Chapter |4 Nomdeal Effects in Operational Amplifier Circuits

which 15 substantially smaller than (Vs — V'7y). Thus, a MOSFET diff-amp
inherently displays a higher input offset voltuge than a bipolar pair for the
same level of mismatch,

Partial data sheets showing some of the nonideal characteristics {or the op-
amps considered in the last chapter are in Table 14.1. The 741 op-amp. an ail-
bipolar circuit, has a maximum input otfset valtage of ImV. The CA3140,
which has a4 MOSFET input differential pair. has a maximum input offset
voltage of 15mV; and the LH0042C, which has a JFET mput differental
pair, has a maximum input offser voliage of 20mV. This supports our conclu-
sion that op-amps with FET inpult transistors have substantially larger input
otfsel vollages than the all-bipolar citcuit discussed.

14.4.2 Offset Voltage Compensation

In many applications. especially those for which the input signal is large com-
pured to the oflsel voltage V.5, the effect of the offset voltage is negligible.
However, there ar¢ situations in which it is necessary to compensite for. or “null
oul,” the offsel voltage. Two such methods are: {a) an externally connected
offset compensation network, and (2) an operational amplifier with offset-null
terminals.

External Offset Compensation Network

Figure 14.20 shows a simple network (or offset voltage compensation m an
inverting amplifier. The resistive voltage divider of R, and R.. in conjunction
with polentiometer R, is used to make voltage adjustments of either polarity
at the noninverling terminal to cancel the effects of Fps. If Ry « R, then the
compensating voltage applied to the nomnverting terminal can be in the miifi-
volt range, which is typical of offset voltage values.

Figure 14,20 Offset vollage compensation circuit for inverting amplifier

%1

Example 14.11 Objeclive: Determine the range of voltage produced by an offset
voliage compensation newwork.

Consider the compensation network in Figure 1420 with R = 1004, Ry = 100k,
and a 100 k§2 potentiometsr Ry. Let ¥ = 15 Vand ¥~ = —13V. Determine the voltage
range at Fy.
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Solution: Assume the potentiometer wiper arm is connected to the ¥ supply voltage.
The voltage ¥y is then

R 0.1
V T Ayl VJ— — e S
¥ (R5+R4) (!J,l+ mo)“ )= 13m¥

Comwment: For this particular circuit. the compensation voltage range is —15mY o
+15mV. A larger resistance R; will increase the ofTset vollage compensation range, and
a smaller resistance £ will increase the sensitivity of offset voltage compensation.

Test Your Understanding

D14.19 Consider ihe compensation network in Figure 14.20. Assume F' = 10V,
V™ =10V, Ry = 100k, and Ry = 100k Design R such that the circut can come
pensate for an offset voltage of Vgg = 5mV. (Ans. 50£2)

Figure 14.21 shows a compensation network that can be used with a non-
inverting op-amp circuit. The same Ry—Rs voltage divider is used with the
potentiomster Ry. Typically, Rs is on the order of 1008 and Ry on the
order of 100k If F* =15V and V¥ = — 15V, then the compensation voli-
age is again in the range of —15mV to +15mV.

|._J+
R, = D0 kS
Ry AN
Rg, =10
v

Figure 14.21 Ditset voltage compensation circuit for noninverting amplifier

The voliage gain of the noninverting amplifier becomes 2 tunction of the
compensation network. Since Rs « Ry, then the gain of the amplificr, to 4
good approximation, is

Yo .R"n
A, ==={14+—— 14.72)
Yoy ( +R| +Rs) ( '

Since Rs is small, Equation (14.72) shows that the gain is not a strong function
of the compensation network: however, it may still nced to be laken into
account,

Offsat-Null Terminals

Many op-amps, including the 741 bipolar and the CA3140 BiCMOS circuits
studied in Chapter 13, include a pair of external offset-null terminals, which are
used to compensate for the offset voltage. Figure 14.22 shows a basic bipolur
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¥

Flgure 14.22 Basic bipolar input dff-amp stage, including a pair of offset-null terminals
sonnected 1o a potentiomater

input dilf-ump stage, including a pair of offset-null terminals. An external
potentiometer R, is connected between these terminals, and the wiper arm is
connected (o supply voliage F~.

I the wiper arm of R, is centered, then R, and R, will each have a
resistance R,/2 connected in parallel. When the wiper arm is moved off center,
thep R, and R, will each have a different resistance connected in parallel, and
an asymmetry will be introduced into the circuit. This asymmetry i turn
introduces an offset voltage, which cancels the input offset voltage effects. In
practice, to adjust for offset voltage effects, the op-amp is connected in a
feedback configuration with the input differential voltage set equal to zero.
The wiper arm of potentiometer R, s then adjusted untl the output voltage
becomes zero.

To demonstrate the ofiset-null technique, we first write a KVL equation
between the base terminals of @ and {0, and voltage V™ in Figure 14.22, as
follows:

vaps + i Ry = vgga + ica Ry (14.73}

where R; and R; are the effective resistances in the emitters of 0y and Q4.
including the parallel effects of potentiometer R, We have that

Ri=RfxR, and  Ri=Ryl{l - MR,
The base—emilter voltages are

vapy = Vr '"(ﬁg—') (14.74(a))

Isy

b 5]
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and
Vs = Vrln(;‘—'z) (14.74(bY)
4 .
Substituwting Equations (14.74(a)) and (14.74(b}) inte Equation (14.73) yields
Frin I(q—l) + &-.R; = Frin ta +I'(-2R;1 {14.75)
igy Isy

If a mismatch occurs between 4 and @y, meaning fs; # Iy, then a delib-
erate mismatch between R} and R; can be introduced to compensate for the
transistor mismatch and the adjustment can make i = i. Similarly, a delib-
erate mismatch between R; and R; can be used 10 compensate for a mismaich
between ¢ and 0,

Example 1412 Objecive: Determine the required difference between R| and R;.
and the value of x in the polentiometer to compensate for a mismatch between active
load wansistors (1 and (4 in the diff-amp in Figure 1422,

Assume that J, = J00pA, which means that we wanl i) = ic; = 100pA. Let
Tgy = 107" A and Fy, = 105 < 107 A Abso assume Ry = B, = 1kQ and R, = 100k

Solutlon: The difference between K3 and R, is determined from Equation (14.75), as
lollows:

Vrln(ﬁ) +inR| =V ln(""—z) $dpa RS
Is; {54

or

100 x 10°¢

(0.026) ln( =i

) + (0 LOR] = fﬂ-ﬂl’ﬁ“"(w

-5
B0 10 ) + 0100,

which vields
R - R =00127kiz> 12782

We can also write the difference between R: and R as

Rl - xR, RuixR,
R +(1- Ok, R +xF,

Substituling the values for R, R, and R,. we find that
x=0349

= 00127k

Comment: On the basis of this analysss, the value of B| is 1]34.9 = 0.9721 k2, and the
value of Rz is LI(100 — 34.9) = Q9845 k2.

Computer Simulstion Verlfication: Figure 14.23 is the circuit used in PSpice simula-
tion. The values of Ry and Ry were varied to simulate a change in the variable x in the
potentiometer in the circuit in Figure 1422 The outpui voliage vg is taken off the
commeon collectors of @, and . This voltage would correspond to the input voltage
of a second stage.

A change in the values of Ry and Ry causes a slight change in the currents in the
two sides of the circuit. A change in current causes a change int the collector-emitier
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00uA
q
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=0

Figure14.23 Circuit used in the computer simulation analysis for Examnple 14.12

voltages of {; and Q;, or a change in the o

utput voltage. Figure 14.24 shows the output

voltage as a function of x, or as a function of the position of the potentiometer. The
results show that a change of approximately 0.7V is possible for this range in potenti-
ometer setting. This change in voltage would represent a large change in input voltage

for the second stage. which in turn would

cause a large change in the dc value of the

output voltage. The dc output voltage could therefore be set to zero by adjusting the

paotentiometer setiing.
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Figure 14.24 Quiput voltage versus pelentiometer setting
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Test Your Understanding

*14.20 Consider the diff-amp in Figure 1422 with a pair of offset-null terminals,
Let Ry =Ry = 1kf2. Let R, be a {00kQ potentiometer. Assume fp = 100pA and
I = 107" A IF the wiper armn on the potentiometer is adjusted such that 25 kE2 15 1n
parallel with B and 75k is in parailel with R, determine the value of fg4 for iy = iy
(Ans. 1.05 x 107" A)

14.5 INPUT BIAS CURRENT

The input currents to an ideal op-amp are zero, In actual operational ampli-
fiers, however, the input bias currents are not zero. If the input stage consists of
a pair of npn transistors, as shown in Figure 14.25(a), the bias currents enter
the input terminals. However, if the inputl state consists of a pair of pop
transistors, as shown in Figure 14.25(b), the bias currents leave the input
terminals.

{a) (b}

Figure 14.25 (a) Pai of npn transistors, showing input bias curents, and (b) pair of prp
trangistors, showing inpui bias currants

If the input diff-amp consists of a pair of JFETs, the input bias currents are
normally much smaller than those in a bipolar differential pair. A MOSFET
input differential pair, generally, must include protection devices as discussed
in Chapter 13, so the input bias currents are also not zero even in this case.

For op-amps with a bipolar input stage, the input bias currents may be as
high as 10pA and as low as a few nanoamperes. For op-amps with an FET
input stage, the bias currents may be as low as a few picoamperes. Table 14.1
lists the typical input bias current. For the 741 op-amp it is 30nA, and for the
FET input op-amps it is an the low picoampere range.

14.5.1 Bias Current Effects

Figure 14.26 schematically shows an op-amp with input bias currents. I the
input stage is symmetrical, with all corresponding clements matched, then
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Tay = J4. However, il the input transistors are not exactly identical, then
fg1 # Is:. The input bias current is then defined as the average of the two
mmpul currents, or

(14.76}

The difference between the two input currents is called the input offset
current Jgy and is given by

fos = lig — gl (14.77

The algebraic sign of the offset current is usually not important, just as the
offset voltage polarity is not critical. The typical input offset current is on the
order of 10 percent of the input bias current. although data sheets may list
larger values. The typical and maximum input offset currents for the three op-
amps anakyzed m the last chapter are given in Table 14.1.

Figure 14.27 shows an op-amp and associated resistors for a zero input
voltage. Even if /g5 # 0, the noninverting terminal is still at zero volts, or
¥, =0 From the virtual ground concept, we have Vy = 0, which means
that the current in R, must be zero. Bias current £y is therefore supplied by
the output of the op-amp and flows through R, producing an output voltage.
If, for example, Jg = SpA and R; = 100k, then v, =05V, which is un-
acceptable in most applications. Smaller input bias currents and a smaller
feedback resistor will reduce the bias current effects.

