closed-
loop gain (1 + RF/RB) of the circuit. If the circuit is operated as a unity follower with
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Inverting Summing
Amplifiers

FIGURE 6.27
Inverting summing
amplifier
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Rp = 0 and Ry = o, the output voltage will be equal to the average of all the input volt-
ages. That is,

v, vty
a b c
Py o=t 6.51
Vo 3 (6.51)
If the closed-loop gain (1 + Ry:/Rp) is made equal to the number of inputs, the output
voltage becomes equal to the sum of all the input voltages. That is, for three inputs, n = 3
and (1 + Rg/Rp) = n = 3. Then, Eq. (6.50) becomes

Vo = v, + Vb + Ve (6.52)

]

The basic inverting amplifier in Fig. 6.9 can be operated as an inverting summing ampli-
fier. An inverting summing amplifier with three inputs is shown in Fig. 6.27. Depending on
the values of the feedback resistance R and the input resistances R|, R,, and R,, the cir-
cuit can be operated as a summing amplifier, a scaling amplifier, or an averaging ampli-
fier. Since the output voltage is inverted, another inverter may be required, depending on
the desired polarity of the output voltage. ‘

V] o_w_’
Rl l|

Vy V—JVVV—_’
RZ ’2

Vi HVVV—‘—__,

Ry i3

Re= R IR IRy Rp)

The value of R, should equal the parallel combination of Ry, Ry, Ry, and R. That is,
R, = R [ R, || Ry || Rp) (6.53)

For an ideal op-amp, vq = 0. Using Ohm’s law, we get

Lo vs v

i = iy ===, I, = ic =
1 v 82 * 3 L § :
R, R, R, Rp
Since the current flowing into the op-amp is zero @i, =0),

i|+i2+i3=if

v vV v Vv
or 2, 3__70 ; (6.54)
which gives the output voltage as
(R R R
F F F
Vo = —<—~ 12 + — 1) + — v3) (6.55)
R Ry Ry

Thus, v is a weighted sum of the input voltages, and this circuit is also called a weighted,
or scaling, summer. If Ry=R,= R3 = Rp = R, Eq. (6.55) is reduced to :

Vo = —(v; + vy + v3) (6.56)




Addition-Subtraction
Amplifiers

FIGURE 6.28

Addition-subtraction
amplifier
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and the circuit becomes a summing amplifier. If R, = R, = Ry = nRg, where n is the num-
ber of input signals, the circuit operates as an averaging amplifier. For three inputs, n = 3,
and Eq. (6.55) becomes

_ vy + Vv, + Vq
Vo = — ~—-—3— 6.57)

The functions of noninverting and inverting summing amplifiers can be implemented by
only one op-amp, as shown in Fig. 6.28, in order to give output voltage of the form
Vo = Ay, + Agyy + Asv. = By — Byvy — Byvy

where A 1 Ag, A3, B, B,, and B are the gain constants. The resistances R, and Ry are in-
cluded to make the configuration more general. Applying Egs. (6.49) and (6.55) gives an
expression for the resultant output voltage:

Ro\/R R R R Ry R

Vo = (l + —F)(—A v, + A v, + A vc> - (—E v, + Rl \'3) (6.58)
Ry Ry, R, R R, Ry

Ry = R, R, (IR R (6.59)

Rg = (R, | R, || Ry | R)) (6.60)

a

where

Rx = (Ry || Rp) N

=

To minimize the effects of offset biasing currents on the output of op-amps (discussed
further in Chapter 7), Thevenin’s equivalent resistance looking from the noninverting ter-
minal is normally made equal to that looking from the inverting terminal. That is,

Ry | Rp) = R, (6.61)
" R.R
or —BF _ R A
Rg + R

Using this condition, we can simplify the term (1 + RF/RB)RA:

R R R.R
(1 +—5>RA=<1 +—~—*’-)(——-——B F )=RF
Ry Ry )\ Rg + R;

Substituting this relation into Eq. (6.58) yields

R R R R R "R
Vo = (—f- v, + _E Vi + £ vc) - <'—E v, + il vy + £ v3) (6.62)
Rn Rb R, R Ry R3
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which has the general form
‘ Vo = A, + Ay + A3vc - Blvl - By, — B3v3
Equation (6.62) is valid only if the condition of Eq. (6.61) is satisfied. For known val-
ues of gain constants A and B, the resistance values can be determined. Difficulty arises,
however, in determining values of R, and R, that meet the criteria of Eq. (6.61). A tech-

nique proposed by W. P. Vrbancis (4] can be applied to determine the values of R and R,

If details and proof of this technique are omitted, the design procedures can be simplified
to the following steps:

Step 1. Add all the positive coefficients: A = A+ A, + A,
Step 2. Add all the negative cocfficients: B = B, + B, + B;.
Step 3. Define a parameter C=A — B — |.
Step 4. Depending on the value of C, determine the values of R and Ry:
a. IfC>0,R, = ©and Ry = Rp/C.
b. If C<0,R, = —R;./Cand R, = =.
. c. IfC=O,Rx=°czdey=°0. 1
Step 5. Choose a suitable value of R, and find the values of the other components. Rgis
normally chosen to meet one of the following constraints:
a. If the equivalent resistance R, is to be set to a particular value, Ry can be found
from the relation Rp = MR ,, where M is the largest value of A, or B+ 1)

b. If the minimum value of any resistances is to be limited to R in» R can be
found from the relation Rp = NR_ .., where N is the largest value of A}, Ay A,
By, B,, By, or C.

(If it is not necessary to meet any of these conditions, the design can be completed by
choosing a suitable value of RE.)

Step 6. If the value of any resistor is too high or too low, you can multiply all the resis-

tances by a constant without affecting the output voltage or the condition of Eq. (6.61).

EXAMPLE 6.10 ‘

SOLUTION

Designing a summing op-amp circuit for a certain resistance R, Design an inverting and a non-

form
Vo = 4v, + 6y + v, — vy = vy — Svy
The equivalent resistance R, isto be setto 15 k().

The coefficients are A =4, Ay =06, A3 =3 B, =1, By, =1, and By = 5. Let us follow the design
steps described above. '

Stepl. A=4+6+3 =13,

Step 2. B=7+1+5=13,

Step3. C=A—-B-1=13-13~1=—1.

Step 4. Sinc‘eC<O, R, = —RF/C=RF and Ry:oo,

Step 5. The design can be completed by choosing a value of Ri.. For the given value of R, = 15kQ,
Rg = MRA. Inthiscase, M =B+ 1 =13+ 1 = {4, Thus, the values are as follows:

Re =R, = MRy = 14 X 15 = 210 k)
R, = Rp/A, =210k/4 = 525 k)
R, = Rp/A, = 210k/6 = 35 k()

" R, =Rp/Ay=210k/3 = 10k
R, = —R./C =210k
Ry =Rp/B, =210k/7 =30 kQ

T T O N F s P A

inverting summing amplifier of the configuration shown in Fig. 6.28 to give an output voltage of the
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= RF/B2 =210k/1=210kQ)
y = Rl—/B3 210k/5 =42k
Ry = o
Check:
From Egq. (6.59),

R, = (52.5 k|35 k[ 70 k2 || 210 kQ) = 15 kQ
From Eq. (6.60),
| = (30 kQ [| 210 kQ || 42 kQ) = 16.15 kO
From Eq. (6.61),
Ry || Rp = (16.15 k2 || 210 k) = 15 kQ
Thus, the condition of R, = (R || Rp) is satisfied.

EXAMPLE 6.11 ‘ Designing a summing op-amp circuit for a minimum resistance R, in Design an inverting and

m a noninverting summmg amplifier of the configuration shown in Fig. 6.28 to give an output voltage
of the form

Vo =8y, + 6 +3v. =Ty, — v, — 5vy
The minimum value of any resistance is to be set to Rin = 15k

SOLUTION The coefficients are A =8,4,=0, Ay=3,B,=17,B,=1,and By = 5. Let us follow the design
' steps described earlier.

Stepl. A=8+6+3=17.

Step2. B=7+ 1+ 5= 13.

Step3. C=A-B—-1=17-13-1=3,

Step 4. Since C >0, R, = and Ry =R/C = Rp/3. ,

Step 5. The design can be completed by choosing a value of Rg. For the given value of R ; =
15 kQ, Rp = NR where N is the largest value of A}, A,, As, By, B;, By, or C. In this case, N = 8.

mm’
Thus, the values are as follows:

Re=NR_. =8X 15k = 120 k()
R,=Rp/A, = 120k/8 = 15kQ
= Rp/A, = 120k/6 = 20 kQ

R = Rp/Ay = 120k/3 = 40 kQ

R, =
Rl = Rp/B, = 120k/7 = 17.14 kQ
= Rp/B, = 120k/1 = 120 kQ)

= Rp/By =120k/5 = 24 kQ}
Ry = Rp/C =120k/3 = 40k
Check:
From Eq. (6.59),

= (15 k€2 || 20 k2 || 40 k(1) = 7.06 kQ i
From Eq. (6. 60)
= (17.14 %0 120 kQ | 24 kQ | 40 k) = 7.5 kQ
From Eq. (6. 61)
Ry || Rg = (7.5 kQ || 120 k) = 7.06 k€
Thus, the condition of R, = (Rg || Rp) is satisfied.
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Optocoupler Drivers

FIGURE 6.29

Optocoupler drive circuit

Photodetectors
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Optocouplers, also known optical isolators, are generally used to transfer electrical signals

from one part of a system to another without direct electrical connection. They find many - ;

applications in instrumentation for electrical power engineering, where direct electrical
connections between low-level signals and high-current power lines must be avoided, and
in medical electronics, where direct connections between patients and electrical power sys-
tems must be avoided.

