Chapter six
Op.amp
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‘This expression can be rewritten in the time domain as

(10.12)

Vel == /v,(:)d: (10.13)

Equation (10.13) shows that the output is the integral of the input, with an inversion
and scale multiplier of 1/RC. The ability to integrate a given signal provides the analog
computer with the ability to solve differential equations and therefore provides the ability
o electrically solve analogs of physical system operation.

‘The integration operation is one of summation, summing the arca under a waveform or
acurve over a period of time. If a fixed voltage is applied as input to an integrator circuit,
Eq. (10.13) shows that the output voltage grows over a period of time, providing a ramp
voltage. Equation (10.13) can thus be understood to show that the output voltage ramp
(for a fixed input voltage) is opposite in polarity 1o the input voliage and is multiplied by
the factor 1 /RC. Although the circuit of Fig. 10.38 can operate on many varied types of
input signals, the following examples will use only a fixed input voltage, resulting in a
ramp output voltage.

As an example, consider an input voltage V; = 1 V to the integrator circuit of Fig. 10.39%.
‘The scale factor of 1/RCis

1 1
RC ~ (IMQ)(1 uF)
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0 that the output is a negative ramp voltage as shown in Fig. 10.39b. If the scale factor is
changed by making R = 100 k€2, for example, then
ogee
RC ~ (10 kQ)(1 uF)
and the output is then a steeper ramp voltage. as shown in Fig. 10.39c.

More than one input may be applied to an integrator, as shown in Fig. 1040, with the
resulting operation given by

e bf ! "
wlt) = [RIC/\\(IIJI+RlC/Vz(I)dl+R‘C‘/\\(l)dl] (10.14)

An example of a summing integrator as used in an analog computer is given in Fig. 10.40.
“The actual circuit is shown with input resistors and feedback capacitor, whercas the analog-
computer representation indicates only the scale factor for each input.
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(a) Summing-integrator circuit; (b) component values; (c) analog-computer, integrator-circuit representation.

A differentiator circuit is shown in Fig. 10.41. Although it is not as useful as the circuit
forms covered above, the differentiator does provide a useful operation, the resulting rela-
tion for the circuit being

n(n)
dr

v(1) = —RC (10.15)

‘where the scale factor is — RC.
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FIG. 10.41
Differentiator circuit.

10.6 OP-AMP SPECIFICATIONS-DC
OFFSET PARAMETERS °

Before going into various practical applications using op-amps, we should become famil-
jar with some of the parameters used to define the operation of the unit. These specifica-
tions include both de and transient or frequency operating features, as covered next.

Offset Currents and Voltages

Although the op-amp output should be 0 V when the inputis 0 V. in actual operation there
is some offset voliage at the output. For example, if one conneeted 0 V to both op-amp
inputs and then measured 26 mV/(de) at the output, this would represent 26 mV of unwanted
voltage generated by the circuit and not by the input signal. Since the user may connect the
amplifier circuit for various gain and polarity operations, however, the manufacturer spec-
ifies an input offset voltage for the op-amp. The output offset voltage is then determined
by the input offset voltage and the gain of the amplifier, as connected by the user.

‘The output offset voltage can be shown to be affected by two separate circuit conditions:
(1) an input offset voltage Vio and (2) an offset current due to the difference in currents
resulting at the plus (+) and minus () inputs.

Input Offset Voltage Vip The manufacturer’s specification sheet provides a value of Vio
for the op-amp. To determine the effect of this input voltage on the output, consider the
connection shown in Fig. 10.42. Using V, = AV;, we can write

Ry
Ry + Ry,

v, :AV,:A(V.D~V

B
AN
3
FW+
v
e
Vio
Re
FIG. 10.42

Operation showing effect of input offset voltage Vio.
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Solving for V,, we get

A A
Vo = Vio = Vio
1+ AlR/RHRY] - CAR @R+ R
from which we can write

R+ Ry
R

V,(offset) = Vior (10.16)

Equation (10.16) shows how the output offset voltage results from a specified input offset
voltage for a typical amplifier connection of the op-amp.