Ry

Ve
iTs{

Figure 14.27  Op-amp with grounded noninvering terminal

14,5.2 Bias Current Compensation

The effcct of bias currents in op-amp circuits can be minimized with a simple
compensation technique. Consider the circuit in Figure 14.28. We determine vp
as a function of [z and Iz using superposition. For fgm =0, then Vy =
Iy = 0, and the output voltage due to I is

volly) = Tg Rz {14 TR(a))
For Iz =0, we find
Vy=—dgfs = Vy

Since

vo =1 + Ro/R )V

Iy

Figure14.26 Op-amp
with input bias currents
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Figure14.28 Op-amp circuit with resistor connected 16 noninverting terminal, for input bias
current compensation

the cutput voltage due to fg 15

o8

< ott) = —toie( 14 ?) (14.78(b))
1

The net output vollage due to both fg; and fg is the sum of Equations
{§4.78a)) and (14.78(b)). or

R
vg =1 R - !mﬂg(! -‘-RT'L) (14.79)

If 137 = Ipy = Ig and il the combination of the three resistances can be
adjusted to produce v, = 0. then Equation (14.79) becomes

R.
0=J’B[R1—R](I +§=)} (14.80)
which means that
By R,(l 4 ﬁi) (1481}
. R

Equation (14.81) can be rearranged as follows:

Ry R,

Ry = = Ry || F> 4.82
1 R+ R IR {14.82)

Equation (14.82) shows that Ry should be made equal to the parallel
combination of R, and R-. to ¢liminate the effect of equal input bias currents.

If Ry = R\IIR; and if the bias currents are net equal, then from Equation
(14.79), we have

vo = Raollg — {g2) = Ralos (14.83)

Since the input offset current is normally a [raction of the input bis
current. Equation (14.83) shows that the bius current effect can be reduced
by making Ry = R||Rx.

14,

Example 14.13  oObjective: Determine the bias current ¢ffect in an op-amp circuit,
with and withoul bias curreqil compensation.

Consider the op-amp circuits in Figures 14.27 and 14.28, Let R = 10kS and
Ry = 100KS. Assume I = L1 pA and fpn = [LOPA.

Solution: For the op-amp circuit in Figure 14.27, the output voltage due to the bias
currents is
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vg = I Ra = (L1 x 1078100 x 10"y = 0.11 V
For the circuit in Figure 14.28, we design R, such that
Ry = Ri[I1Ry = 101900 = .09k
Then. from Equation (14.82), we find
vy = RalFay = 1520 = (100 5 107X — 1.0) % 107% = 0.010¥

Comment:  Even if the input offset current is nol zero, the effect of the input bias
currents can be reduced substantially by incorporating resistor R,

Usually the effect of bias currents in op-amp circuits is significant only for
circunts with large resistor values. For these situations, an op-amp with an FET
input stage may be necessary.

Test Your Undersianding

14.2% For the op-amp in Figure 1428 the parameters are: Ry = 10k und
Ry = I0QkSE If Ig = 1.1 pA and Jg = 1.0pA, can R; be adjusted such that v; = ¢
T so, what is the value of R3? (Ans. Rz = 10k

14.22 Consider the inverting summing amplifier in Figure 14.29. Assume input bias
currents of fg = f = | pA. {2) For vy, = v = G and Ry = 0, determine v, due to the
btas currents. {b) Find the value of R, thal compensates 10r the effects of the bias
currents. (Ans. (4} vo =020V (b} Ry = 256k

Ry = 200 kS
£ =100k WA

Vi) O——AAAA e LT

Vi oe—AAAN—— ) b—-=0 Vo)

Ry = 50KE

Figure 14.29 Figure lor Exercise 14.22

146 ADDITIONAL NONIDEAL EFFECTS

Two additional nonideal effects in op-amps are: temperature effects and
common-mode rejection ratio. We will look at each of these in this section.

146.1 Temperalure Effects

individual transisior parameters are functions of temperatwre. For bipolar
transistors, the collector current is

i = fgetmd T (14.84)
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where both /¢ and V', are functions of temperature. We expect the open-loop
gain to vary with temperaiure, but as we saw in Section 14.2, the [ractiona!
change in the closed-loop gain 15 orders of magnitude less than the fractional
change in the open-loop gain. This then makes the closed-loop gain very
insensitive to temperature variations.

Offset Voltage Temperature Coefficient

The electrical properties of transistors are funclions of temperature, which
means that the input offset voltage is u function of temperature. The rate ol
change of offset voltage with lemperature is defined as the temperature coeffi-
cient of offset voltage, or input offset voltage drift, and is given by

dVos

TC Fs = 4T

(14.85%)

For a bipolar diff-amp nput stage, the offsel voltage, from Equation
(14.59(by}, is

Vas = Velntla/ls)

The temperature variations of the [ parameters cancel; therefore, the offscl
voltage is directly proportional o the thermal vollage F7, which in turn 15
directly proportiona) to temperature. From Equation (14.59(b)}, the tempera-
ture coefficient is then

TCros = E-T?-i' (14.86)

where T is the absolute temperature. Thus, for Vg = 1mV, the temperature
coefficient is TCrps = 1mV/300°K = 3.3uV/C. A change of 10 °C wili
therefore result in an offset voltage change of approximately 33 pV. The tem-
perature coefficicnts of offset voltage listed in Table 14.1 are in the range of 10
15uV/*C.

Consequently, the offset voltage compensation techniques discussed pre-
viously are completely effective at only one temperature. As the device tem-
perature drifts in either direction from (he temperature at which the
compensation network was designed, the offset voltage eftect is not completely
compensated. However. the offset voltage drift is substantially less than the
initial offset voltage. so offset voltage compensation is still desirable.

input Offsel Current Temperature Coefficient

The input bias currents are functions of temperature. For example. the input
bias current of a bipolar input stage has the same functional dependence as the
coliector current. as given by Equation {14.84). If the input devices are not
matched, then an input offset current Jog exists, which is also a function of
temperature. The input offset current temperature coefficient is dlos/d¥. For
the 741 op-amp, the maximum vaiue given in Table 14.1 is 0.5nA/"C. If the
input offsel current becornes a problem in a particular design, then a JFET of
MOSFET input stage of-amp may be required.
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146.2 Common-Mode Rejection Ratlo

We considered the common-mode gain (A4,,) and common-mode rejection
ratio (CMRR) of the difference amplifier in Chapter 11. Since a diff-amp is
the op-amp input stage, any commaon-mode signal produced at the input stage
will propagate through the op-amp to the output. Therefore, the CMRR of the
op-amp is essentially the same as the CMRR of the input diff-amp.

Figure 14.30(a) shows the open-loop op-amp with a pure differsntial-mode
mput signal. The differential-mode gain A, is the same as the open-loop gain
Agy- Figure 14.30(b) shows the open-loop op-amp with a pure common-mode
input signal. The common-mode rejection ratio, in 4B, is

A
o

(14.87)

{a) (b)

Figure 14.30 Open-bop op-amp (8) with pure diferontial-moda inpul signal and ib) with
pute common-mods input signal

Typical values of CMRRyp range from 80 to 100dB. Table 14.1 lists typical
CMRR,p values for three op-amps.
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14.7 SUMMARY

® A finite open-loop amplifier gain results in the magnitudes of the inverting amplifier
and nonnverting amplifier gains being smaller than the idzai values.

¢ A finite open-loop amplifier gain plus finite input amplifier resistance and nonzero
output resistance results in nosideal op-amp input 2hd output resistance values. In
the case of a shunt input feedback connection (e.g., inverting op-amp). the input
resistance is small but not ideally zero. In the case of a series input feedback connec-
tion {e.g., noninverting op-amp), the input resistance is large but not ideally infinite.
For a shunt output feedback connection, the output resistance is small (may be in the
milliohm range} but not zero.

& The practical op-amp circuit has a finite bandwidth, With negative feedback, the
gain—bandwidth product is essentially constant, so an op-amp circuit with negative
feedback has a reduced gain magnitude but an increased small-signal bandwidth.

e Slew rate is defined as the maximum rate at which the op-amp output signal can
rhange per unil lime. In general, the slew rate is limited by the internal frequency
compensation capacitor. The slew rate is also a function of the bias current 1w the
input difl-amp stage. Slew rates are typically in the 0.3-3 V/us range. Full-power
bandwidth is the maximum frequency at which an op-amp circuit can operate without
being slew-rate limited. This frequency is a function of both the slew rate and the peak
value of output voltage.
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® Anpinput offset voliage means that the output voltage is not zerc when the input signal
voltages are zero. One source of an offsel voltage is a misrmatch in the differential pair
transistor parameters andfor mismatches in active load firansistor parameters.
Typically, an offset voltage of a few millivolts may occur in a bipolar circuit, whereas
an offset voltage of tens of millivolts may occur in a MOSFET circuit.

® Two techniques of offset voltage compensation were analyzed. The first technique
involves using an external potentiometer network at the input to the amplifier to null
out the offset voltage. The second technique vses a potentiometer connected to a pair
of offset-null terminals connected to the input diff-amp circuit.

¢ Input bias carrents of an ideal op-amp are zero. However, actual bias cutrents may
range [rom a few picoamperes for FET input stages to as high as a few microamperes
for some bipolar mput stages. The input bias currents can produce an unwanted
component of cutput voltage. We analyzed the design of input bias current compen-
sation circuits thal eliminate or at least minimize these bias current effects.

& Variations in temperature produce variations in offset voltage and input bias cur-
rents. Therefore, the offset voltage and input bias current compensation citcuits are
completety effective only at one temperature. Typical offset vollage temperature
coefficients are in the range of a few uV/°C and input bias current temperature
coefficients may be in the Tange of a few nA/°C.

CHECKPOINT

After studving this chapter che reader shouid have the ability to!

¢ Understand differences between ideal and practical vaiues of various parameters of
the operational amplifier circuit. {Section 14.1}

¢ Understand the effect of a finite open-loop amplifier gain on the characteristics of
the op-amp. (Section 14.2)

v Understand the small-signal frequency response and the large-signal slew-rate
response of op-amps. (Section 14.3)

¢ Understand offset voltage characteristics and design offset voltage compensation
circuits for an op-amp. (Section 14.4)

¢ Understand input bias current effects and design input bias current compensation
circuits for an op-amp. (Section 14.5)

REVIEW QUESTIONS

1. List and describe five praciical op-amp parameters and discass the effect they have
on op-amp circuit characterstics.

2. What is a typical value of open-loop, low-frequency gain of an op-amp circuit?
How does this compare to the ideal value?

3. How does a finite open-loop gain affect the closed-loop gains of ihe inverting and
noninverting amplifiers?

4. How does a finite open-loop gain affect the (a) input resistance of an op-amp
ciecuit and (b) the output resistance of an op-amp circuit? Consider the inverting
and noninverting amplifiers.