An optocoupler consists of a light-emitting diode (LED), which emits light when for-
ward current is applied, and a photodiode, which converts light to electrical current pro-
portional to the incident light. The light power produced by an LED is directly propor-

tional to the current through the diode. However, the output power is a nonlinear function - }

of the diode voltage. Therefore, an optocoupler is supplied by a current source.

A optocoupler drive circuit is shown in Fig. 6.29. This circuit is a modification of the
inverting op-amp shown in Fig. 6.9. Since the current flowing through the op-amp is very
small, tending to zero, is = ir. Thus, the voltage across 1’?2 is

Vo = ~Rpiy = —Rgig
The load current i is given by
Rgi R
o= i — i =,~S+-—I‘;—S—=(1 +——E)is (6.63)
2

Therefore, the circuit operates as a current amplifier. The LED acting as the load does not
determine the load current ig- Only the multiplier R,/ R, determines the load current. Sub-
stituting ig =~ vg/R, gives the output current as a function of the input voltage. That is,

=1+ JF)( L (6.64)
e) R2 Rl Vg B

- Ry = (R || Rp)

A photodiode produces a current that is a linear function of the light intensity; this current
is normally measured as incident optical power density Dp. The ratio of the output current
to the incident optical power density is called the current responsitivity. This current can
be measuréd by an inverting op-amp of the type shown in Fig. 6.9, which is a current-
voltage converter. The output voltage depends on the input current. From Eq. (6.15) for
vy = 0, we get j

Vo = ~Relp = ~Rgig

A simple light-sensing circuit consisting of a photodiode and an inverting op-amp is

shown in Fig. 6.30. The anode terminal of the diode can be connected to either the ground -

or a negative voltage. However, a reverse-biasing voltage will reduce the diode junction ca-
pacitance, which in turn decreases the frequency (or transient) response time of the circuit.




FIGURE 6.30
Photodetector circuit
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Photodiode

+
~Vee - 0=
R, = Rp
=

SOLUTION

EXAMPLE 6.12 ‘ Designing an op-amp photodetector circuit Design a photodetector circuit of the form shown in

Fig. 6.30 to give an output voltage of ~200 mV at an incident power density of DP = 500 nW/cm
The current responsmvxty of the photodiode is D; = 1 A/W, and the active area is a = 40 mm?.
The power produced by the photodiode is

P = Dpa = (500 nW /cm?) X 40 mm? = 200 nW
Therefore, the current produced by the diode is

ig = PD;=1A/W X 200 nW = 200 nA
The output voltage is v, = —Rpig, which, for is = 200 nA and vy = —200 mV, gives

Rg = —vy/ig =200 mV /200 nA = | MQ

Yoltage-Current
Converters

FIGURE 6.31
Voltage-current converter

If the input signal is a voltage source and it is transmitted to a remote load, the load cur-
rent will depend on the series resistance between the input signal and the load. Even a
small drop across the series resistance could significantly change the percentage eiror of
the load voltage Any changes in the load resistance due to wear and tear or temperature
will contribute to the error. The simplest type of voltage-current converter, shown in
Fig. 6.31(a), is a modification of the basic noninverting amplifier shown in Fig. 6. 7(a) The
current through the resistor R, is given by

_Vs" V4 _ Vs

(6.65)

+ VCC

b

Q

(a) Voltage-controlled current source (b) Constant current sink
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dc Voltmeters

FIGURE 6.32
dc veltmeter

dc Millivoltmeters
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Thus, the output current I through the load resistance R depends only on vg and R;, not
on R. For a fixed value of Ry, iy is directly proportional to vg. Note that none of the load
terminals in Fig. 6.31(a) is connected to the ground. That is, the load is floating. The ad-
vantage of this arrangement is that no common-mode signal (i.e., noise) will appear across
the load. 3 .

Op-amps are primarily voltage amplifiers; their current-carrying capability is very
limited. Many applications (such as indicators and actuators) require regulated variable
current, which is beyond the op-amp’s capability. The circuit shown in Fig. 6.31(b) can
provide the load current iy proportional to the input voltage vg. The output of the op-amp
forces the base current through transistor Q,, resulting in a proportional collector current
through Q,, the load R, and R,. The load current ii can be controlled by varying either
the input voltage or the value of R,. The value of the base resistance R must be sufficiently
large to protect the base-emitter junction of Q, and to limit the output current of the op-
amp. Also, the dc supply voltage Vee = Ryip (=vgR, /R)). The load resistance R, is float-
ing. Thus, the circuit cannot be used with a grounded load.

The voltage-current converter in Fig. 6.31(a), which consists of a noninverting amplifier,
can be used as a dc voltmeter, as shown in Fig. 6.32. Since all signals are dc quantities, we
will use uppercase symbols. A moving coil meter with an internal resistance of R is con-
nected in the feedback path. For an ideal op-amp, vq = 0; the meter current is given by

Vg  Vs+vg Vi

X
Iy=lh=—=—"«-= 6.66
MR R, R, o0
which gives the relation between the input voltage and the meter current as
Vg =R 1y (6.67)

Thus, the input voltage Vg can be measured from the deflection of the meter, which is
proportional to I,. If the full-scale deflection current of the moving coil is IMmaxy =
100 pA and R; = 2 MQ, the full-scale reading will be Vs(max) = RllM(max) =2 M X
100 wA = 200 V. :

e +Vee

1Y V. R

m  Ideal coil

The inverting amplifier in Fig. 6.9 can be operated as a dc millivoltmeter, as shown in
Fig. 6.33. This circuit is similar to the optocoupler drive in Fig. 6.29, except that the LED
is shorted, and we expect similar equations. As before, we will use uppercase symbols for
dc quantities. For an ideal amplifier, vq = 0 and J; = 0. The current through R, which is
the same as that through Rp, is

%
R 1

Applying Kirchhoff’s voltage law around the loop formed by op-amp inputs Ry and R,

yields A




FIGURE 6.33
dc millivoltmeter

FIGURE 6.34
Negative impedance
converter
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from which we can find the meter current I
R:+ R R R\ V.
F 2 F F S .
1M=—-R—-—1F=<1+F—>IF=(1+——>— (6.69)
2 2

This equation is the same as Eq. (6.64) for the optocoupler in Fig. 6.29. If Rz >> R,,
which is usually the case, Eq. (6.69) can be approximated by

M7 pir |'s .
.o Ry \R,
from which we can find the input voltage Vs in terms of the meter current Iy
RIRZ
Vg = R Iy (6.71)

= R21M for Rl = RF

If R, = R = 150 kQ, R, = 1 k{}, and the full-scale deflection current of the moving coil
is Ivgmaxy = 100 pA, the full-scale reading will be Vsmax = RZIM(max) =1 k1 X
100 pA = 100 mV.

Some applications (e.g., oscillators, which we will study in Chapter 11) require the
characteristic of negative resistance (or impedance) in order to compensate for any unde-
sirable resistance (or impedance). The op-amp circuit shown in Fig. 6.34 can be employed
to obtain this characteristic. Since the circuit has an impedance Z, all voltages and currents
will have a magnitude and a phase angle. All quantities are expressed in rms values, and
we will use uppercase symbols.

Since vy= 0,

VS=Vx+vd=Vx
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Applying Eg. (6.5) for the noninverting amplifier, we get the rms output voltage:

R i
= _F
\/o—(l-i~Rl>VS .

Since the current drawn by the op-amp is zero, the current J flowing through the imped-
ance Z is the same as the input current I .. That is,

, V.-V R R
s Z Z\ " S OR S ZR, 3
which gives the input impedance Z, as
, Y Z( R,)
w= =2 — (6.73)
in Is RF

If Z is replaced by a resistance R, then Z = R. The circuit will behave as a negative resis-
tance, and Eq. (6.73) becomes

Rl
Zn =Ry, = “R(R—F> (6.74)

Thus, the ratio R,/RF acts as a multiplying factor for R. If R, = Rg =R, Eq. (6.74)
becomes

R, = —-R (6.75)

For example, if R| = R = R = 10 k{), the circuitin Fig. 6.34 will behave as a resistance
of R, = —10 k(L ”

Constant Current It is often necessary to generate a constant current source from a voltage source. The cir-
Sources cuit of Fig. 6.34 can be modified to convert a voltage source to a current source, as shown
in Fig. 6.35(a). One side of the load Z; is connected to the ground. IfRy = Rgand Z = R,
the input resistance becomes R;,, = —R. The circuit inside the shaded area can be replaced
by —R; the equivalent circuit is shown in Fig. 6.35(b). The voltage source V, can be re-
placed by its Norton equivalent, as shown in Fig. 6.35(c). Since the parallel combination
of R and —R is infinite, or an open circuit, Fig.6.35(c) can be reduced to Fig. 6.35(d). The

current flowing into load impedance Z, is simply

— —
[, R I 1
+ +
V.
Vi Z —Rg»f ’ R§ —R§ ZL[]
(b) Equivalent circuit (c) Norton equivalent
I Ll

7O noaf]

(a) Circuit (d) Simpliﬁed equivalent circuit
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 Integrators

FIGURE 6.36
! Noninverting integrator
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~ Thus, the load current I is directly proportional to the input voltage V. and is independent

of the load impedance Z; . To simplify the design, one can choose R, =Rg=R.