EXAMPLE Calculate the output offset voltage of the circuit in Fig. 10.43. The op-amp
speclists Vio = 1.2mV.

150k

250

vy
L r*

FIG. 10.43
Op-amp connection for Examples 10.8 and 10.9.

Solution:
Ry + Ry
Ry

kQ + 150k

Eq. (10.16):  V,(offset) = Vi 5o

=(12 mV)( =91.2mV

Output Offset Voltage Due to Input Offset Current o An output offset voltage will also
result due to any difference in dc bias currents at both inputs. Since the two input transis-
tors are never exactly matched, each will operate at a slightly different current. For a typi-
cal op-amp connection, such as that shown in Fig. 10.44, an output offset voltage can be
determined as follows. Replacing the bias currents through the input resistors by the volt-
age drop that each develops as shown in Fig. 10.45, we can determine the expression for
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Op-amp connection showing input bias currenis. Redrawn circuit of F

. 10.44.
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the resulting output voltage. Using superposition, we see that the output voltage due to
input bias current /i, denoted by V., is given by
(%)
Vi =IligRe{ 1+~
o = diRe(1+
whereas the output voltage duc to only /5. denoted by V.. is given by

Ry
()
,

for a total output offset voliage of

R R
V,(offset due to I and Ijs) = lﬁ;Rr(l + Ff) - :ﬁ,R,R—’ (10.17)
) )

Since the main consideration is the difference between the input bias currents rather than
cach value, we define the offset current /o by

ho =1y — I
Since the compensating resistance Re is usually approximately equal to the value of R,
using Re = Ry in Eq. (10.17), we can write

V,(offset) = Iip(Ry + Ry — I'p Ry
= IipR; = Iip Ry = R;Ui — Iig)
resulting in

V, (offset due o hio) = ho Ry (10.18)

P ]
EXAMPLE 10.9  Calculate the offset voltage for the circuit of Fig. 10.43 for op-amp spec-
ification listing /i = 100 nA.

Solution: Eq.(10.18): V, = Iio Ry = (100 nA)150k€) = 15mV

Total Offset Due to Vig and /o Since the op-amp output may have an output offset volt-
age due to both factors covered above, the total output offset voltage can be expressed as

|V, (offset)] = |V, (offset due toVio)| + | V,(offset dueto )| (10.19)

‘The absolute magnitude is used to accommodate the fact that the offset polarity may be
cither positive or negative.

EXAMPLE 10,10 Calculate the total offset voltage for the circuit of Fig. 1046 for an op-
amp with specified values of input offset voltage Vig = 4mV and input offset current

ho = 150nA.
500 kQ
5kQ
v,_M,.,_J:_
3
%+
Sm%

FIG. 10.46
Op-amp circuit for Example 10.10.
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Solution:  The offset due to Vi is

Ry + Ry
Eq. (10.16):  V,(offset due to Vio) = Vio

- 2401 300k0)

. 5kQ
= 404mV
Eq. (10.18): V,(offset duc 10 fio) = hoRy = (150 nAXS00kE) = 75 mV.
resulting in a total offset
Eq. (10.19):  V,(total offset) = V,(offset due to Vi) + V,(offset due to /1)

=404mV + 75mV = 479 mV

Input Bias Current, fiy A parameter related to /o and the separate input bias currents /7,
and /7y is the average bias current defined as

ot (10.20)

One could determine the separate input bias currents using the specified values /1o and /.
It can be shown that for /i > /i

Iy =

=ty + 1021y
Ip=1Ip— "7" (10.22)

EXAMPLE 1011 Calculate the input bias currents at each input of an op-amp having
specified values of /i = 5nA and i = 30nA.

Solution: Using Eq. (10.21), we obtain

1 A
fiy =y + 22 = 3008 + 22 — 3254
ho 5nA

I = Iy = > = 300A = = = 27.50A

OP-AMP SPECIFICATIONS—
FREQUENCY PARAMETERS

An op-amp is designed to be a high-gain. wide-bandwidth amplifier. This operation tends o
be unstable (oscillate) due to positive feedback (see Chapter 14). To ensure stable opera-
tion, op-amps are built with internal compensation circuitry, which also causes the very
high open-loop gain to diminish with increasing frequency. This gain reduction is referred
1025 roll-off. In most op-amps, roll-off occurs at a rate of 20 dB per decade (20 dB/decade)
or6 dB per octave (6 dB/octave). (Refer to Chapier 9 for introductory coverage of dB and
frequency response.)