5. Describe the apen-loop amplifier frequency response and define the unity-gain
bandwidth.

6. What is a 1ypical corner lrequency value, or dominant-pole frequency, it an open-
loop frequency characteristic?

7. Describe the gain-bandwidth product property on a closed-loop ampiifier re-
sponse.
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8. Define slew rate.

9. What is meant by full-power bandwidth?

10, What is the pnmary source of slew-rate limitation in an op-amp circuit?
11. What is one cause of an offset voltage in the input stage of a BJT op-amp?
12, What is one cause of an offset voltage in the input stage of a CMOS op-amp?
13. Describe an offset voltage compensation technique.

14. What is the source of input bias currant in the 741 op-amp?
15. What can be the effect of an input bias current?

16. Describe any difference in input bias current effects berween a pop BJT input
differential pair and an npn BJT input differential pair.

17. Describe the effect of input bias currents on an mntegrator.
18. Describe an input bias current compensation technique.
19. Define and explain common-mode rejection ratio.

mndeeiddd e e LB AT Y R Sprn iy nam e s bk

PROBLEMS
Section 14.2  Finlte Open-Loop Gain

144  For the op-amp used in the inverting amplifier configuration in Figore P14.1, the
open-loop parameters are Ay = 10° and R, = 0. Determine the closed-loop gain 4¢;, =
vo/v; and input resistance R, for an open-loop input differential-mode resistance of: (a)
Ri=1ki2, (b) R, = 10k, and (¢) R; = 100 k€2

Yo

Figure P14.1

14.2 A pressure transducer, as described in Example 14.1, is to be used in conjunction
with a noninverting op-amp circuit. The ideal output voltage is to be +0.10V for a
transducer voltage of 2mV. Determine the minimum open-loop gain required so that
the actual output voltage is within 0.1 percent of the ideal.

14.3 Consider the two invetting amplifiers in cascade i Figure P14.3. The op-amp
paramelers are Adgp =5 x 10*, R, =10k, and R, = 1kQ. Determine the actual

L00 X4}

1045
MG \ 10k

Figure P14.3

N3

St

v




Figure P14.4
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closed-loop gains 4,0y = v,y /% and 4., = v,5/v, What s the percent error from the ideal
values?

18.4 The noninverting ampiifier in Figure PL4.4 has an op-amp with open-loop prop-
erties: gy = 10°, R, = 20k<2, and R, = 0.5kQ. (a) Determine the closed-loop values of
Aer = vo/vi. Ryp. and R, (b) If Ag; decreases by 10 percent, determine the perceniage
change in A,

14.5 For the op-amp in the voltage follower circuit in Figure P14.5, the open-loop
parameters are: Ag; = 10, R, = 100kS2, and R, = 200 Q. Determine: (a) the closed-
loop voltage gain 4, = vo/v;, and (b) the output resistance R,

1486 The summing amplifier in Figure P14.6 has an op-amp with open-locp param-
eters: Apy =2 % 10°, R, = o0, and R, =0. Determine the actual output voltage as a
function of vy and vy What is the percent error from the ideal value?

V13 AN Ay T

Figure P14.5 Figurs Pi4.§

14.7 For the op-amp in the differential amplifier i Figure P14.7, the open-loop pa-
rameters are: 4oy = 10°, R, = &0, and R, = 0. Determine the actual differential voltage
gain Ay = vg/(vjy — v;1). What is the percentage error {rom the ideal value?

14.8 Because of a manufacturing error, the open-loop gain of each op-amp in the
circuit in Figure P14.8 is only Ao; = 100. The open-loop input and oulput resistances
are R, = 10kG2 and R, = 1k, respectively, Determine the closed-Joop parameters:
(a) Ry, (b) Ryp, and (¢} d¢-p = voa/v;. (d) What is the ratio of the actval closed-loop
gain to the ideal value? .

40 k2

Vo =5 100 2

| )
' 100 2 | Ry
40 k3 Yol e

L
Y

Figure P14.7 Figure P14.8
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Section14.3  Frequency Response

14.9 The low-[requency open-loop gain of an op-amp is 2 ¥ t0* and the second pole
occurs at a frequency of 5 MHz, An amplifier using this op-amp has a low-frequency
closed-loop gain of 100 and a phase margin of 80 degrees. Determine the dominant-pole
frequency.

1418  Two inverting amplifiers are connected in cascade to provide an overall voltage
sitin of 504, The gain of the first amplifier is —10 and the gain of the second amplifier is
—50. The unity-gain bandwidth of each op-amp s 1 MHz. (a} What is the bandwidth of
the overall amplifier sysiem? (b) Redesign the system to achieve the maximum band-
width. What is the maximum bandwidth?

1411 The open-loop low-frequency gain of an op-amp is found to be 4, = 5 x 10%. At
2 frequency of £ = 10* Hz, the open-loop gain is 200 Determine the dominant-pole
freguency and the unity-gain bandwidth.

1412 An inverting amplifier circuit has a voltage gain of ~25. The op-amp used in the
circuit has a low-frequency voltage gain of 5 x 10* and 2 unity-gain bandwidth of
1 MHz Deterrmine the dominant pele frequency of the op-amp and the smali-signal
bandwidih, f .4, Of the inverting amplifier. What is the magnitude of the closed-loop
voltage gain at 0.5f 349 and at 2f; g5?

1413 An audio amplifier system, using a noninvertling op-amp circuit, needs to have a
smali-signal bandwidth of 20 kHz. The open-loop low-frequency voltage gain of the op-
amp is t0° and the unity-gain bandwidth is 1 MHz. What is the maximum closed-loop
voltage gain that can be obtained for these specifications?

1414 I an op-amp has a slew rate of 10V/ps, find the full-power bandwidth for a
peak output voltage of 10V,

1315 (2) An op-amp with a slew rate of 8V/us is driven by a 250 kHz sine wave. What
is the maximum output amplitude at which slew-rate limiting is reached? (b) Repeat part
() Tor a 250 kHz zero time-average triangular wave.

14.16 The op-amp in the noninverting amplifier configuration in Figure PI4.16 has a
stew rale of 1 ¥/ps. Sketch the ouwtput voliage versus time for each of the three inputs
shown, The op-amp is biaszd at £10V.

4Q k)

14 kL)
= poememe Vi)
Yr
¥ (volts}
(a)
10jp= i rsmememem = T
!
(b) )
04 i
(c) .
06 W T o,
1 9 10 Time(ps

Flgure P14.16
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1417 Foreach op-amp in the cirewit shown in Figure P14.17, the biasis £15V and the
slew rate i5 3 V/us. Sketch the output voltages voy and vgy versus time for ach input
shown,

¥y {volis)
] e
1
05 ) :
|
0 1920 Time (e
Figure P14.17

14.18 The op-amp to be used ip the audic amplifier system in Problem 14.13 has a slew
rate of 0.8 V/us. Determine the maximum peak value of output voltage that can be
obtained for these specifications.

Section14.4  Offset Voltage

14,19 For the transisiors in the diff-amp in Figure 14.16 in the text, the current
parameters I, and fs; can be written as 5 07 (14 x)A, where x represents the
deviation from the ideal due to variations in electrical and geometric characteristics.
(The value of x is positive for one transistor and negative for the other (ransistor.)
Determine the maximum value of x such that the maximuwm offser voltage is limited
to Vo5 = 2.5mV.

14.20 The bipolar active load diff-amp in Figure 14.18 in the text is biased at
F* = $V. The transistor parameters are: vge(npn} = veg(pup) = 0.6V, Fov = Vep=
80V, I, = fsy, and Isy = 107'* A. Determine the value of Jgy for which @, has a C-E
voltage of vepy =06V,

$4.21  An inverting op-amp circuit has a gain of —50. The op-amp used in the cireut
has an offset voltage of +£2.5mV. If the input signal voltage to (he circuit is 20m¥V,
determine the possible range in the output voltage.

14.22 Consider the integrator cirquit in Figure P14.22. The circuit parameters are R =
10kS and € = 10uF. The op-amp offset voltage is £5mV. For v = 0, determine the
output voltage versus time. For the worst-case offset voltage, determize the time that it
would take for the output voltage to reach 23V,

D14.23 In the circuit in Figure P14.23, the offset voltage of each op-amp is Vs =
[¢mV. (a) Find the worst-cass output volages vp, and vgy for v, = 0. (b) Design offset
voltage compensation circuit(s) to adjust both vy, and vy to z2ro when v; = 0.
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100 kL2
C
19 K3}
(_ :MM— 100
R = Yol
Yi
—, v
Figure F14.22 Figure P14.22

14.24 In the circuit shown in Figure P14.24, the op-amp is ideal. For v, = 0.3V,
determine v when the wiper arm of the potentiometer is at the ¥ node, in the center,
and at the V¥~ node.

V=410V

Figure P14.24

14.25 Consider the bipolar diff-amp with an active load and 2 pait of offset-null
terminals as shown in Figure 14.22 in the text. Let £ = R; = 5002 and let R, be a
50kQ potentiometer. (a) If the wiper arm of the potentiometer is exactly in the center,
delermine the effective resistances R; and R;. (b) Assume Iy = 250pA meaning that
i =i = 125pA. Let I3 =2x10""A and Jg=22x 107" A. Determine the
required values of x and (I — x) of the potentiometer to compensate for the transistor
mismatches.

14.26 The bipolar diff-amp in Figure 1422 in the text is biased at g =500 pA.
Assume all transistors are matched, with fs=10"" A, Let R, = R; = 5004, and
assume R, is a 50kQ potentiometer. If the wiper anm of the potentiometer is off center
such that x = 15kQ and (1 — x} = 35k8, determine the ratic of i¢/icz. What is the
corresponding offset voltage?

Section 145  InputBias Current

D14.27 An op-amp used in a voltage follower configuration is ideal except that the
input bias currents are Fay = fgz = 1 pA. The source driving the voltage foltower has an
output resistance of 10kQ. (2) Find the output voltage due to the bias cument effects
when v, = 0. (b) Can the circuit be designed to compensate for the input bias currents?
If so, how?

Wk
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14.28 In the differential amplifier in Figure P14.7, the op-amp is ideal except that the
average mput bias current is Jz = 10pA and the input offset current is fpg = IpA. If
¥y = ¥p = {, determine the worst-case output voltage v, due to the input bigs current
effects.

D14.28 The op-amp bias currents for the circuit in Figure P14.23 are equal at [y =
Iz =1 pA. (a) Find the worst-case output voltages vy, and vy, for v = 0. {(b) Design
input bias current compensation cireuit(s) to adjust both vg) and vy, 1o zero when vy = 0.