The integrators in Figs. 6.11(a) and 6.13(a) invert the polarity of the input signal and thus
require an additional unity-gain inverter to get a signal of the same polarity. The circuit of
Fig. 6.35(a) can operate as a noninverting integrator if the impedance Z; is replaced by a
capacitor, as shown in Fig. 6.36(a). That is,

Ri=Rg=R and Z =X =1/(juC)
Since /; =~ 0, the voltage at the inverting terminal is given by

vt R, _Y% 677
* R +Rz ° R4+R ° 2 )

The voltage across the capacitor is given by

V.=1,27 | ~(6.78)
For an ideal op-amp, vq =~ 0. Thus,

Vo=V +vy=V

X

which, after substitution of V, from Eq. (6.77) and V. from Eq. (6.78), gives

0
or Vo = ZVC = 21LZL (6.79)

Substituting /; from Eq. (6.76) into Eq. (6.79), we get
L, 22V

= 6.80
0 R JwCR (6.30)
which, if converted into the time domain, gives the output voltagé as
2
volt) = — vg(f) di + 2V, (6.81)

CR

where V_ is the initial capacitor voltage at the beginning of integration. The charging of
the capacitor can be represented by an equivalent circuit, as shown in Fig. 6.36(b). Thus,
the capacitor voltage v can be found directly from Fig. 6.36(b) as follows:

1 (. 1
velt) = E f indr+V, = E J vgdt + V (6.82)

Thus, \’0(1) =2, = 2v(0).

4
Z=R§ §RF=R
I, =1
R v s L
—
__’M . + vy - Vi +
I ’Ll f; Yo '
+
R I v .
VSSND C== Xe=0C §Rx =R 'y ® cC=/=V

(a) Circuit ‘ ‘4 (b) Simplified equivalent circuit
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NOTE: Since one terminal of the capacitor C is grounded, the capacitor can be charged easily to
a desired initial condition at.the beginning of integration.

An op-amp circuit can be used to simulate the characteristic, of an inductor. Such an op-
amp circuit is shown in Fig. 6.37(a). It consists of two op-amps. The part of the circuit
within the shaded area is identical to the negative impedance converter of Fig. 6.34; we can
apply Eq. (6.72) to replace it with an equivalent impedance provided we substitute
Z=R3, R =Ry, and Rp=Z. = 1/(jwC). Thus, the equivalent impedance is given by

Z N R 24 6.83
S v

If the circuit within the shaded area is replaced by Z, , the resultant circuit also becomes a
negative impedance converter, as shown in Fig. 6.37(b). Applying Eq. (6.73) gives the in-
put impedance of the circuit:

V. Z
Z,=—-=-R 1(’,7‘2“) (6.84)
S

Substituting Z; from Eq. (6.83) into Eq. (6.84) yields

Vs I R4
Zin == _RI(—'>(_R3)<_)
I R,) "Mz

R\RR,
= jwC TR T Jel, (6.85)
2
where L‘c is the effective inductance given by
R R.R
L =—134¢ (6.86)
(] Rz

Therefore, by choosing the values of Ry, Ry, Ry, Ry, and C, we can simulate the desired
value of inductance L.

FIGURE 6.37 Inductance simulator

+ oy - p— + oy -
I 2
+
o 2]
i i " SRS TN ; ]
Zi Z Z
(a) Circuit (b) Equivalent circuit
» NOTES:

1. From this theoretical development it might appear that inductance simulators could be used in
many applications as a replacement for bulky physical inductors. Because of the physical limita-
tions of op-amps, however, inductance simulators suffer from many drawbacks and do not find
many practical applications.
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2. The op-amp nonlinearities begin limiting the behavior of the inductance simulator at appallingly
low frequencies (even less than 20 Hz), and the inductor does not reduce the current at high fre-
quencies as expected. :

3. Inductors are commonly used in electrical power applications for storing magnetic energy. A sim-
ulated inductor cannot be used to store energy in a magnetic field, so it cannot be used in electri-
cal power circuits (i.e., as a power filter).

EXAMPLE 6.13 ‘

SOLUTION

Designing an op-amp inductance simulator Determine the valiles required for the components
in Fig. 6.37(a) in order to simulate an inductor of L = | mH.

Let Ry = R, = 100 kQ and C = 10 pF. From Eq. (6.86), we get
Ry/Ry = RyR,C/L, = 100 X 10° X 100 X 10° X 10 X 107'2/(1 x 1073) = 100
If R; = 5k, then R, = 100 X 5 = 500 k).

- ac-Coupled

i

| Bootstrapped Voltage

T

' FIGURE 6.38
. ac-coupled bootstrapped
voltage follower

NOTE: To use Eq. (6.86), the designer needs to know the values of five quantities in order to find
the value of L. The designer has to assume four values, and there is no unique solution to this design
problem.

In order to minimize the effect of dc input biasing current on the output voltage of op-
amps, a resistance R, may be connected to the noninverting terminal, as shown in
Fig. 6.38(a). This reduces the effective input impedance of the voltage follower to R,.
However, the input impedance can be increased by the circuit, as shown in Fig. 6.38(b);
an ac equivalent circuit is shown in Fig. 6.38(c) for higher frequencies at which the

N\ +
RX=RF+R1 Vo

C
R,% 2

(b) Bootstrapped voltage follower

AV
Ry
P
s Vd A
- —'§> R,
+
's C~) By + R +
— vs C—v) F A v RF
+ A 1-4, N v's 1 - 1A,

(c) High-frequency equivalent circuit .(d) Equivalent circuit
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capacitors appear as short circuits. The op-amp is operated as a unity follower, which can
be represented by an amplifier of approximately unity gain: A, =~ 1.Rg appears to be con-
nected from the input terminal to the output terminal of the amplifier, and its effect on the

input impedance is the same as the Miller impedance Z,  connected from the input termi-

nal to the ground. The equivalent circuit is shown in Fig. 6.38(d). From Eq. (4.95), Z is
given by

v R

zZ =—=—T_ ) (6.87)
ML -4,

which, for A, = 1, yields Z;, = . Since the amplifier gain is unity, the output voltage
equals the input voltage and there is no voltage drop across Rp. Therefore, no current flows
through Rp, and the input impedance is very high—ideally, infinity. Notice that the volt-
age at the end of R in Fig. 6.38(c) is “pulled up” to the value of the input voltage, thereby
offering infinite input impedance. Because of this “bootstrap” characteristic, the circuit is
known as a bootstrapped amplifier.

KEY POINT OF SECTION 6.5

i+ The three basic op-amp conﬁguratic;ns—ihverting, noninverting, and differential-—can be
i *'  applied to perform various signal-processing functions. ‘

6.6
Circuits with
Op-Amps
and Diodes

FIGURE 6.39
Superdiode

Many applications, such as peak signal detectors, precision rectifiers, comparator circuits,
and limiters, require nonlinear functions. A diode,*however, typically has a finite voltage
drop of 0.7 V, which distorts the output voltage of a circuit with one or more diodes only,
especially for low-voltage signals. Op-amp circuits with diodes can reduce the effect of
diode drop and are used for precision signal processing.

Let us take the op-amp circuit shown in Fig. 6.39(a), in which the diode provides a 5
unidirectional current flow. If the input voltage Vg is negative, the output voltage vop of the - }"
op-amp becomes negative, causing the diode to be reverse biased; no current flows through
the load R because the current i; flowing into the op-amp is zero. Thus, the output volt-
age is zero: v, = 0 for vg < 0. But the voltage Vo Will reach the negative saturation limit
of the op-amp. If the input voltage vg is positive, the output voltage Vg, of the op-amp be-
comes positive, causing the diode to be forward biased and supply the load current ;.

— Vs

(a) Superdiode - (b) Transfer characteristic
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FIGURE 6.40
Positive signal detector

Precision Peak Voltage
Detectors
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Since vy =~ 0 and i, = 0, the output voltage is v, = v for vg = 0. The transfer character-
istic of Vo Versus vg is shown in Fig. 6.39(b).

For the diode to start conduction, only a very small input voltage is required:
Vsmin) = Vb /Ao, where V|, is the diode drop (typically 0.7 V) and A, is the open-circuit
gain of the op-amp (typically 2 X 10%). This circuit exhibits the characteristic of a diode.
However, the effect of the diode drop is negligible. Thus, this circuit is called a superdiode.
The drawback of this circuit is that, for negative values of vg, the voltage vy, will swing
to the negative saturation limit, thereby slowing the speed of op-amp operation.

The value of the most positive of a number of input signals can be detected by the circuit
shown in Fig. 6.40. The inputs to the unity follower are the input signals to be detected.
The diode that has the highest positive signal will conduct, and that signal will appear on
the output of the circuit. The current source I'yc keeps the diode current constant irrespec-
tive of the value of the input signal, and it maintains a constant diode drop. As a result, the
voltage drop across the conducting diode does not vary with variations in the input signal.
Without the current source, the current and voltage of the conducting diode will change
with the level of the most positive voltage, and the output voltage will vary. The unity fol-
lower acts as a buffer stage, providing a very high resistance at the diodes and a very low
resistance at the output. If each diode is replaced by the superdiode shown in Fig. 6.39,
there will be no voltage drop at the diodes; however, this arrangement will increase the

- complexity of the circuit.