Note that although op-amp specifications list an open-loop voltage gain (Ayp), the user
typically connects the op-amp using feedback resistors to reduce the circuit voltage gain o a
‘much smaller value (closed-loop voltage gain, Act). A number of circuit improvements result
from this gain reduction. First, the amplifier voltage gain is a more stable. precise value set by
the external resistors; second, the input impedance of the circuit s increased over that of the
op-amp alone; third, the circuit output impedance is reduced from that of the op-amp alone:
and finally, the frequency response of the circui is increased over that of the op-amp alone.

Because of the internal compensation circuitry included in an op-amp, the voltage gain drops
off as frequency increascs. Op-amp specifications provide a description of the gain versus
bandwidth. Figure 1047 provides a plot of gain versus frequency for a typical op-amp. At
low frequency down to dc operation the gain is that value listed by the manufacturer’s
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FIG. 10.47
Gain versus frequency plot.

specification Avp (voltage differential gain) and is typically a very large value. As the fre-
quency of the input signal increascs. the open-loop gain drops off uniil it finally reaches the
value of 1 (unity). The frequency at this gain value is specified by the manufacturer as
the unity-gain bandwidth, B;. Although this value is a frequency (see Fig. 10.47) at which the
gain becomes 1. it can be considered a bandwidth, since the frequency band from 0 Hz to
the unity-gain frequency is also a bandwidth. One could therefore refer to the point at which
the gain reduces (o | as the unity-gain frequency (f;) or unity-gain bandwidth (B,).

Another frequency of interest, as shown in Fig. 10.47. is that at which the gain drops by
3.dB (or 10 0.707 the de gain, Avp), this being the cutoff frequency of the op-amp, f¢. In
fact, the unity-gain frequency and cutoff frequency are related by

Si = Awle (10.23)

Equation (10.23) shows that the unity-gain frequency may also be called the gain-bandwidth
product of the op-amp.

EXAMPLE 10.12  Determine the cutoff frequency of an op-amp having specified values

B; = 1MHzand Ayp, = 200 V/mV.

Solution: Since fy = By = | MHz, we can use Eq. (10.23) to calculate

_ho_ IMHz _ 1x10° _
Ayp  200V/mV 200 X 10°

fe 5Hz

Slew Rate (SR)

Another parameter reflecting the op-amp’s ability to handle varying signals is the slew
rate, defined as
Slew rate = maximum rate at which amplifier output can change in volts per
microsecond (V/jus)

_Av,

SR = 0% V/ps | withiin s (10.24)

The slew rate provides a parameter specifying the maximu rate of change of the output
voltage when driven by a large step-input signal.” If one tried to drive the output at a rate

0 B i ) Wit A5 St ST Bk (R Sk e
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‘The virtual ground concept, which depends on A, being very large, allowed a simple solu-
tion to determine the overall voltage gain. It should be understood that although the circuit
of Fig. 10.33 is not physically correct, it does allow an easy means for determining the
overall voltage gain.

10.5 PRACTICAL OP-AMP CIRCUITS °

‘The op-amp can be connected in a large number of cireuits (o provide various operating
characteristics. In this section, we cover a few of the most common of these circuit
connections.

Inverting Amplifier

‘The most widely used constant-gain amplifier circuit is the inverting amplifier, as shown
in Fig. 10.34. The output is obtained by multiplying the input by a fixed or constant gain.
set by the input resistor (R;) and feedback resistor (R)—this output also being inveried
from the input. Using Eq. (10.8), we can write

.
o= =Ry

FIG. 1038
Inverting constant-gain multiplier.