14.30 (3) For the integrator circuit in Figure P14.30, let the input bias currents be
Ig = I =0.1uA. Assume that switch § opens at + =0. Derive an expression for the
outpul voltage versus time for v; = 0. {b) Piot v, versus time for 0 < ¢ < 103, (¢) Repeat
part (b} for Jg; = iy = 100 pA.

< ¥

Flgurs P14.30

14.31  For the circuit in Figure P14.31, the op-amps are ideal except that each op-amp
has input bias curtents [gy = fpy = 10pA. (2) For vy = 0 and R, = Ry = 0, determine
the worst-case values of va, ¥, and vg; due (o bias currents. (b) Determine the values
of R, and R for input bias current compensation. (¢} If the average input bias current
is Iy = 10 uA and the input offset corrent is lpy = 2pA, determine the worst-cage out-
put values of vg;. v, and vy using the results of part (b).

50 k2
10 k2
I'MV— 0 V02
— VOI
20 k2
Ra 200
Yo
v
- Rl
Figure P14.31

14,32 For each circuit in Figurs Pi4.32, the input bias current is J3 = 0.8 pA the input
offset current is fpg = 0.2 pA. (a) Determine the output voltage due to the average bias
current [, (b) Determine the worst-case output voitage, including the effect of the input
offset current.
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50 i} SO0k
50 k02 50 k12
! b=y Vi ! ] l‘o
2543 1 MO
{a) (b)
Figure P14.32

Sections 14.4 and 14.5  Offset Vollage and Input Bias Current: Tota!
Eftects

D14.33  For the op-amp in Figure P14.33, the input offset voltage is V¢ = 10mV, the
mput bias cumrent is fp=2pA, and the input offset current is pg = 0.2 A
(a) Determine the worst-case, or maximum, output voltage when v; = 0. (b) Design
compensation circuit(s) 1o minimize v, when vy = 0.

DM4.34  Consider the op~amp circuit in Figure P14.34. (a) Find the value of R, needed
for a £i0mV offset voitage adjustment. (b) Determine R, lo minimize bias current
effects. (Assume Ry > R,

100 kL
+H5V
Rp= 100
] VO
L]
Figure F14.33 Flgure P14.34

D14.35 For each op-amp in the circwit in Figure P14.23, the offset voltage is
Fos = 10mV and the input bias currenis are iy = fz = 2pA. (2) Find the worst-
case output voltages vgy and vy, for vy = 0. (b} Design compensation circuits to adjust
both ¥, and vy to zero when vy =90.

D14.38¢ The op-amps in the circuit in Figure P14.31 have an offset voltage of
Vos = 5mV, and average input bias current of Iz = 5pA, and an input offset current
of fos =1pA. (a) For vy =0 and R, = Ry =0, determine the werstcase outpul
voltages vy, You, and vgs. (b} Design compensation circuits te minimize the effects
of the offset voitage and input biss current.

14.37 Each op-amp in Figure P14.32 has an offset voltage of Vo5 = 2mV, an average
input bias current of iy = 500RA, and an input offsel current of Jog = [00RA.
Determine the worst-tase output voliage for each circuit.
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Section14.6  Additional Nonideal Effects

1438 For each op-amp in Figure P14.32, the input offset voltage is Vg = 2mV at
T =25"C and the input offsst voltage temperaure coclficient is TCvps = 6.7V /°C.
Find the output voltage v, due te the input offset voltage effects at: (3) T = 25°C and
{b) T =50°C.

S0k
30 i " h—
20k
0kQ FM‘M’_"
vy Hh‘\h— - —C "0‘2
Yol 50k0)
Flgure P14.39

14.33 The inpul offset voltage in each op-amp in Figure P14.39 s ¥ps=1mV at
T=25°C and the input oflset voltage coefficient is TCyvys =33 u¥/°C. Find the
worst-case output voltages vy and v, at (2) T =25°Cand (b) T = S0°C.

18.40 For each op-amp in Figure P14.32, the input bias current is fz = 500 nA at
T =25°C, the input offse current is Ipg = 200nA at T = 25°C, the input bias current
temperature coefficent is $nA/°C, and the input offset curcent teraperature coefficient is
2nA/PC. {a) Find the ocutput voltage due to the average input bias currents at
T =25°C. (b) Find the worst-case output voltage chue to the input bias current and
input offset current at T = 25°C. () Repeat parts (a) and (b) for T = 50°C.

4.4 For each op-amp in Figure P14.39, the input bias current is Jp = 2pA at
T = 25°C, the input offset current is [pg = 4.2 pA at T = 25°C, the input bias current
temperature coefficient is 20 nA/°C, and the input offset current temperature coefficient
is 5nAC. (a) Find the worst-case output voltages vy, and vo; due (o the average input
bias currents at T = 25°C. {b) Find the worst-case output voltages vg, and vg; due to
the input bias currents and input offset current at T = 25°C. (¢) Repeat parts {a)} and (b}
for T = 3°C.

50 1
10K
11 oM —
Yo
Yo
102
502
-
Figure P14.42

14.42 The op-amp in the diff-amp in Figure P14.42 is ideal, [f the tolerance of each
resistor is 2%, determine the minimum value of CMRR 5.

14.43 If the tolerances of each resistor in the diff-amp in Figure P14.42 sre 2x%, what
is the maximum value of x if the minimum CMRR 5 is: () 904B and {b) 604B.
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COMPUTER SIMULATION PROBLEMS

14.44 Consider the reference circuit and gain stage of (he 741 op-amp in Figure 11,7
Using a computer analysis, determine the slew rate of the gain stage.

14.46 The equivalent circuit of the all-CMOS MC14573 op-amp was given in Figure
13.14. Using a computer analysis, detemmine the slew rate of the op-amp, assuming
C; = 12 pF. Use the transistor and circuit parameters given in Example 13.8 and 139,

14.48 A basic bipelar input diff-amp stage is shown in Figure 14.22. Assume the
circuit parameters are: fo =0.2mA, F* =10V, ¥~ =—10V, and R, = R, = 500Q.
Lzt R, be a 100kQ potentiometer and assume transistor Early vollages of 80V. (a) Plot
the collector voltage at (4 as a function of the wiper arm position. (b) Assume the fg
parameters of O, and @, vary such that @, and ¢ are mismatched by £5%. Repeat
part {a}. {¢) Repeat part (b) for a £5% mismatch in 04 and Q.

14.47 Consider the input stage and bias circuit of the 741 op-amp in Figure 13.5.
Assume the transistor Early voltages are 50V, Using a computer analysis, determine
the diff-amp common-mode rejection ratio.
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Applications and Design of Integrated
Circuits

150 PREVIEW

In Chapter 9. we introduced the ideal operational amplifier and analyzed and
designed basic op-amp circuits. In this chapter, we consider addjtional applica-
tions and designs of op-amp and comparator circuits that may be fabricated as
integrated circuits. A comparator is essentially an op-amp operaied in an open-
loop configuration with either a high or low saturated output signal.

A general goal of this chapter is (0 increase our skill at designing electronic
circuits to meet particular specifications and to perform particular functions.

Five types of circuits are considered. These circuits and their purpose are
as follows:

. Acrive filters. The primary functions of a filter are transmission of the
desired frequency components of an input signal and attenuation of any
undesired frequency components.

2. Osciflarors. These circuits provide sinusoidal signals at a specilied fre-
quency for communication systems, for example.

1. Multivibrator circuits. Some electronic sysiems. for example, digital sys-
tems, require signals with particular waveforms, such as square-wave.
triangular-wave, or single-pulse signals. Multivibrator circuits generate
these types of signals.

4, Power amplifiers. An IC power amplifier usually consists of a high-gaim
small-signal amplifier in cascade with a class-A B output stage.

5. Voltage reguiators. This circuit establishes a relatively constant dc voltage
from an ac signal source.

We present three examples of integrated circuit power amplifiers. The 1C
power amplifier usually consists of a high-gain small-signal amplifier in cascade
with a class-AB oulput stage. The output stage and feedback may be part of
the integrated circuit, or may be external to the chip.

In the last section, we discuss the basis of voltage regulator circums. The
voltage regulator generally consists of an amplifier and other basic circuits and
it uses feedback techniques. We will discuss one example of a basic voliage
regulator 1C.
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151 ACTIVEFILTERS

An important application of op-amp is the active filter. The word filter refers to
the process of rermoving uhdesired portions of the frequency spectrum. The
word active implies the use of one or more active devices, usually an opera-
tional amplifier, in the filter circuit. As an example of the application of op-
amps in the area of active filters, we will discuss the Butterwotth filter. The
discussion is only an introduction to the subject of filter theory design.

Two advartages of active filters over passive filters are:

1. The maximum gain ot the maximum value of the transfer function may be
greater than unity.

2. The loading effect is minimal, which means that the output response of the
fitter is essentially independent of the load driven by the filter.

15.1.1  Active Network Design

From our discussions of frequency response in Chapter 7, we know that RC
networks form filters. Figure 15.1{a) is a simple example of a coupling-
capacitor circuit. The vollage transfer function for this circwt is

Vs R sRC
Thiy= Vis) ~ I 1 +sRC
R+
C

(15.1)

The Bode plot of the voltage gain magnilude |T(jw) is shown in Figure
15.1{b}. The circuit is called a high-pass filter.

|7t o 4 Srophand Passband

¥, 00— ¥,

(a) ib)
Figure 15.1 {a) Simple high-pass filter and (b) Bode plot of wransker funclion magnitude

Figure 15.2(a) is another example of a simple RC network. Here, the
voltage transfer function is

L T 15.2)
Elplis Va1 = 1+sRC ({13
—+ R
5C
The Bode plot of the voltage gain magnitude | 7'(je)| for this circuit is shown in
Figure 15.2(b). This circuit is called a low-pass filter.
Although these circuits both perform a basic filtering function, they may

suffer from loading effects, substantially reducing the maximum gain from the
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| TCjon] Passband Stopband

)
L
R k- l

Y, O_WWTQ L
C
1_: 0 Fni f

(a) {b)
Figure 15.2 (a) Simple low-pass filker and (b} Bode plot of transfer function magnitude

upity value shown in Figures 15.1(b) and 15.2(b). Also, the cutoff frequencies
fr and fy may change when a load is connected to the output. The loading
effect can essentially be eliminated by using a voltage follower as shown in
Figure 15.3. In addition, a noninvertung amplifier configuration can be ncor-
porated to increase the gain, as well as eliminate the loading effects.

C b V, R — V,,
v, o—oy ‘ V, oMY +

{a) (b}

Figure 15,3 (a) High-pass filter with voltage follower and (b) low-pass filler with voltage
tallower

=
I3
-

These two fitter circuits are called one-pole filters; the slope of the voltage
gain magnitude curve outside the passband is 6dB/octave or 20dB/decade.
This characteristic is called the rofloff. The rolloff becomes sharper or steeper
with higher-order filters and is usunally one of the speafications given for active
filters.