. ,Dcﬁl)
= |

A precision peak voltage detector is used in many applications, such as monitoring the
peak temperature of a day (or month) or initiating the action of a device if the signal ex-
ceeds a reference value. The circuit of Fig. 6.41 will detect the peak input voltage. The su-
perdiode circuit allows the capacitor to charge to the peak input signal. The unity follower
offers a high resistance to the capacitor and supplies the capacitor voltage to the output

FIGURE 6.41 ’, Precision peak voltage detector

D,

Vs: Vo

(a) Circuit diagram (b) Waveforms for voltages
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Precision Half-Wave
Rectifiers

‘put of the first op-amp is positive, and diode Dé'conducts. As a result, the voltage v, is

CHAPTER 6 > INTRODUCTION TO OPERATIONAL AMPLIFIERS

without discharging any charge of the capacitor. Resistance R, when connected, will allow
the capacitor to discharge slowly so that the circuit can adjust to a lower input voltage. Oth-
erwise, the capacitor will maintain its previous higher voltage and will not indicate the cor-
rect peak voltage. ‘

A diode requires a minimum voltage, typically 0.7 V, to conduct. In a single-phase half- &
wave rectifier, one diode conducts. If the input voltage is less than 0.7 V, the output of the
rectifier will be zero. Therefore, diode rectifiers are not suitable for rectification of low ;
voltage. An op-amp circuit with two diodes, as shown ih Fig. 6.42(a), can rectify a very
small voltage in the range of wV. The circuit operation can be divided into two intervals: Fq
interval 1 and interval 2. We will consider the circuit operation with a sinusoidal input volt-
age vg = V_ sin wt. ' 5

During interval 1, 0 < wt < 7. The input voltage is positive. The voltage Vo at the
output of the first op-amp is negative, and diode D, is off. Diode D, conducts, and current ‘
iy through R equals input current ig. Since the current flowing into the op-amp is zero,
ig = i;and ’

s

Vg = Rpip + v,

For an ideal op-amp, v = 0, and voltage v, becomes
—vg (for Ry = R, = R, and for vg = 0)

Thus, the output voltage at the output of the second inverting op-amp is

During interval 2, 7 =< wt < 2. The input voltage is negative. The voltage v, at the out-

clamped to approximately the voltage of one diode. Diode D, remains off, and no current .
flows through Ry.. The voltage v, becomes zero. Thus, the output voltage at the output of :
the second op-amp is vy = —vg, = 0.

The output voltage vy, is almost independent of the diode characteristics. This is be
cause diode D, is included in series with the op-amp. Since the op-amp gain is very high, -

FIGURE 6.42 Precision half-wave rectifier

i Rg=R
AN F= R

Vs
Vol
0 Qv_.
wt
Dy Vo2
—i<] M 0
+ + wt
~Vu t | i
Vo2 Vo
R, IRy "1 :
0

(a) Circuit (b) Waveforms
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tending to inﬁnity, the effect of the diode and its voltage drop becomes insigniﬁcant. The
output waveforms are shown in Fig. 6.42(b).

If the directions of the diodes are reversed, the output voltage will correspond to the

. negative part of the input voltage; there is no need for the second inverting op-amp. This

arrangement is shown in Fig. 6.43(a). When the input voltage vg is positive, the voltage
Vo becomes negative, making diode D, conduct and diode Dl turn off. As a result, the
output voltage becomes zero. That is, the output voltage v, = 0 for vg = 0. On the other
hand, when the input voltage vg is negative, the voltage Vo, becomes positive, making
diode D, turn off and diode D, conduct. As a result, the output voltage will be equal and
opposite to the input voltage. That is, the output voltage vy = —vq for vg < 0. The trans-
fer characteristic is shown in Fig. 6.43(b), and the voltage waveforms are shown in
Fig. 6.43(c).

FIGURE 6.43 Alternate precision half-wave rectifier

R
M
D,
R, '_.*
— AAA — = .
D, vg =V, sin wt
Vg Vo
; R HaNu
+ \/ wt
§ Yoi Yo v Yo
R, = (R, I Rp) m
o /\
T 27 ot
. (a) Circuit (b) Transfer characteristic (c) Waveforms

%

The half-wave rectifier of Fig. 6.43(a) can be modified to operate as a precision full-wave
rectifier if we use the following algebraic relationshipf;‘ '
Vo = 2vg — vg = vg for the positive interval of the input voltage

This situation is shown in Fig. 6.44(a). Let us consider the case with R, =R,=Rg=R
and Ry = Ry = 2R. We will divide the circuit operation into two intervals, interval 1 and
interval 2, and use a sinusoidal input voltage vg = V. sin wt.

During interval 1, 0 = wt < 7. Vg is positive, and Voy = —vg. The voltage at the out-
put of the second op-amp can be found from :

R3 R3 :
Vo = —(Ez- Voy T E vs> (6.88)
which, for Ry = R, = 2R and R, = R, becomes
Vo = T 25y —vg = —2(—vg) — vg=vg forvg=0
During interval 2, 7 < wt < 27r. Vg is negative, and Vo, = 0. The voltage at the out-
put of the second op-amp can be found from
Ry Ry
Vo = -—(};2— Vg t E— VS) (6.89)
which, for R; = R, = 2R and R, = R, becomes
Vo = ~2Vgy ~ Vg = —2X0-vg=—vg for vg <0
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FIGURE 6.44 Precision full-wave rectifier

i NS0y

-
(%)

Yol Yoz

Ry = (R Rp)

R, = (R, | Ry Ry NN

T 27 w

(a) Circuit (b) Waveforms

Thus, the output voltage is the inverted version of the input voltage, as shown in

Fig. 6.44(b).
Precision Clamping A precision clamping circuit is sometimes used in signal processing in order to add
Circuits Just enough dc voltage to the input voltage so that the sum never crosses the zero level.

Figure 6.45(a) shows a superdiode circuit with an input voltage vg and a dc reference volt-
age V, ;. As long as the op-amp voltage v, is positive, voy Will be positive and diode D,
will conduct, thereby making the (—) terminal behave as a virtual ground. To consider the
circuit operation, let us take a sinusoidal input voltage vg =V, sinwrand V = 0.
During the interval 0 = wr < 77, vg is positive, v, is negative, v, is negative, and
diode D is reverse biased. No current flows through the capacitor, and it cannot charge.
During the interval 7 < wt < 37/2, vg is negative, v, is positive, vy, is positive, and
diode D, conducts. The (—) terminal behaves as a virtual ground. A charging current flows
through the capacitor, with point A being at a higher potential than point B. The capacitor
is charged to the peak negative voltage V- For th‘,é interval wt > 37w/2, '

Vg =~V +vg) =~V (1 + sin wr)
and diode D remains off. That is, the output voltage Vg is
vo = —vg = V(1 + sin wt) o

The voltage waveforms are shown in Fig. 6.45(b). With a reference voltage of V s the ca-
pacitor will charge to (V,, + V_0), and the output voltage Vo can be expressed by

Vo = Vm sin wt + Vm + Vrcf « (6.90)

' For example, for V, = 10V and V =5V, vg = 10sinwr+ 15V, and for V, =10V
and V= =5V, vy = 10 sin wr + 5 V. If the direction of diode D, is reversed, the ca-
pacitor will charge when v, becomes negative during the interval 0 < wt < 7 /2. The out-

put voltage will then be reversed. That is,
v = —(V,, sinwt + Vi, + Vier)

A resistor R, represented in Fig. 6.45(a) by a light line, can be connected across the
capacitor so that the capacitor can discharge slowly and the circuit can adjust to an input
voltage of lower amplitude. The resistor can also provide a path for the dc biasing current
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i

; FIGURE 6.45 vs
i Precision clamping circuit v, | Viee =0
0 . S +
\ \ wt
Ye
Vaml
Yo wt
2v, \
Va // \
0 T 27 3 wt
R (b) Waveforms
,,,,,,,,,,, AAN——

Vo = V(1 + sin wr) + V¢

50

vo = \702

(c) Buffered circuit diagram

of the op-amp. As shown in Fig. 6.45(c), voltage followers may be connected to the input
and output sides so that the clamping circuit draws no current from the signal source and
can deliver load current without affecting the charge on the capacitor.

‘ FiXéd-Voltage Limiters A limiter restricts the output voltage to a specified value. A negative output voltage can be
- limited approximately to zero by connecting a diode across the feedback resistor Ry of the
inverting amplifier in Fig. 6.9, as shown in Fig. 6.46(a). If the input voltage vg is positive,
the output voltage v, tends to be negative, and diode D, conducts, limiting the output to a
negative value —Vp, of the diode voltage drop. If the input voltage is negative, the output

FIGURE 6.46
Negative voltage limiter

Vs

R = (R | Ry)

(a) Circuit (b) Transfer characteristic
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FIGURE 6.47

Positive voltage limiter Yo
Vb
0 ys
R
: slope = —~ —&
Vo Ry
Ry = (R || Rp)
(a) Circuit (b) Transfer characteristic

voltage becomes positive, and the diode is reverse biased. The output voltage follows the
input voltage with a change in polarity. The transfer characteristic is shown in Fig. 6.46(b).
If the direction of the diode is reversed, as shown in Fig. 6.47(a), the positive output volt-
age is limited to Vi,, as shown by the transfer characteristic in Fig. 6.47(b).

Adjustable Voltage Output voltage can be limited to an adjustable level by choosing resistors with appropriate

Yy j g p

Limiters values. A circuit that limits the negative output voltage is shown in Fig. 6.48(a). If the
output is positive, diode D, is reverse biased, and the circuit operates as an inverting

FIGURE 6.48 Adjustable negative voltage limiter
+ Vi

+
Y, =V
%
(b) Thevenin's equivalent
Yo :
Ry {
slope = = —*& %
R, Vs(max) ° 5
b0 +
¥ ’ slope = — Ry s
y vo . -3
Rx = (Rl " RF) O(min)
- - Vs;\l T o

(c) Equivalent circuit (d) Transfer characteristic
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amplifier. If the output voltage is negative, its transfer characteristic changes its slope at
VO(min) 3nd then varies with a slope of =R,/ R,. The circuit operation can be divided into
two intervals: interval 1 and interval 2.

During interval 1, diode D, is reverse biased and remains off. The circuit operates as
an inverting amplifier, and the slope of the transfer characteristic is —Rg/ R,.