EXAMPLE 10.5 If the circuit of Fig. 1034 has R, = 100 k€ and Ry — 500 k€2, what
output voltage results for an input of V; = 2 V?
Solution:
& 500kQ
Eq. (108): V, =LV, =—>22V) = —10V
Eq.(108): ¥, =—p-Vi =={o5q@V)

i ig. 10.35a shows an op-amp circuit that works as a noninverting ampli-
fier or constant-gain multiplier. It should be noted that the inverting amplifier connection
is more widely used because it has better frequency stability (discussed later). To deter-
mine the voltage gain of the circuit, we can use the equivalent representation shown in
Fig. 10.35b. Note that the voltage across R, is V; since V; =~ 0 V. This must be equal to
the output voltage, through a voltage divider of R, and Ry, so that
- R
TRHR

Vi

Vo

which results in

Vo _Rit& R
Vi owmn TR (10.9)

PRACTICAL OP-AMP 623
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FIG. 1035
Noninverting constant-gain multiplier.

EXAMPLE 10.6 ~ Calculate the output voltage of a noninverting amplifier (as in Fig. 10.35)
for values of V; = 2V, Ry = 500k, and Ry = 100k€2.

Solution:
Ry
Eq.(109): V, = (l & IT{)V' = (l H#: f%:ﬁ)(zw =6(2V) = +12V
Unity Follower

‘The unity-follower circuit, as shown in Fig. 10.36a. provides a gain of unity (1) with no
polarity or phase reversal. From the equivalent circuit (see Fig. 10.36b) it is clear that

V.=V (10.10)

and that the output is the same polarity and magnitude as the input, The circuit operates like
an emiltter- or source-follower circuit except that the gain is exactly unity.

Opamp  ———y
V=0 v,
L Yo
v, v,
j_ t
@ ®)

FIG. 10.36
(a) Unity follower; (b) virtual-ground equivalent circuit.

Summing Amplifier

Probably the most used of the op-amp circuits is the summing amplifier circuit shown in
Fig. 10.37a. The circuit shows a threc-input summing amplifier circuit, which provides a
means of algebraically summing (adding) three voltages, cach multiplied by a constant-gain
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(a) Summing amplifier: (b) virtual-ground equivalent circuit.

factor. Using the equivalent representation shown in Fig. 10.37b, we can express the out-
put voltage in terms of the inputs as

o

In other words, each input adds a voltage to the output multiplied by its separate constant-gain
multiplier. If more inputs are used, they each add an additional component o the output.

(10.11)

EXAMPLE 10.7  Calculate the output voltage of an op-amp summing amplifier for the fol-
lowing sets of voltages and resistors. Use R = | M in all cases.

+2V,V3 = +3V.R = S00KQ, R, = I MO, R; = I MQ.
FIV.V3 = +1V,Ry = 200k, Ry = SO0KQ, Ry = 1 MQ.

Solution: Using Eq. (10.11), we obtain

- 1000 k2 1000 k2 1000 k2
a V,= [soum HIV) + o 2V + “mmH-SV)}
=—20V) +1QV) + 13 V)] = =7V
1000 k2 1000 k2 1000 k2
. Vo=~ = (+3 (+
b Ve [zooku 2V So0ka 3V Tonoka ¢ 'V'}

—[5-2V) +23V) + 11 V)] = +3V

Integrator
So far, the input and feedback components have been resistors. If the feedback component
used is a capacitor. as shown in Fig. 10.38a. the resulting connection is called an integrator.
The virtual-ground equivalent circuit (Fig. 10.38b) shows that an expression for the volt-
age between input and output can be derived in terms of the current / from input to output.
Recall that virtual ground means that we can consider the voltage at the junction of R and X
10 be ground (since V; = 0'V) but that no current goes into ground at that point. The
capacitive impedance can be expressed as

-
JjoC ~ 5C
where s = ju is in the Laplace notation.” Solving for V,./V; yields

—sCV,

“Laplace notation allows expressing differential or integral operations, which are part of calculus, in algebraic
form using the operator 5. Readers unfamiliar with caleulus should ignore the steps leading 10 Eq. (10.13) and
follow the physical meaning used thereafier