Two other categories of filters are bandpass and bamd-reject. The desired
ideal frequency characteristics are shown in Figure 15.4.

el e
1

(a) {v)
Figure 15.4  Ideal fraquency chamacleristics: (a) bandpass fiter and (b) band-reject filter

925
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15.1.2 General Two-Pole Active Filter

Consider Figure 15.5 with admittances Y, through ¥, and an ideal voltage
follower. We will derive the transfer function for the general network and will
then apply specific admittances to obtain particular filter charactenstics.

vl o— Yl 1'1 +

¥Yi

L

Figure15.5 General Two-pole aciive filter

A KCL equation at node ¥, yields

(V= V¥, =K, - Y+ iV, =¥k, (15.3)
A KCL equation at node V, produces

(V,— VY. = WY, (15.4)

From the voltage follower characteristics, we have V, =V,. Therelore,
Equation {15.4) becomes

N Yy
V,= V.‘i( ;,' “) = V{,( ':2 i) (15.5)

’

Substituting Equation (15.5}) into (15.3) and again noting that ¥, =, we
have

VY4 Vi + Y=+ i+ ¥

Y.+ F 15.6)
= Vo(—%){ Yi+ Va4 Y (

Multiplying Equation (! 5.6) by T and rearranging terms, we get the following
expression for the transfer function:

Tis) = Vols) _ R
FEV T Y Yok VoY, + Yot V3

(157

To obtain a low-pass filter, both ¥, and ¥; must be conductances, allow-
ing the signal to pass into the voltage follower at low frequencies. If element ¥
is a capacitor, then the output rolis off at high lrequencies.

To produce a two-pole function, element Y; must alse be a capacitor. On
the other hand. if elements Y, and Y, are capacitors, then the signal will be
blocked at low frequencies buk will be passed into the voltage follower at high
frequencies, resulting in a high-pass filter. Therefore, admittances ¥; and ¥,
must both be copductances 1o produce a two-pole high-pass transfer function.
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15.1.3 Two-Pole Low-Pass Butterworth Filter

To form a low-pass filter, weset Y, =G = I/R|, Y, =G, = 1/ Ry, ¥y = 5,
and Y, = sC,, as shown in Figure 15.6. The transfer function, from Equation
(15.7), becomes

Vo (8) Gy ;
T(s) = =
) V,-{S) Glaz + SC4{G| + Gz + .TC:;) (158;
(-‘I'.L
I
LY
VJ’.’
Figure 15.6 Goneral iwo-pole low-pass filler
At zero frequency, 5 = jw = 0 and the transfer function is
GGy
Tis=01= GG - 1 (15.9

In the high-frequency limit, s = jo — oo and the transfer function approaches
zero. This circuit therefore acts as a low-pass filter.

A Butterworth filter 15 a maximally fiat magnitude filter. The transfer func-
tion is designed such thail the magnitude of the transfer funcuion is as flat as
possible within the passband of the filter. This objective is achieved by taking
the derivatives of the transfer function with respect to frequency and setting as
many as possible equal to zero at the center of the passband, which is at zero
frequency for the low-pass flter.

Let &y = Gy = G = I/R. The transfer function is then

|

RZ |

Tis)= ) 1+ SRC4(2 + sRC3)

3 {15.10)
F + S'CJ. (E + SC3

We define time constants at ry = RC; and 7, = RC,. [f we then set 5 = jw, we
oblain
1 l

T(jw) = =
( fe0) 1+ jwrg(Z + jots) (1 — wlrys) + /(2e7,)

{15.11)
The magnitude of the transfer function is therefore

ITGa) = [(1 - wteaze) +ot]™ (15.12)

nt
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For a maximally flat filter (that is, a filter with a minimum rate of change),
which defines a Butterworth filter, we set

T

":TJ' =0 (15.13)
Taking the derivative, we find

| T t. 5 e om , .

% = —E[“ —@'nyrg) + (2wt 1T [—dwtyrl] - o Ti1y) + Swi)

(15.14)
Setting the derivative equal to zero at @ = 0 yields

a7 E :
o W [—4wrira(] — @ 1:7) + Swrs] {15.15)

= 4cur4[-—r3|II - wzrg.u) + 21‘4]

Equation (15.15) is satisiied when 2ty = 13, of

C; = 2C, {15.16)
For this condition, the wansfler magnitude is, from Equation (15.12),
1
|7 (15.17)

B [l + Hawry )‘]”2

The 3dB, or cutoff, frequency occurs when |71 =1/4/2, or when
HMuwspra)’ = |. We then find that

] 1

thag = 2Mfrgp = —y = m (15.18)
In general, we can write the cutoff frequency in the form

o = 7 (15.19)
Finally, comparing Equasions (15.19), (15.18), and (15.16) yiclds

Ty =0707C (15.20(a))
and

Cy=1.414C (15.20(b))

The two-pole low-pass Butierworth fiiter is shown in Figure 15.7(a), The
Bode plot of the transfer function magnitude is shown in Figure 15.7(b). From
Equation (15.17), the magnitude of the voltage transfer function for the two-
pole low-pass Butierworth filter can be written as

Tl = ____I____ (15.21)

N
| + (-"‘_)
S8
Equation (15.15) shows that the derivative of the voltage transfer function
magnitude at « = 0 is zero even without setting 2t; = r;. However, the added

condition of 27, = 13 produces the maximally flat transfer characteristics of the
Butterworth filter.
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C3=1444C
T
=1
| e
o ¥, 1
| N, 11 dB/ocuave
[ or
Ii - 40 dB/decade
|
i
0 _ Y,
fuw = 5o 4
{a) (1133

Figurs 15.7  (a) Two-pola low-pass Butterworth filter and (b} Bode plot, transtar funclion
rmagnitude
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Deasign Example 15.1 Objective: Design a two-pole low-pass Butterworth fil-
ter for an audio amplifier application.

Consider the circuit shown in Figure 15, 7%a). Design the circuit such that the
bandwidth is 20 kHz.

Solution: From Equation {15.1%), we bave

; i
Jigp = TaRC

or

= = =17  107°
Tafro IO 16

RC

If we let R = 100k, then C = 79.6pF, which means tht C; = 1.414C = [13pF and
Cy =0.707C = 56.3pF.

Comment: These resistance and capacitance values are generally 1oo large 1o be fab-
ricated conveniently on an IC. Instead, discrete resistors and capacitors, in conjunction
with the IC op-amp, would need to be used.

Computer Simulation Veritication: Figure 15.8(a) shows the circuit used in the com-
puter simulation. A standard LM324 op-amp is used. A 1 V sinusoidal input signal is
applied. Figure 15.8(b) shows the outpuf signal as a function of frequency. The 3¢B
frequency, the frequency at which the output signal is 0.707Y, is 20kHz, as designed.
The slope of the rolloff at high frequency is also —12 dBjoctave, as predicied from
theory.

151.4 Two-Pole High-Pass Butterworth Filter

To form a high-pass fiter, the resistors and capaciiors are interchanged from
those in the low-pass filter. A two-pole high-pass Butterworth filter is shown in
Figure 159(a). The analysis proceeds exactly the same as in the {ast section,
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I=5V
vy w=sy g
1V _r‘r
=0
Firp 4 (onn)
10V
WO mV |-
1 mV |-
MmVl
1mv A 1 1 —1 L |
100Hz 00OHz I10kHz 30%Hz I0kH: MkHz 100kHz
Frequency (kHz)
)

Figure 15.8 (a) Circuit used in the computer simulation of the design in Examgple 15.1;
{b) output varsus fraquency

L

R, = 0.700R
LYY ¥ Y —
Iy jen)
'I =

C C oV,
i —

%R. = 1414R

5 ]
L 1B J2RC £
{s) (b}

Figura 152 {a) Two-pole high-pass Butterworth fiker and (b) Bode piod, tranafer funclion
maghitude
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except that the derivative is set equal to zero at 5 = jw = oo. Also, the two
capacitors are set equal to each other. The 3dB or cutoff frequency can be
wriften in the general form

wiap = 21148 = RC (1522

We find that Rz =0.707R and Ry = 1.4i4R. The magnitude of the voltage
transfer function for the two-pole high-pass Butterworth is

et
f 4
\}I 4 (f.zdn)
The Bode plot of the transfer function magnitude for the two-pole high-
pass Butterworth filter is shown in Figure 15.9(b).

iT| = (15.23)

J

15.1.5  Higher-Order Butlerworth Filters

The filter order is the namber of poles and is usually dictated by the application
requirements. An N-pole active low-pass filter has a high-frequency rollofT rate
of N x 6dBjoctave. Similarly. the response of an N-pole high-pass filter
increases al a rate of N x 6 dB/octave, up to the cutoff frequency. In each
case, the 3dB frequency is defined as

fig = |
BT S RC

The magnitude of the voltage transfer functien for a Butterworth Nth-
order low-pass filter is

(15.24)

7Tl = ——-I— (15.25)
2
1+ (—)
fiap
For a Butterworth Nth-order high-pass filter, the voltage transfer function
magnitude is

IT| = N B (15.26)

frap)
'+ (7")

Figure 15.10(a) shows a three-pole low-pass Butterworth filter. The three
resistors are equal, and the relationship between the capacitors is found by
taking the first and second derivatives of the voltage gain magnilude with
respect to frequency and setling those denvatives equal to zero al s =
jo=0. Figure 15.10(b) shows a three-pole high-pass Butterworth filter. In
this case, the three capacitors are equal and the relationship between the resis-
tors is also found through the derivatives.

Higher-order filters can be created by adding additional RC networks.
However, the loading effect on each additional RC circuit becomes more
severe. The usefulness of active filters is realized when two or more op-amp
filter circuils are cascaded to produce-onme large higher-order active filter.
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Figure t5.10 (a) Three-pole low-pass Butterworth filter and (b} three-pole high-pass
Butterworth lilter

Because of the low output impedance of the op-amp, there is virtually no
loading effect between cascaded stages.

Figure 15.11{a) shows a four-pole low-pass Butterworth filter. The maxi-
mally flat response of this filter is nor obtained by simply cascading two two-
pole filters. The relationship between the capacitors is found through the first
three derivatives of the transfer function. The flour-pole high-pass Butterworth
filter is shown in Figure 15.11(b).

Higher-order filters can be designed but are not considered here. Bandpass
and band-reject filters use similar circuit configurations.