During interval 2, diode D ; conducts, and the limiting circuit is active. Let Vp be the
forward diode drop. D, is turned on when the potential V, becomes —V,,. Voltage V, can
be found from Thevenin’s equivalent circuit, as shown in Fig. 6.48(b). By the superposi-
tion theorem (considering sources vo and V, separately), Thevenin’s equivalent voltage is
given by ‘

R,y RV
Vpp = =20 4 _"3%A
R2+R3 R2+R3

Diode D1 turns on when VX = —VD. That is,

: R,y R,V

V= —Vp= Vg = R, 113 Rzi‘;‘% (6.91)
which gives the negative clamping output voltage VO(min) 8

Vomin = Vo = ~Vp = (Va + Vp) % = “VD(I + %) - VA%- (6.92)

2 2 2
from which the positive input voltage corresponding to VO(min) can be found:
R, Ry [ R, Ry |
‘%mur=‘;;%mmn=;;[;;%a+(l+;gy®] (6.93)

Vo, — D) acts a reference voltage Vref‘ Then vg can be compared to Vref' Vs(max) is the
threshold voltage at which the change of slope takes place. The equivalent circuit in
Fig. 6.48(c) has two input signals, vgand (Vo — Vp), and it can be characterized as a sum-
ming amplifier. The output voltage during the clamped condition can be expressed as

Rev R Ryvg RV
vo= B ___Fr ( 0. _RiVa +VD)
Ry RyllRy) \Ry+ Ry~ R, +R,

which, after solving for Vo, gives

) 1 [@ JR @ﬂv] 694)
=1V - R 3
©  1+Ry/Ry [R5 R, AT RRy P

For R./ R3 >> 1, which is normally the case, Eq. (6.94) is reduced to

e By (1+R3>V for v >0 (6.95)
vO="'—"'v - A'— - D OrvS ’ .
R, S Ry R,
which describes the transfer characteristic of the limiter, as shown in Fig. 6.48(d). The
slope beyond the break point is ~Ry/ Ry, and this slope should be made small by choos-
ing Ry >> Rj. Note that | Vg, | must be less than the saturation voltage | Vou| of the
op-amp.
The positive voltage can be limited by adding another diode D,, as shown in
Fig. 6.49(a). V, and V, limit the negative voltage and positive voltage, respectively. Vy can
be found from Eq. (6.91):

D Thl
y | Ry+Rs Ry + R

(6.96)
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Similarly, the positive clamping voltage can be found from Eq. (6.92):

vO(max) =Vo = vD + (VB + VD) —RZ = VD 1+ R_4 + VB ‘E; (6.97)
The negative input voltage corresponding to VO (max) can be found from
Rl Rl RS R5
VS(min) = -R_l‘ VO(max) = —.R_F— —R:; Vg +{ 1 + E Vb (6.98)

(Vi1 — Vp) acts a reference voltage Viet1- Then vg can be compared to Vief1- VS(min) is
the threshold voltage at which the change of slope takes place. Using Eq. (6.94), we can
find the output voltage during the positive voltage clamping to be
Rs Ry Rs\

which describes the transfer characteristic of an adjustable positive and negative voltage
limiter, as shown in Fig. 6.49(b). This is a practical limiter and is commonly used. It is also
called a soft limiter, since the output voltage will increase slightly if the input voltage is
increased beyond the break points. All dc supply voltages of the limiter are generally made
the same magnitude. That is, V, = Vg = Vee = Ve

FIGURE 6.49 Adjustable positive and negative voltage limiter

+VA V()
VO(max)
slope = ——3 R
R slope = —RE
1 — 91ope RI
VS(max)
Vstmin) Vs
& /slope = —%
VO(min)‘
—Veg 1
v Eq. (6.99) +— | — Eq. (6.95)
~ VB
(a) Circuit (b) Transfer characteristic

EXAMPLE 6.14 ‘

SOLUTION

Designing a negative voltage limiting circuit Design a negative voltage limiter as shown in
Fig. 6.48(a) for V, = 12 V. The circuit should limit the negative output voltage to VO(min) =-5V.
The voltage gain without limiting is A¢ = —4. The diode should be fully turned on at a forward cur-
rent of i, = 0.1 mA, and its forward voltage drop is Vp = 0.7 V. The slope after the break point is
to be limited to —1/20. Determine the values ole, Ry, Ry, and Rg.

Equation (6.93) gives the diode current at clamping as

. _ VngaxQ - __L v
Ip= R, = R Otmin)
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s0 0.1 % 107% = —(~5)/Rg
or R =50k
Since A= —4 = —R./R,,
R, =Rp/4=50k/4 = 12.5kQ)
Since slope § = —R3/R] = —1/20,
Ry=R,/20 = 12.5k/20 = 625 ()
From Eq. (6.92),
=5=-0.7 = (12 + 0.7) Ry /R,
R3/Ry = 0.3386
R, = Ry/0.3386 = 625/0.3386 = 1846 )

EXAMPLE 6.15 ‘

SOLUTION

Finding the limiting voltages of an op-amp limiting circuit The adjustable limiter in Fig. 6.49(a)
has R, = ISkQ,RF=60kQ,R2=4kQ,R3= Tk}, Ry =5kQ,Rs =1k, V, =15V, ~Vg =
—15V, and V = 0.7 V. Determine (a) the positive clamping voltage V0 (max) and the corresponding
input voltage VS(min)’ (b) the negative clamping voltage VO(min) and the corresponding input voltage
Vs(max)» @nd (c) the output voltage when the input voltage is vg =5 V.

R, =15 k{), R = 60 kQ, Ry, =4k, Ry=1kQ, Ry =5 ki), Ry =1 k1), Va=15V, —Vg =
=15V, V5 =0.7V, and vg=35V.
(a) From Eq. (6.97),
Vo(max) =07+ (15+07)X1k/5k=384V
From Egq. (6.98),
VS(min) = —Vo(max) Rl/RF = —-384 X 15k/60k = —-096V
(b) From Eq. (6.92),
VO(min) =-07-(5+07)X1k/4k = —4.625V
From Eq. (6.93), v
ﬁVS(max) = _VO(min) Rl/RF =4.625 X 15k/60k = 1.15625 V
(c) From Egq. (6.95),
v = —5 X 1k/15k — 15X 1k/4k— (1 +1k/4k) X 0.7=-4958V

EXAMPLE 6.16 ‘

SOLUTION

Designing an adjustable voltage limiting circuit

(a) Design an adjustable limiter as shown in Fig. 6.49(a) to satisfy the following specifications:
Va =12V, =V = —12V, Vominy = 3V, VO(max) = 6V, voltage gain A; = —4, slope after break
with a positive input (for vg > 0) = Sy = —1/20, and slope after break with a negative input (for
vg <0) = §, = —1/25. Assume that the diode is fully on at a diode current of ip = 0.1 mA and the
corresponding on-state diode voltage is Vp =07V

(b) Use PSpice/SPICE to plot the transfer characteristic Vo versus vg = V(6). Assume V- = 12V
and —Vpe = —12V.

(a) The steps in completing the design are as follows.
Step 1. The:diode current can be related to Vo and R by

(min)

V, .
. O(min) -5
ip=———"— or 0.l mA = ——
| Ry Rg
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which gives R = 50 k(2.

Step 2. The voltage gain Agis given by

- % or —4 = R
i 1

which gives R, = 12.5 k().

Step 3. The slope after break with a positive input (for vg > 0) is

Af=

ss=- B _L___ R
1 R, 20 12.5 kQ
which gives Ry = 625 Q. o
Step 4. The slope after break with a negative input (for vg < 0)is
=B . _L___&
2. R 25 125k0
which gives Ry = 500 ().
Step 5. The value of R, can be found from Eq. (6.92):
R 625
Vomim=~Vp~ (Va+Vp) == o =5=—07—(12+0.7) ==
Ry R,
which gives R, = 1846 (). !
Step 6. The value of R, can be found from Eq. (6.97):

B Ry " 500
Vo = Vo + Vp + Vp) 2 or  6=07+ (240722
4 4

which gives R, = 1198 ().

(b) The limiter circuit for PSpice simulation is shown in Fig. 6.50. The list of the circuit file is as
follows.

Example 6.16 Voltage Limiter
Vs 1 0 DC 6V

vcc 7 0 DC 12v

VEE 0 8 DC 12v

VA 9 0 DC 12v

VB 0 10 DC 12V

RF 3 6 50K

R1 1 3 12.5K

R2 4 9 1846

R3 4 6 625

R5 5 6 500

R4 5 10 1198

RX 2 0 10K

D1 3 4 DMOD ; Diode with model DMOD

D2 S 3 DMOD

.MODEL DMOD D ; Diode model with default parameters -

.LIB NOM.LIB ; Referring to PSpice library file NOM.LIB for .
; UA741 op-amp model ?

XAl 2 3 7 8 6 UA741 ; Subcircuit call for op-amp UA741 'ﬂ

* vi+ vi- +vcc -vee vo W

.DC Vs -6V 6V 0.05V ; dc sweep for -6 V to 6 V

.PROBE ; Graphics post-processor

.END




ii Cph

 Zener Voltage Limiters

SECTION 6.6 > CIRCUITS WITH OP-AMPS AND DIODES 315

FIGURE 6.50 Limiter circuit for PSpice simulation

9
D, ‘ R,
DIN4148 1846 ()
Dt g‘
R +
Rr 3 __‘_ v
—AW——— -
3
U,
Vo

The transfer characteristic (for EX6-16.SCH) is shown in Fig. 6.51, which gives Vsimaxy = 167V,
VS(min) = —-191V, vO(max) = 7.5 V (expected value is 6 V), and VO(min) = —6.4V (expected value
is —5 V). The discrepancies between the design values and the PSpice results may be attributed to
the use of an ideal op-amp versus a macromodel and the use of a specific diode versus a diode of
type DIN4148. If we run the simulation using EX6-16.CIR, the PSpice and calculated values will
agree more closely.

FIGURE 6.51 PSpice transfer
characteristic for Example 6.16

111
(il i
e onr

U,

The output can be limited by adding two zener diodes across the output terminals of a non-
inverting or an inverting amplifier. An arrangement for a noninverting amplifier circuit is
shown in Fig. 6.52(a). Zener diodes limit the output voltage between —(V,, + Vp) and
(Vz, + Vp), where V) is the voltage drop of a zener diode in the forward direction. Without
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FIGURE 6.52
Output voltage clamp
circuit with zener diodes

1
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zener action, the output voltage can be found by using Eq. (6.5) for the noninverting
amplifier:

R
F
Vo = (] + ——-)vs
RI

If the output voltage is to be limited to a maximum voltage VO(max) =vo =z +Vp)

and a minimum voltage vO(min) =V = ~(Vgyy + V), it can be expressed as
Y21 * Vb = Vo max) for vo > Vo max)
=1 "Wz V) = Vo forvg < VO (miin)
(Vo= R
F
(1 + E) Vg for VO(min) Sy = VO(max)

vo
(Vp + V1) -
+
Vs

® 0 Vg

slope = | + =E

Rp R,

T —(Vp + Vg
(a) Circuit - (b) Transfer characteristic

EXAMPLE 6.17 *

SOLUTION

Designing a zener voltage clamping circuit Design an output voltage clamping circuit as shown
in Fig. 6.52(a) so that the normal slope of the transfer characteristic is § = vo/vS = 10, VO(max) =
5.7V, and VO(min) = —7.7V. Determine the zener voltages V, and sz. Assume Vp =07V,

Vo(max) = 5.7V, and VO(min) = —7.7} V. Since § =1+ Re/R, = 10,
R:/Ri=10-1=9
IfR, = 5kQ,
Rp=9 X5k =45k
Since VO(max) = (Vg + Vp),
V21 = Vouman — Vp=57-07=5V
Since Vo iny = = (Vo + Vo),
Y22 = ~Vogminy + Vp) = —(=77+ 07 =7V

Hard Limiters

The limiter in Fig. 6.49(a) can be made to switch between VO(min) and VO(max) if the in-
put voltage vg becomes greater than zero or less than zero, respectively. This can be ac-
complished by making the feedback resistance R in Fig. 6.49(a) very large, tending to in- ;
finity. That is, for R = =, the gain of the circuit becomes very large, tending to infinity,
and the output voltage becomes VO(min) ifvg > 0 and Yo(max) if Vs < 0. The circuit shown
in Fig. 6.53(a) compares the input signal vg with the reference signal Vier = 0, and if the
input signal is greater than or less than zero, the output changes its value. This circuit is
known as a hard limiter.

f




FIGURE 6.54
Zener hard limiter
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FIGURE 6.53 Hard limiter

Yo
. R
slope = — -Ell - Vormax)
0 Vg

Vo(min) ‘% S
R

— VEE 3

(a) Circuit : (b) Transfer characteristic

The equations given earlier for adjustable voltage limiters can be applied to the lim-
iter in Fig. 6.53(a), except that Rp = o and the gain A; = —Rp/R, is very large, tending
to infinity. The transfer characteristic is shown in Fig. 6.53(b). The voltage limiting
can also be accomplished by connecting two zener diodes, as shown in Fig. 6.54(a), for
which Vo(max) = (VZ‘1 + Vp) and vO(min) = —(Vz, + Vp). Practical circuits exhibit finite
slopes beyond the breaks because of the finite resistances of the zener diodes. These
finite slopes are represented in Fig. 6.54(b) by light lines.

Yo

AAA =T Vomax = (Vb + Vzp)

+
Vs _CP v Vomimg = —(Vo + Vz2) \
ﬁni®

(a) Circuit (b) Transfer characteristic

EXAMPLE 6.18 ‘

SOLUTION

Designing a hard voltage limiter

(a) Design a hard limiter like the one in Fig. 6.53(a). The circuit should limit the negative output
voltage to Vo(miny = —5 V and the positive output voltage to Yo(max) = 3 V- The magnitude of the
slopes after the break points should be less than or equal to 1/20. The diode drop is V[, = 0.7 V. The
dc supplies are given by V, = V = 12 V. Determine the values of Ry, Ry, Ry, Ry, and R

(b) Use PSpice/SPICE to plot the transfer characteristic. Assume Vec = 12V, =Vgg = —12V, and
vg = —6t06V.

(a) Choose R| = 10 k{). Since the slope §; = RB/RI = 1/20,
Ry =R,/20 = 10kQ,/20 = 500 Q1
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From Eq. (6.92),
—5=-07-(12+ 0.7)R3/R2
Ry/R, = 03386
R, = 1477 Q
Since the slope S, = Rs/R, = 1/20,
Rs = R,/20 = 10 kQ/20 = 500 (1
From Eq. (6.97),
5=07+ (12 + 0.)Rs/R,
Ry/R, = 0.3386
R, = 1477 Q

(b) The hard limiter for PSpice simulation is shown in Fig. 6.55. The list of the circuit file is as
follows.

Example 6.18 Voltage Hard Limiter
Vi 1 0 pC 6v
VCC 7 0 DC 12v

VEE 0 8 DC 12V

VA 9 0 DC 12v

VB 0 10 DC 12v

R1 1 3 12.5K

R2 4 9 1477

R3 4 6 500

RS 5 6 500

R4 S 10 1477

RX 2 0 10K

D1 3 4 DMOD ; Diode with model DMOD

D2 5 3 DMOD i

.MODEL DMOD D ; Diode model with default parameters
.LIB NOM.LIB ; Referring to PSpice library file NOM.LIB for

; UA741 op-amp model

FIGURE 6.55 Comparator circuit for PSpice simulation

9
D, R,

D1IN4148 1477 Q1
N

D, Rs =B
DIN4148 500 T-12V
K3 5
<
. I?4
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XAl 2 3 7 8 6 UA741 ; Subcircuit call for op-amp UA741
* vi+ vi- +vcc -vee vo

.DC VI -6V 6V 0.05V ; dc sweép from -6 V to 6 V
.PROBE : _ ; Graphics post-processor

.END '

The transfer characteristic is shown in Fig. 6.56, which gives Vsmaxy = 107V, Vs(mm) —0.96V,
VO(max) = 4.54V, and Vo(miny = —4-61 V. Discrepancies between the design values and the PSpice
results come from use of an ideal op-amp versus a macromodel and use of a specific diode versus a
diode of type D1N4148. If we used ideal diodes, the transfer characteristic would be sharper.

FIGURE 6.56 PSpice transfer
characteristic for Example 6.18

1y ,
Dt i
EEUISIS IR
By

KEY POIN'I‘S OF SECTlON 6 6

g

"rents m a c1rcu1t Howe{'er, wh
circuit, the effective voltage drop
G callcd a superdlode.

6.7
Op-Amp Circuit
| Design

So far, we have designed numerous op-amp circuits. Once the circuit configuration was
known, the task was to find the component values. Since the output is dependent mostly
on external components, one often has to choose some components before a final solution
can be found. Generally, in a practical design problem, the circuit diagrams are not known.
A designer must decide on the type of configuration, and alternative solutions are possible.
In addition, like any other design problem, designing an op-amp circuit requires weighing
alternative solutions and comparing complexity and costs. The demgn sequence can be
summarized as follows:

Step 1. Study the problem.

Step 2. Create a block diagram of the solution.
Step 3. Find a hand-analysis circuit-level solution.
Step 4. Use PSpice/SPICE for verification.

Step 5. Construct the circuit in the lab and take measurements.
1
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EXAMPLE 6.19 ‘ Designing a proportional controller A control system requires a proportional controller that will

m produce v, = 5 V if the error signal ve =0,vg=0if v, < —0.1V, and vo=10Vifv,=0.1V.
} These requirements are graphed in Fig. 6.57. Design a circuit that will implement this control
Strategy.

FIGURE 6.57 Proportional controller

Vrcf + Ve
“Fre
Problem: v, = SOV, 1~ 50vg + 5
SOLUTION Step 1. Study the problem. The output voltage is related to the error voltage by ' ‘

Vo = 50v, + 5 = 50(V,pe = vg) + 5= 50V, — 50vg + 5

Step 2. Create a block diagram of the solution. The problem requires a summing amplifier, as shown
in Fig. 6.58(a). Since the signal vg is expected to be positive, we also need an inverter.

Step 3. Devise a hand-analysis circuit-level solution. The inverting summing amplifier and the cir-
cuit implementation are shown in Fig. 6.58(b). Let R, = R, =10k, R = 50R, = 500 k{2, and

R3 = Rp = 500 k2. Choose Ve = 12 V. Since the maximum output voltage is 10V, there is no need
for a voltage-limiting circuit.

to 5.2 V in increments of 0.05. Invoke dc sweep with the following statement:

Step 4. Use PSpice/SPICE for verification. You are encouraged to plot v, against vg forvg =48V

-DC VS 4.8 5.2 0.05 J

FIGURE 6.58 Solution to Example 6.19

Vo = Yo
(a) Block diagram
-12V
I—S \% Ry =Rp R
-12V +Vee
Ry =R, 12V
s
Yo

(b) Circuit implementation
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An op-amp is-a high-gain differential amplifier that can be used to perform various functions in elec-
tronic circuits. Op-amps are normally used with a feedback circuit, and the output voltage becomes
almost independent of the op-amp parameters. The basic configurations of op-amp amplifiers can be
used in many applications such as integrators, differentiators, inductance simulators, meters, lim-
iters, detectors, comparators, and precision rectifiers.