Test Your Understanding

D18.1  Desiga a three-pole low-pass Butterworth active filter with a cutoff {requency
of 10kHz and unity gain at low frequency. What is the magnitude of the voltage transfer
function at 20kHz? (Ans. For exampie, R=15kQ. C, =003%6pF, (=
0.01392uF, ¢ = 0.002024 sF, |T} = —18.14B)

D18.2 Design a four-pole high-pass Butterworth aciive filter with a 3 dB frequency
of 50kHz. Determine the frequency at which the voltage transfer function magnritude is
1: percent of its maximum value. {Ans. For example, € =0.001pF, R = 2.9k,
Ry =344k R, = 1L.22kQ, Ry =831 k8L, f = 15.8kHz)
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Cx= 2613C
Cy= 10820 i
1L 11
1t
\ [ o} Vn
R R YR
V, ot A= /
= Oy = 03825C
]:C = 09241
(2)
R
o Fa=2en
' 1082 AN
AAM
Ly O IVn
It
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L}

Figure 15.11 (a) Four-pole low-pass Buttarworih filler and (b) lour-pole high-pass
Butterwarih fiter

18.83 One-, two-, three-, and (our-pole low-pass Butterworth active filters are all
desipned with a cutoff frequency of 10kHz and unity gain at lew frequency.
Determine the voltage transfer function magnitude, in dB, at 12kHz for each filter,
(Ans. —3.87dB, —4.884dB, —6.04B, and —7.24dB)

9913

15.1.6  Switched-Capacitor Filter

The results of Example 15.1 demonstrated that discrete resistors and capacitors
may be nesded in active filters, since the required resistance and capacitance
values are too large to be convenienily fabricated on a monolithic IC chip.
Large-value resistors (R > 10k$?) require a large chip area, and the absolute-
value tolerance is difficult to maintain. In addition, the maximum capacitance
for a monolithic [C capacitor is approximately 100 pF., which is also limited by
the large chip area required and the absolute-value tolerance. In these cases,
accurate RC time constants may be difficult to maintain,

Couventional active filters usually combine an 1C op-amp and discrete
resistors and capacitors, However, even with discrete resistors and capacitors,
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standard cotnponents may not be available for the design of a specific cutoff
frequency. Design accuracy for a specific cutoff frequency may therefore have
to be sacrificed.

Switched-capacitor filters have the advantage of an all-1C circuit. The filter
uses smatl capacitance values and realizes large effective resistance values by
using a combination of capacitors and MOS switching transistors.

The Basle Principle of the Swiiched Capacitor

Figure 15.12 shows a simple circuit in which voltages V| and V, are applied at
the terminals of a resistance R. The current in the resistor is

vV, — 1,
== = (15.27(a))
The resistance is therefore
R= Y'_}V_ (15.27(h))

Since the current is the rate of charge flow, Equation {15.27(b}) states that the
resistance is a voltage dilference divided by the rate of charge flow. We use this
basic definition in switched-capacitor circuits.

The circuit in Figure 15.13{a) consists of two MOSFETSs and a capacitor.
A two-phase clock provides complementary but nonoverlapping ¢ and ¢, gate
pulses, as shown in Figure 15.13(b}). When a clock pulse is high, the corre-
sponding transislot turas on; when the gate pulse is low, the transistor is off.

When ¢, goes high, M, wirns on and capacitor C charges up to V. When
¢ goes high, M, turns on and capacitor C discharges to P, (assuming
V) > V). The amount of charge transferred during this process is Q = C(¥; —
V,) and the transfer occurs during one clock period T~ The equivalent current
is then

g _Cv - 1)

V=V,
Ly== =" fo, - vy =

R

(15.28)

ey

where /- is the clock frequency and R, is the equivalent resistance given by

Ry = (15.29)

{a) ®)
Figure15.13 (a) Capecitor with two awiiching MOSFETs and (b) two-phase clock puises
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Using this technique, we can simulate an equivalent resistance by alter-
nately charging and discharging a capacitor between 1wo voltage levels, A large
equivalent resistance can be simulated by using a small capacitance and an
appropriate clock frequency. The circuit in Figure 15.13(a) is therefore called a
swilched-capacitor circuit.

938

Example 15.2 Objeciive: Determine the clock frequency required 1o simulate a
specific resistance.

Consider the switched-capacitor circutt in Figure 15.13(a}. Assume a capacitance of
C = 20pF. Determine the clock lrequency required to simulate a 1 M resistance.

Solution: From Equation (15.29), we find that

n u
T CR, (20 x 1077109

fe = 50kHz

Commenl: A very large resistance can be readily simulated by a small capacitance and
a reasonable clock frequency.

Various classes of active filters, such as low-pass, high-pass, bandpass, and
band-reject circuils, can be impiemented by the switched-capacitor technique,
which (hen results in an all-capacitor filter circuit.

Exampie of Switched-Capacitor Filter
Consider the one-pole low-pass filter in Figure 15.14(a). The transfer function is
V‘.[-T) g RF |

5 __& 15.30
T = ™ R T43R:C; el
and the cutoff frequency is
|
T = e—— 15.31
I?dﬂ EJTRFCF ( )
": ’2

* ¢ -~

() (b)
Figurai5.14 {a) One-pole low-pass ffler and (b} squivalent switched-capacitor circut

bt ¥,
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If a 10kHz cutoff frequency is required and if Cr = 10pF, then the Ry resis-
tance required is approximately 1.6 M$2. In addition, if a gain of — 10 is desired,
then resistance R must be 160kQ.

The equivalent switched-capacitor filter i1s shown in Figure 15.14(b). The
transfer function is still given by Equation (15.30), where Rg,, = 1/(f-C;) and
Riep = 1/(fcC))- The transfer function is then

(1 Cy) 1 o 1

(1fcCy ., .CaNCs ™ G | . T
| —_— < =
4 feCy H.fsdn

The low-frequency gain is —C, /C,, which is just the ratio of two capaci-
tances, and the 3dB frequency is

Jagp = UeCrl/(QaCr)

which is also proportional to the ratio of two other capacitances. For MOS 1C
capacitance vaiues of approximatefy 10pF. the ratio tolerance is on the order
of 0.1 percent. This means that switched-capacitor filter characteristics can be
precisely controlled.

T(w =

(15.32)

Design Example 15.3 Objective: Design a  one-pole low.-pass  switched-
capacitor filter,

Design the circuit in Figure 15.14{b) such that the low-frequency gain is — 1 and the
cutoff frequency is | kHz.

Solution: From Equation (15.32). the low-lrequency gain 5 —(C,/C;}, and the ca-
pacitance ratio musk be (C,/C3) = |. From Equation (15.32), the cutofl {requency is

JfeCo
2ICF

Fiag =

1f we set the clock frequency to f- = [0 kHz. then

¢ 2nfygs _ 22(10°)
bu N AN = 0.628
Cr e 10 x 107

Comment: Since the low-lrequency gain and cutofl frequency are both functions of
capacitor ratios, the absolute capaciter values can be designed for compatibibity with IC
fabrication.

This discussion of switched-capacitor filters is a short introduction to the
topic and is intended only to show another application of operational ampli-
fiers. Switched-capacitor filters are ““sampled-data systems™; that is, the analog
input signal is not transmitted through the circuit as a continuwous signal but
passes through the system as a series of pulses. The equivalent resistance given
by Equation (15.29) is valid only for clock frequencies much greater than the
analog input signal frequency. Switched-capacitor systems can be analyzed and
designed by z-transform techniques.
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Test Your Understanding

16.4 Simulatea SMQ resistance using the circuil in Figure 15.13¢2). Whar capacitor
value and clock frequency are required? (Ans. For example, C = 10 pF, f- = 20kHz)

18.8 For the switched-capacitor circuit in Figure 15.14(b), the parameters are:
C; =30pF, ¢, = 5pF, and Cp = 12pF. The clock frequency is 100 kHz. Determine
the low-frequency gain and the cutoff frequency. (Ans. —C, /Cy = -8, f34p = 6.63kHz)

15.2 OSCILLATORS

In this section, we will look at the basic principles of sine-wave osciltators. In
our study of feedback in Chapter 12, we emphasized the need for negative
feedback to provide a stable circuit, Oscillators, however, use positive feedback
and, therefore, are actwally nonlinear circuits in some cases. The analysis and
design of oscillator circuits are divided into two parts. In the first part, the
condition and frequency for oscillation are determined; in the second part,
means for amplitude control is addressed. We consider only the first step in
this section to gain insight into the basic operatior of oscillators.

15.21  Basic Principles tor Oscillation

The basic oscillator consists of an amplifier and a frequency-selective network
connected in a feedback loop. Figure 15.15 shows a block diagram of the
fundamental feedback circuit, in which we are implicitly assuming that nega-
tive feedback is employed. Although actual oscillator circuits do not have an
input signal, we initially include one here to help in the analysis. In previous
feedback cirenits, we assumed the feedback transfer function B was indepen-
dent of frequency. In oscillator circuits, however, £ is the principal portion of
the loop gain that is dependent on frequency.
For the circuit shown, the ideal closed-loop transfer function is given by

Als)
5} = ok A 15.33
A = T AR Vel
and the loop gain of the feedback circuil is
Tisy = AP (15.34)

From our discussion of feedback in Chapter 2, we know that the loop
gain T{s5) is positive for negative feedback. which means that the feedback

merwork, f
Figure 1515 _Blook diagram of the fundamantal leedback circult
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signal vy, subtracts from the input signal v,. If the loop gain T(s) becomes
negative, then the feedback signal phase causes vy to add to the input signal.
increasing the error signal v,. If T(s) = —1, the closed-loop transfer function
goes to infinity, which means that the circuit can have a finite output for a zero
input signal.

As T'(s) approaches — 1, an actual circuit becomes nonlinear, which means
that the gain does not go to infinity. Assume that T(s) = —| so that positive
feedback exists over a particular frequency range. IF a spontanecus signal (due
to noise) is created at v, in this frequency range, the resulting feedback signal
vp is in phase with v, and the error signal v, is reinforced and increased. This
reinforcement process continues at only those frequencies for which the total
phase shift around the feedback loop is zero. Therefore, the condition for
oscillation is that, at a specific lcequency, we have

T(jw,) = ALjw)fljw,) = ~1 (15.35)

The condition that T(jw,} = —1 is called the Barkhausen criterion.
Equation {15.35) shows that two conditions must be satisfied to sustain
oscitlation:

I. 'The total phase shift through the amplifier and feedback network must be
N x 360°, where N = 0.1,2,....

2. The magnitude of the toop gain must be unity.

In the feedback circuit block diagram in Figure 15.15, we implicitly assume
negative feedback. For an oscillator, the feedback transfer function, or the
frequency-selective network, must introduce an additional {80 degree phase
shift such that the net phase¢ around the entire foop is zero. For the circuit to
oscillate at a single (requency ,, the condition for oscillation, from Equaton
{(15.35), should be satisfied at only that one frequency.