The analysis of an op-amp circuit can be simplified by assuming ideal characteristics. An ideal
op-amp has a very high voltage gain, a very high input resistance, a very low output resistance, and
a negligible input current. The characteristics of practical op-amps differ from the ideal characteris-
tics, but analyses based on the ideal conditions are valid for many applications and provide the
starting point for practical circuit design. Although the dc model of op-amps can be used to analyze
complex op-amp circuits, it docs not take into account the frequency dependency and op-amp
nonlinearities. If the op-amp is operated at frequencies higher than the op-amp break frequency, the
effect of frequency dependency should be evaluated.

The op-amp macromodel gives better accuracy. However, the student version of PSpice allows
simulation of an amplifier with only one op-amp. If the limit is reached, then use of the ac model is
recommended. The dc model should be the last choice unless the input signal is dc.
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What are the characteristics of an ideal op-amp?

What is the minimum number of terminals in an op-amp?

What is the typical open-loop voltage gain of an op-amp?

What is the iypical input resistance of an op-amp?

What are the saturation voltages of an op-amp?

What is the purpose of supply voltages in an op-amp?

What is the PSS of an op-amp?

What is the CMRR of an op-amp?

What is the difference between a closed-loop gain and an open-loop gain?
What is the virtual ground of an op-amp?

What is the integration time constant?

What is the frequency response of an integrator?
What is the differentiator gain constant?

What are the problems of a differentiator?

What is the frequency response of a differentiator?
What is a voltage follower?

What are the advantages of a voltage follower?
What is the significance of negative resistance?
What is a weighted summing amplifier?

What is a voltage limiter?

What is a soft limiter?

What is a clamper?
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23.

25,
26.
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What is a comparator?

What is a limiting comparator?

What are the advantages of precision rectifiers?
What is a superdiode?

Problems

6.1

6.2

6.3

6.4

6.5

6.6

6.7

The symbol I indicates that a problem is a design problem. The symbol [ indicates that you can
check the solution to a problem using PSpice/SPICE or Electronics Workbench.

6.2  Characteristics of Ideal Op-Amps

The op-amp in Fig. 6.1(a) has an open-loop gain of A, =2 X 10°. The input resistance is R, =
2 M. The de supply voltages are Vee=15Vand =V = —15V.

(a) What value of vy will saturate the amplifier?
(b) What is the value of op-amp input currents i;?

The op-amp shown in Fig. P6.2 is used as a noninverting amplifier. The values are A, = 10%, Vee =
12V, and ~Vgg = —12V.If vg = 50 pV, determine the output voltage vo-

FIGURE P6.2

vy

The op-amp shown in Fig. P6.3 is used as an inverting amplifier. The values are A, = 10°, Vee =
12V, and —Vgp = ~12 V. If vg = 10 uV, determine the output voltage vo-

FIGURE P6.3

The op-amp in Fig. 6.3(a) has the following specifications: A, =2 X 10°, R, =2MQO, R =750,
Vec = 15V, =Vge = ~ 15V, and maximum output voltage swing = 14 V.Ifv, =0Vandv_ =
2 sin 3771, plot the instantaneous output voltage v,

The op-amp in Fig. 6.3(a) has the following specifications: A =2X 10°, i =2MQ, R =175Q,
Vec =15V, —Vgg = — 15V, and maximum output voltage swing = *14 V. If v, =75 uV and
v_ = —25 nV, determine the output voltage Vo

6.3 Op-Amp PSpice/SPICE Models

Develop PSpice/SPICE subcircuits for the dc model (in Fig. 6.5) and the ac model (in Fig. 6.6) for
the LF411 op-amp. The parameters are R, = 1012 , R,=500Q,A =2X 10%, break frequency
fy = 20 Hz, and unity-gain bandwidth Jow = 4 MHz. Assuime dc power supply voltages of 15 V.
Develop PSpice/SPICE subcircuits for the dc model (in Fig. 6.5) and the ac model (in Fig. 6.6) for
the LM324 op-amp. The parameters are Ri=2MQO, R =500,4 =2X 10°, break frequency
Jy = 4 kHz, and unity-gain bandwidth f, = 1 MHz. Assume a dc supply voltage of +15 V.
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6.4  Anadlysis of Ideal Op-Amp Circuits

Design a noninverting amplifier as shown in Fig. 6.7(a) to provide a closed-loop voltage gain of
A = 100. The input voltage is vg = 100 mV with a source resistance of R, = 1 k(). Find the value
of output voltage v,. The dc supply voltages are given by Vee = Veg = 15 V. Assume an ideal
op-amp.

With the design values in Prob. 6.8, find the output voltage vo. the input resistance R, = vs/is, and

the output resistance R_, under the following conditions:

@ A,=25x10% R, =10'2Q, and R, = 50 O
(b) A, =5X 10°, R, = 10'2Q, and R, = 50 Q2
(c) Use PSpice/SPICE to verify your results in parts (a) and (b).

Design a noninverting amplifier as shown in Fig. 6.7(a) by determining the values of R; and R,. The
closed-loop gain should be A; = 10. The input voltage to the amplifier is vg = 500 mV, and it has a
source resistance of 200 {). What is the value of output voltage vo?

The input voltage to the noninverting amplifier in Fig. 6.7(a) is shown in Fig. P6.11. The source re-
sistance Ry is negligible, Rp = 20 k2, R, = 5kQ, Vee = 15V, and = Vg = —15 V. Plot the output
voltage vq if R = 20 k(2 and R; = 5 kQd.

FIGURE P6.11

vg (in V)

10+ '

N AR N

O 2 476 8 10 12 14 16 1(inms)

The noninverti‘hg op-amp amplifier in Fig. 6.7(a) has an open-loop gain of A, =5X 10°%, R =
10 k€Q, and R, = 30 k(2. Calculate (a) the closed-loop voltage gain Ay, (b) the output voltage v, and
(c) the error in output voltage ifAO is assumed to be infinite.

The input voltage tothe noninverting amplifier in Fig. 6.7(a) is vg = 10 sin (20007¢t). The source re-
sistance R, is negligible. If R = 20 k), R; = § kQ7 Ve = 15V, and = Vg = =15V, plot the out-
put voltage vy,

A voltage follower is shown in Fig. P6.14. The op-amp parameters are A, =5 X 105, . =154,
and R; = 2 M(). The input voltage vg is vg = 5V, and R; = 10 k{). Find the output voltage v, the
input resistance R, = vg/ig, and the output resistance R,

FIGURE P6.14

i
s, R,

v
R '—'—,S‘
Is

A transducer produces a voltage signal of vg = 50 mV and has an internal resistance of R, = 5 k().
Design the inverting op-amp amplifier of Fig. 6.9 by determining the values of Ry, R, and R_. The
output voitage should be v, = —5 V. The current drawn from the transducer should not be more than
20 pA. Assume an ideal op-amp and Vo = Vige = 12'V.
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A ¢.16 With the design values in Prob. 6.15, find the value of output voltage v, the input resistance R, =

vg/ig, and the output resistance R, under the following conditions:
@ A, =25X 10%, R; = 10" 2, and R, = 50 Q)
(b) A, =5% 10>, R; = 10'2Q, and R, = 50 O
(¢) Use PSpice/SPICE to verify your results in parts (a) and (b). ) g

6.17 The inverting amplifier in Fig. 6.9 has Ry =5k, Rp ==, R, =5 kQ, Vec =15V, =V =
—15 V, and maximum output voltage swing = *14 V. If vs = 200 mV, determine the output

. voltage v, o

6.18 The inverting amplifier in Fig. 6.9 has R, = 10k}, R = 50 k(2 and R, = 8.33 k(). The op-amp

has an open-loop voltage gain of Aj =2 X 10°. The input voltage is vg = 100 mV. Calculate (a) the

closed-loop gain A;, (b) the output voltage Vo and (c) the error in output voltage if the open-loop
gain A is assumed infinite.

6.19 Two transducers produce voltage signals of Vp = 200 mV and v, = 220 mV. Design a differen-
tial amplifier as shown in Fig. 6.10 to produce an output voltage lvol =5 V. Assume an ideal
op-amp and Vo = Vi = 12V

6.20 With the design values in Prob. 6.19, find the value of output voltage v, under the following condi-

tions of the op-amp:

@ A, =25x10*and R, = 102 0

(b) A, =5x10*and R, = 102

(c) Use PSpice/SPICE to verify your results in parts (a) and (b).

6.21 (a) Design a differential amplifier as shown in Fig. 6.10 to give a differential voltage gain of
Afl = 200. The input voltage are v, = 70 mV and v, = 50 mV. Assume an ideal op-amp and
Vee = Vgg = 12V, :
(b) Calculate the error in output voltage if the open-loop gain is A, =5X 10°.
6.22 The values of the differential amplifier in Fig. 6.10 are A, =5X 10°, Ry =5 kf}, Ry = 50 k{),
R, = 2k}, and R, = 20 kf). The input voltages are v, = 5 mV and v, = —15 mV. Find the output
voltage v, ; ‘

» 6.5 Op-Amp Applications ’}

6.23 The integrator in Fig. 6.13 has Vee =15, —Vgg = — 15 V, maximum voltage swing = 14 V,
Cg=0.01 pF, R| =1 k), and Rp = 1 M{). The initial capacitor voltage is Veo = 0 V. Draw the
waveform for the output voltage if the input voltage is described by

1V for0=:<Ims
_J-1V fori=r<2ms
STV for2s=:t<3ms
=1V for3=sr<d4ms

6.24 The imegratér in Fig. 6.13 has Vee =15, —Vgg = —15 V, maximum voltage swing = *14 V,
Ce=0.1 pF, R; = 10 k{2, and Rp =1 M(). The initial capacitor voltage is Veo = 0 V. Draw the
waveform of the output voltage for the input voltage shown in Fig. P6.24.