15.2.2 Phase-Shift Oscillator

An example of an op-amp oscillator is the phase-shift oscillator. One config-
uration of this oscillator circuit is shown in Figure 15.16. The basic ampilifier of
the circuit is the op-amp A, which is connected as an inverting amplifier with
its output connected to a three-stage RC filter. The voltage followers in the
circuit eliminate loading effects between each RC filter stage.

Vi

(1)) Ot

Flgure 15.18 Phase-shift oscillator circult with voliage-folower biiffer stages
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The inverting amplifier introduces a — 180 degree phase shift, which means
that each RC network must provide 60 degrees of phase shift io produce the
180 degrees required of the frequency-sensitive feedback network in order to
produce positive feedback. Note that the inverting terminal of op-amp A; is at
virtual ground; therefore, the RC network between op-amps A, and 4, func-
tions exactly as the other two RC networks. We assume that the frequency
effects of the op-amps themselves occur at much higher frequencies than the
response due o the RC networks. Also, to aid in the analysis, we assume an
input signal (v} exists al one node as shown in the figure,

The transfer function of the first RC network is

sRC
v o= (m)(ﬂ} (15.36)

Since the RC networks are assumed to be identical, and since there 15 no
loading effect of one RC stage on another, we have

n _{ SRC Y
TN (1 +sRC) = Als) (15.37)

where B(s) is the feedback transfer function. The amplifier gain A(s) in
Equation (15.33) and (15.34) is actually the magnitude of the gain, or

an = Yol = &2 (15.38)
L R
The loop gain is then
R\ { sRC '
T(s) = A(sHs) = (“E)(i = C) (15.39)

From Equation (15.35), the condition for oscHlation is that |7{jw,)| =1
and the phase of T(jew,) must be 180 degrees. When these requirements are
satisfied, then v, will equal (v;) and a separate input signal will not be required.

If we set s = jw, Equation (15.39) becomes

. R\ (jwRCY
T{jw) = { — | ———
el (R)(lﬂwRCf

R, {oRCHwRCY

(15.40)
_('E) [1 - 3?R*C?] + jwRC[3 - & RACY)

To satisfy the condition T{jw,} = —1, the imaginary component of Equation
{15.40) must equal zero. Since the numerator is purely imaginary, the denomi-
nator must become purely imaginary, or
[1 - 3iR*C?] =0
which yields
i I
" V3RC

where @, is the oscillation frequency. At this frequency, Equation (13.40)
becomes

(15.41)

9%
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; R G/V301/3) ’Rz) (I)
T ' e Rl = e — — i
i) (R)D+(j/~.r’§][3—(113)] (R 5 (15:42)
Consequently, the condition T'(jw,) = —1 is satisfied when
Ry _
b (15.43)

Equation (15.43) implies that if the magnitude of the inverting amplifier gain is
greater than &, the circuit will spontaneously begin oscillating and will sustain
oscillation.

Example 154 Objective: Determine the oscillation frequency and required
amplifier gain for a phase-shift oscillator.

Consider the phase-shift oscillater in Figure 15.16 with parameters C = 0.1 pF and
E=1ka.

Solution: From Equation {15.41), the oscillation frequency is

Jo =52 ARC ~ A0 T % 105

=9%19Hz

The minmum amplifier gain magnitude is 8§ from Equation I5.43; therefore, the mini-
mum value of R, is ks

Comument: Higher oscillation [requencies can easily be cbtained by using smaller
capacitor values.

Using Equation {15.36), we can determine the effect of each RC network in
the phase-shift oscillator. At the oscillation frequency w,, the transfer function
of each RC network stage is

jo.RC  GINEY (15.44)
P +Jjw,RC | +{j//D J3+j

which can be writien in terms of the magnitude and phase, as follows;

S
VIFT O stan'(10) 2

x [£90° — 7 tan” ' (0.577)] {15.45(a))
or
% x (7907 — 230) = % x /60" (15.45(b))

As required, each RC network introduces a 60 degree phase shift, but they each
also intreduce an attenuation factor of (3) for which the amplifier must
compensate.
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a4t

Test Your Understanding

D18.8 Design the phase-shift oscillator shown in Figure 15.16 to oscillate at f, =

15kHz. Choose appropriate compenent values. (Ans. For example, C = 0.001 pF,
R=06131kiz R; = 49k02)

The two voltage followers in the circuit in Figure {5.i6 need not be
included in a practical phase-shift oscillator. Figure 15.17 shows a phase-
shift oscitlator without the voltage-follower buffer stages. The three RC net-
work stages and the inverting amplifier are still included. The loading effect of
each successive RC network complicates the analysis, but the same principle of
operation applies. The analysis shows that the oscillation frequency is

|
N 15.46
“o = J6RC (340

and the amplifier resistor ratio must be

L

2 15.47
R 9 { )

in order to sustain oscillation.

Vel

Figure15.17 Phase-shift oscillater circuit

Tesl Your Understanding

45.7 For the phase-shift oscillator in Figure 15.17, the parameters are & = 10kQ
and C = 100 pF. Determine the frequency of oscillation and the required value of R;.
(Ans. f, & 65kHz, R, = 290k)

15.2.3 Wien-Bridge Oscillator

Another basic oscillator is the Wien-bridge circvit, shown in Figure 15.18, The
circuit consists of an op-amp connected in a noninverfing configuration and
two RC networks connected as the frequency-stlecting feedback circuit,
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Figure 15.18 Wien-bridge oscillator

Again, we mitially assume that an input signal exists at the noninverting
terminals of the op-amp. Since the noninverting amphfier introduces zero
phase shift, the frequency-selective feedback circuit must also introduce zero
phase shift to create the positive feedback condition.

The loop gain is the product of the amplifier gain and the feedback transfer
function, or

5 z
T(s):(l +%)(Z J:z) (15.48)
P h]

whete Z, and Z; are the parallel and series RC network impedances, respec-
tively. These impedances are

R

__R_ 15.49(a)
%r = T4 sRC (15.49(ah
and
; s PO (15.49(b))
sC

Combining Equations (15.49(a)), (15.49(b)), and {15.48), we get an expression
for the loop gain function,

R, I
Tis) = (' g E) [3 T sRC + (l/sRC‘,l] (15.50)

Since this circyit has no explicit negative feedback, as was assumed in the
general network shown in Figure 15.135, the condition for oscillation 15 given by

. (R |
Roml=tiE (' ¥ E’T)L ¥ jan, RC + (i fjw“RC'}] R

Since T'(jw,) must be real, the imaginary component of Equation (15.31) must
be zero; therefore,

'jCl’.,RC +}';'I?3E =1 {1552(31)
fhy .
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which gives the frequency of osciltation as

!
o,

= S {15.52(b))

The magnitude condition is then

| = (I + i—?) G) (15.53(a))

Ry .
a=2 (15.53(b))

or

Equation (15.53(b)} states that to ensure the startup of oscillation, we must
have (R;/R)) > 2.
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Design Example 155 Objeciive: Design a Wien-bridge circuit to oscillate at a
specified [requency.

Consider the Wien-bridge oscillator in Figure 15.18. Design the circuit 10 oscillate
at f, = WkHz.

Solution: The oscillation requency given by Equation (15.52(b)} vields

| | =4
kC f, T 220 x 10¥) 96 x 10

a 10k resistor and 796 pF capacitor satisly this requirement. Since the amplifier resis-
tor ratio must be Ry /Ry = 2, we could, for example. have R = 20kQ2 and R) = 10k,
which would satisfy the requirernent.

Commenl: As usual in any electronic circuit design, there s no unique solution.
Reasonably sized component values should be chosen whenever possible.

Computer Simulation Verlfication: A computer simulation was performed using the
circunt in Figure 15.19%a). Figure 15.1%b) shows the ocutput vollage versus time. Since
the raiio of resistances is Ry/ R = 22710 = 2.2, the overall gain is greater than unity so
the output increases as a function of time, This increase shows the oscillation nature of
the circuit. Another characteristic of the circuit 15 shown in Figure 15.19(c). A |mV
sintuscrdal signal was apphied to the input of R; and the output voltage measured as the
frequency was swept from 10kHz to 30kHz. The resonant nature of the circuit is
observed, The oscillavion frequency and the resonant frequency are both at approxi-
mately 18.2 kHz, which is below the design value of 20kHz,

If the capacilor in the circuit is reduced from 796pF to 720pF, the resonant
frequency is exactly 20 kHz. This example is one case, then, when the design parameters
need to be changed slightly in order 10 meet the design specifications,
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Figure 16.19 (a} Circuit used in the computer simulation for Example 15.5, (b} oufput
voltage versus time, and (c) ouiput voltage versus input rsquenty
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Test Your Understanding

D18.8 Design the Wien-bridge circuit in Figure 1518 to oscillate at £, = 800Hz.
Assume R = R, = 10k, (Ans. C=0.02puF, Ry = 0kQ)

15.2.4  Additional Oscillator Configurations

Oscillators that use transistors and LC tuned circuits or crystals in their feed-
back networks can be used in the hundreds of kHz to hundreds of MHz
frequency range. Although these oscillators do not typically contain an op-
amp, we include a briel discussion of such circuits for completeness. We will
examine the Colpitts, Hartley, and crystal osciliators.

Colpitts Oscillator

The ac equivalent crcuit of the Colpitts oscillator with an FET is shown in
Figure 15.20. A circuit with a BJT can also be designed. A parallel LC resonant
circuit is used to establish the oscillator frequency, and feedback is provided by
a voltage divider between capacitors C; and C». Resistor R in conjunction with
the transistor provides the necessary gain at rescnance. We assume that the
transistor frequency response occurs at a high enough frequency that the
oscillation frequency is determined by the external elements only.

Figure 15.21 shows the small-signal equivalent circuit of the Colpitts oscil-
lator. The wransistor output resistance r, can be included in R. A KCL equation
at the output node yieids

L et =0 (15.54)
;—(:'1- st + SCE

and a voltage divider produces

Vo= | 25— 7, (15.55)
— +sL
".'Cg
L
LYY

-_ﬂ

+

C: = v,

Figure 15,21  Small-signal equivalent circult, MOSFET Coipitts oscilator
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G Je_ G
L
Y

Figure 15.20 The ac
equivalent cireuit, MOSFET
Colpitts oscillator
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Substituting Equation (15.55) into Equation (15.54), we find that
|
Vu[£m+5f3 +{1 +.$'2LC3)(E+.“C|):I = () (15.56)

If we assume that oscillation has started, then V, # 0 and can be elimi-
nated from Equation {15.56). We then have

S LC

1
SLCCy+ +5(C) + C)+ (g,,, + E) =0 (1857

Letting 5 = jw, we obtain

1 & LCs ,
(gm +§""w R -) +.!;w[(ct + C:)“W_LC|C2] =0 (15.58)

The condition for oscillation implies that both the real and imaginary
components of Equation (15.58) must be zero. From the imagimary com-
ponent, the oscillation frequency is

@, = —r—“!——u— (15.59)

C1C‘J
L - -
(Ci + (.'2)

which is the resonant frequency of the LC circuit. From the real part of
Equation (15.58), the condition for oscillation is

2
il LC'» 1
——— =g, + 15.60
R & + R ( )
Combining Equations (15.59) and (15.60) yields
s
= 15.61
c, 2R ( }

where g,, R is the magnitude of the gain. Equation {15.61) states that to initiate
oscillations_spontaneously, we must have g, R > (C,/C))

Hartley Oscillator

Figure 15.22 shows the ac equivalent circuit of the Hartley oscillator with a
BJT. An FET can also be used. Again, a parallel LC resopant circuit estab-
lishes the oscillator frequency, and feedback is provided by a voltage divider
between inductors L and L.