FIGURE P6.24
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6.25 The imegratd'r in Fig. 6.13 has C. = 0.01 pF, R, =10 k{}, and R = 1 M(Q. The open-loop volt-
age gain of the op-amp is A, =5 X 10%. Use Miller’s theorem to find the 3-dB frequency of the
integrator.
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Design an integrator as shown in Fig. 6.13 to be opemted with an ac signal of 5 kHz and to give a

voltage gain of 10 at w = | rad/s.

(a) Design a differcntiator as shown in Fig. 6.21(a) to satisfy the following specifications: maximum
voltage gain of/\'-("m) = 20 and gain limiting frequency £ = 10 kHz. Determine the values of
R|. Ry, and C,

(b) Use PSpice/SPICE to check your results by plotting the frequency response in part (a).

The differentiator in Fig. 6.21(a) has R, =2k, R = 10k, and C, = 0.01 pF. Determine (a) the

differentiator time constant 7, (b) the gain limiting frequency fp, and (¢) the maximum closed-loop

voltage gain Afimax)

Design an instrumentation amplifier as shown in Fig. 6.24 to give a differential voltage gain Af

between 500 and 1000.

Design an instrumentation amplifier as shown in Fig. 6.25 to give a fixed differential voltage gain of

Ap = 1750.

The noninverting summing amplifier in Fig. 6.26 has R, = R, = R_ = 20 kQ1, R. = 40 kQ, Ry =

20 kQ, v, =2V, = =3V, ve = =2V, Vee = 15V, ~Vip = =15V, and maximum voltage

swing = 14 V. Determine the output voltage v,.

The inverting summing amplifier in Fig. 6.27 has R, = R = R3 =20 k), Rp =40 kQ, R, =

571k, vy =2V, vy = -3V, vy;=-2V, Vee =15V, ~ = — 15V, and maximum voltage

swing = * 14 V. Determine the output voltage v,

Design an add-subtract summing amplifier as shown in Fig. 6.28 to give an output voltage of the

form vy = 5v, + 7vy + 3v, — 2v| — v, — 6v4. The equivalent resistance R, should be set to 20 k().

Design an add-subtract summing amplifier as shown in Fig. 6.28 to give an output voltage of the

form vy = 5v + 9y + 3v. = 8y — 2w, — 6v;. The minimum value of any resistance should be
R_. =20k().

min
Design an optocoupler drive circuit as shown in Fig. 6.29 to produce a drive current of 500 mA from
a signal voltage of 10 mV.
Design a photodetector circuit as shown in Fig. 6.30 to give an output voltage of 1 V at an incident
power density of Dy, = | wW/em?. The current responsitivity of the photodiode is D; = 1 A/W, and

the active area is ¢ = 40 mm?,

The voltage-to-current converter in Fig. 6.31 has R| = R = 10 k() and v = 200 mV. Determine the
load current 7| .

The full-scale current of the moving coil for the dc V()ltmcler in Fig. 6.32 is Iy = 200 pnA. Deter-
mine the value of R, to give a full-scale reading of Vg = 300 V.

Design a dc millivoltmeter as shown in Fig. 6.33. The full-scale current of the moving coil is I =
0.5 nA. Determine the values of Ry, R, and R, to give a full-scale voltage reading of Vs =200 V.

Design a negative impedance converter as shown in Fig. 6.34 by determining the component values
such that the input resistance will be Z; = R, = —15 kf).

(@) The noninverting integrator in Fig. 6.36(a) has Ve = 15V, —Vgg = =15V, maximum voltage
swmg =*14V, C=00! pF, and R| =R =R=1 MfL. The initial capacitor voltage is
= 0V. Draw the waveform for the output voltage if the input is a step voltage described by

=1V fort=0
(b) Use PSpi’ce/SPlCE to plot the output voltage in part (a).

Design an inductance simulator as shown in Fig. 6.37 by determining the values of components. The
inductance should be L, = 2 mH.

(‘

6.6 (Circuits with Op-Amps and Diodes

(a) The precision full-wave rectifier in Fig. 6.44(a) has R; = R, = Rg = R=10k(), Ry = 40 kQ,
and Ry = 40 k(1. The input voltage is vg = 2 sin 3771. Plot the transfer characteristic, and draw
the waveform of the output voltage v,

(b) Use PSpice/SPICE to plot the transfer characteristic and the output voltage.

(a) Design a precision full-wave rectifier as shown in Fig. 6.44(a) to provide a voltage gain of A; =
vo/vg = 50. The input voltage is vg = 0.01 sin (20077).

(b) Use Pprce/SPICE to check your design by plotting the output voltage.
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%6.45 (a) Design a negative voltage limiter using the circuit in Fig. 6.48(a) by determining the values of
R}, Ry, Ry, and Rg. The supply dc voltage is V =:15 V. The circuit should limit the negative
output voltage to VO(min) = —8 V. The voltage gain without limiting is Aq = =5. The diode is
fully turned on at a forward current of ip = 0.1 mA, and its corresponding forward voltage drop
is Vi = 0.7 V. The slope after the break point is to be limited to S, = —1/30.
(b) Use PSpice/SPICE to plot the transfer characteristic for part (a).

6.46 The adjustable limiter in Fig. 6.49(a) has Ry =12k, R, = 70 k€2, Ry = 8 k), Ry = 1 k{1, R, =
6k}, Rs =1k, V, =15V, ~— Vg = —15V,and V, = 0.7 V. Determine (a) the positive clamping
voltage VO(max) and the corresponding input voltage Vs(miny (b) the negative clamping voltage
Vo(min) 2nd the corresponding input voltage Vs (max) @nd (¢) the output voltage when the input volt-
ageisvg =5V. ‘

%6.47 (a) Design an adjustable voltage limiter as shown in Fig. 6.49(a) to satisfy the following specifica-
) tions: v()(min) = =5V, Votmax) = 3 V. voltage gain A= —10. The slope is §; = —1/20 after
break for vg > 0, and the slope is S, = =1/20 after break for vs < 0. The dc supply voltages
are V) = 12V and =V = —12 V. The on-state diode current is ip = 0.2 mA, and the corre-

sponding on-state diode voltage is Vp = 0.7.
(b) Use PSpice/SPICE to plot the transfer characteristic. Assume Vee = 12V and —Vgg = —12V.

Use the PSpice/SPICE op-amp macromodel.

%6.48 Design an output voltage clamping circuit as shown in Fig. 6.52(a) so that the slope of the transfer
characteristicis § = "()/"S = 20, Vo(nm) = 6.7V, and vO(min) = —8.7 V. Determine the zener volt-
ages V, and V,. Assume V, = 0.7 V.

%6.49 (@) Design an hard limiter as shown in Fig. 6.53(a) by determining the values of R, Ry, Ry,
Ry, and Rs. The circuit should limit the ncgative output voltage to Vo(miny = —6 V and the
positive voltage to Voumax) = © V- The magnitude of the slopes after the break points should be
less than or equal to 1/25. The diode drop is Vi = 0.7 Vatl, = 0.1 mA. The dc supplies are
givenby V), = =V, =15V.

(b) Use PSp.vice/SPICE to plot the transfer characteristic. Assume VCC =15V, — VEE = —15V, and
vg = =5V 10 5 V. Use the PSpicc/SPICE op-amp macromodel.

%6.50 (a) Design a hard limiter as shown in Fig. 6.53(a) by determining the values of Ry, Ry, Ry, R,
and Ry. The circuit should limit the negative output voltage to Vi .0y = —5 V and the positive
voltage to Vo(maxy = 3 V. The magnitude of the slopes after the break points should be less than
or equal to 1/50. The diode drop is v, = 0.7 V at ip = 0.1 mA. The dc supplies are given by
Vo= —Vg=15V.

(b) Use PSpice/SPICE to plot the transfer characteristic. Assume Vee = 15, —Vgg = —15V, and
Vs = =5V to 5 V. Use the PSpice/SPICE op-amp macromodel.

%6.51 (a) Design a hard limiter as shown in Fig. 6.53(a) by determining the values of R, Ry, Ry,
R4, and Rs. The circuit should limit the negative output voltage to vO(min) = —7YV and the pos-
itive voltage to Vo(nmx) = 9 V. The magnitude of the slopes after the break points should be
less than or equal to 1/50. The diode drop is vp = 0.7 V at i = 0.1 mA. The dc supplies
are givenby V, =~V =I5 V.

(b) Use PSpice/SPICE to plot the transfer characteristic. Assume Vece = 15V, =V = —15V, and
Vs = =5V 10 5 V. Use the PSpice/SPICE op-amp macromodel.

> 6.7 Op-Amp Circuit Design

6.52 A control system requires a proportional controller that will produce Vo = 5 V if the error signal
Ve =0,v5=10Vifv,=-0.1V,and vo = 0 Vif v, =0.1V. These requirements are graphed in
Fig. P6.52. Design a circuit that will implement this control strategy to produce v, fromvgand v ..~

FIGURE P6.52
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6.53 A triggering circuit requires short pulses v of approximately 10 V magnitude and pulse width of
t,, = 200 ps, as shown in Fig. P6.53. Design a circuit that will generate triggering pulses. (There is

no uriique solution.)
FIGURE P6.53
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6.54 A control system requires a proportional and integral controller that will produce vy = 5V if the sig-
nal v, = 0, vg =10 Vify,, = -0.1 V, and vg = 0Vify, =0.1V, as shown in Fig. P6.54. De-

sign a circuit that will implement this control strategy to produce vo from the reference signal vg and
| the feedback signal v, ;.

FIGURE P6.54
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6.55 The inverting amplifier shown in Fig. P6.55 can give high voltage gain and requires a narrow range

of resistor values. Qutput voltage should be vo =12V forvg=—005Vand vy = ~12Vifvg =
0.05 V. Design a circuit that will implement this control strategy.

FIGURE P6.55