The analysis of the Hartley oscillator 15 essentially identical to that of the
Colpitts oscillator. The frequency of escillation, neglecting transistor frequency
effects, is

i, e (15.62)

Vil + L)C

Equation (15.62) also assumes that r, 3 1/{eC).
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Crystal Oscillator

A piezoelectric erystal, such as guartz, exhibits electromechanical resonance
characteristics in response 10 a voltage applied across the crystal. The oscilla-
tions are very stable over time and temperatuge, with temperature coefficients
on the order of 1 ppm per "C. The oscillation frequency is determined by the
crystal dimensions. This means that crystal oscillators are fixed-frequency
devices.

The circuit symbol for the piezoelectric crystal is shown in Figure 15.23(a),
and the equivalent circuil s shown in Figure 15.23(b). The inductance L can be
as high as a few hundred henrys, the capacitance C, can be on the order of
0.001 pF, and the capacitance C, can be on the order of a few pF. Also, the @-
factor can be on the order of 10°, which means that the series resistance r cin
be neglected.

The impedance of the equivalent circuil in Figure 15.23(b) is

] s+ (1/LC))

g oy HC, + CHLEG))

(15.63)

Equation (15.63) indicates that the crystal has two resonant frequencies, which
are very close together. At the series-resonant frequency f;, the reactance of the
series branch is zero; at the parallel-resonant frequency /. the reactance of the
crystal approaches infinity.

Between the resonant frequencies f; and £,, the crystal reactance is induc-
tive, so the crystal can be substituted for an inductance, such as that in a
Colpitts oscillator. Figure 15.24 shows the ac equivalent circuit of a Pierce
oscillator, which is similar 1o the Colpitis oscillator in Figure 15.20 but with
the inductor replaced by the crystal. Since the crystal reactance 1s inductive
over a very narrow frequency range. the frequency of oscillation is also con-
fined to this narrow range and is quite constant relative to changes in bias
current or temperature. Crystal oscillator frequencies are usually in the range
of tens of kHz to tens of MHz.

w47
~ L
C, =G,
—4_
T3
o
(a} {b)

Figure15.23 (a)
Piszoalactric crystal sircuit
symbol and {b) piezoslectric
cryslal equivalant circuit

o o
! —

1o

Figure15.24 Pierce
oscitator in which the inductor
in & Colpitis oscillator is
teplaced by a crystal

Test Your Understanding

*45.9 For the Colpiits oscillator in Figure 15.20, assume parameters of L = 1 yH, €,
and (> = InF, and R = 4kQ. Determine the oscitlator frequency and the required
value of g, Is this value of g, reasonuble for a MOSFET? Why? (Ans. f, =
7.12 MHz. g,, = 0.25mA/V)

153  SCHMITT TRIGGER CIRCUITS

In this section, we will analyze another class of circuits that utilize positive
feedback, The basic circuit is commonly called a Schmitt trigger, which can be
used in the class of waveform generators called multivibrators. The three gen-
eral types of multivibrators are: bistable, monostable, and astable. In this
section. we will examine the bistable multivibrator, which has a comparator
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with positive feedback and has two stable states. We will discuss the compara-
tor first, and will then describe various applications of the Schmitt tngger.

15.3.1  Comparaior

The comparator is essentially an op-amp operated in an open-loop configura-
tion, as shown in Figure 15.25(a). As the name implies, a comparator compares
two voltages to determine which is larger. The comparator is usually biased at
voltages + Vs and — Vs, although other biases are possible.

Yo
Vab g
|
|
. I
+¥5 '
|
|
L. e ]
vo I
e v !
- L "
-Iw:; -& 9 +3 vy - ¥
{a} {b)

Figure 15.25 {a) Open-loop comparator and (b) voitage transfer characteristics, open-leop
comparator

The voliage transfer characteristics, neglecting any offset voltage effects,
are shown in Figure 15.25(k). When v; is slightly greater than »|, the outpat is
driven to a high saturated state ¥y; when v, is slightly less than v;, the output s
driven to a low saturated state ¥, . The saturated output voltages Vy and V',
may be close 1o the supply voltages +F5 and — V5. respectively, which means
that ¥, may be negative. The transition region is the r¢gion in which the
output voltage is in neither of its saturation states. This region occurs when
the input differential voltage is in the range —& < (v; — v|) < +4. If, for exam-
ple, the open-loop gain is 10° and the difference between the two output states
is{Fy =¥ ) =10V, then

25=10/10° =107V = 0.l mV

The range of input differential voltage in the transition region is normally very
small.

One major difference between a comparator and op-amp is that a com-
parator need not be frequency compensated. Frequency siability 1s not a con-
sideration since the comparator is being driven into one of iwo slates. Since a
comparator does not contain a frequency compensation capacitor, it IS not
slew.rate-limited by the compensation capacitor as is the op-amp. Typical
response times for the comparator output to change states are in the range
of 30 to 200 ns. An expected response time for a 741 op-amp with a slew rate-of
0.7 V/ps would be on the order of 30 us, which is a factor of 1000 times greater.



Chapter 15 Applications and Design of Integraied Circuits

Figure 15.26 shows two comparator configurations along with their voltage
transfer characteristics. In both, the input transition region width is assumed to
be negligibly small. The reference voltage may beeither positive or negative, and
the output saturation voltages are assumed to be symmetrical about zero. The
crossover voltage is defined as the input voltage at which the output changes
states.

Yo d
f
Vﬂ.;— T —
VReF
i
V.L
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I.’L e ——
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Figure 15.26 (a) Noninverting comparater circuit and (b} inverting comparator circuit

Two other comparator configurations, in which the crossover voltage is a
function of resistor ratios, are shown in Figure 15.27. Input bias current com-
pensation is also included in this figure. From Figure 15.27(a), we use super-
position to obtain

Ry ) R
L= ; 15.64
¥ (Rl"‘RI. VREF+(R1+32)P’ L
The ideal crossover voltage occurs when v, =0, ot

R:Vaer + Rivy =0 {15.65(a)}
which can be written as

R .
= __R_z VREF (13.63b))
1

The output goes high when v, > 0. From Equation (15.64), we see that
v, = High when v, is greater than the crossover voltage, A similar amalysis
produces the characteristics shown in Figure 15.27(b).

Figure 15.28 shows one application of a comparator, to contro! street
lights. The input signal is the output of a photodetector circuit. Voltage vy is
directly proportional 1o the .amount of light incident on the photodetector.
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Figure 15.2T Othar comparator circvits: {a) naninverting and (b) invertnyg

During the night, v; < Vgeg, and vg is on the order of Vg = +15V; the tran-
sistor turns on. The current in the relay swiltch then turns the street lights on.
During the day, the hight incident on the photodetector produces an output
signal such that v, > Frgp. [n this case, vy is on the order of — V¢ = -15V,
and the transistor turns off.

Diode D) is used as a protection device, preventing reverse-bias break-
down in the B~E junction. With zero output current, the relay swilch is open
and the sireet lights are off. At dusk and dawn, v; = Vygp.

The open-loop comparator circuit in Figure 15.228 may exhibit unaccepta-
bie behavior in response to noise in the system. Figure 15.29(a} shows the same
comparator circuit, but with a variable hght source, such as clouds causing the
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{a}

Figure 15,29  (a) Comparator circuil including input naise sowrcs, (b) inpult signal, and
{c) outpul signal, showing chatier affect

light intensity to Auctuate over a short period of time. A variable light intensity
would be eqmivalent to a noise source v, in seties with the signal source v, If we
assume that v; is increasing linearly with time (corresponding to dawn), then
the total input signal v; versus time is shown in Figure 15.2%b). When
v; > Vygr, the output switches low; when v; < Vpgp, the output switches
high, producing a chatter effect in the output signal as shown in Figure
14.29(c). This effect would turn the street lights off and on over a relatively
short ume period. If the amplitude of the noise signal increases, the chatter
effect becomes more severe. This chatter can be eliminated by using a Schmitt

trigger.

15.3.2 Basic inveriing Schmilit Trigger

The Schmitt trigger or bistable muttivibrator uses positive feedback with a loop-
gain greater than unity to produce a bistable characteristic. Figure 15.30(a)
shows one configuration of a Schmitt trigger. Positive feedback occlirs because
the feedback resistor is connected between the output and noninverting input
terminals. Voltage v, , in terms of the output voltage, can be found by using a
voltage divider equation to yield

T
Vo= (m) Yo (1566)

Voltage v, does not remain constant; rather, it is a function of the output
voltage. Input signal v, is applied to the inverling terminal.

Voiltage Transfer Characteristics

To determine the voltage transfer characteristics, we assume that the output of
the comparator is in ong stale, namely vg = Fy, which is the high state. Then

_{_& E
v"’_(R,+Rz)V" . : v Y g {1587

51
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Flgure 15.30 (a) Schnitt irigger circuit, (b) voltage transfer characteristic as input vohage
increases, {c) voltage transfer characteristic as input voltage decreases, and (d) net voliage
transfer characterstics, showing hysteresis offect

As long as the input signal ts less than v, the output remains in its high state.
The crossover voltage occurs when v; = v, and is defined as V. We have

Rl r
Vi = (R! - Rz)"” (15.68)

When v, is greater than Fry, the voltage at the inverting terminal is greater
than that at the noninverting terminal. The differential input voltage (v, — Vry)
is amplified by the open-loop gain of the comparator, and the output switches
to its low state, or vp = Fy. Voltage v, then becomes

“I
=|——1V, 15.69
o (R[ + ﬂz) L

Since V', < Vy, the input voltage v, is still greater than v, and the output
remains in its low state as v; continues to increase. This voltage transfer char-
acteristic is shown in Figure 15.30(b). Implicit in these transfer characteristics is
the assumption that Fy is positive and V; is negative.

Now consider the transfer characteristic as v; decreases. As long as v; is
larger than v, = [R,/(R; + R;)]¥, the output remains in its low saturation
state. The crossover voltage now occurs when v; = v, and is defined as V.
We have

R, .
Ve = | ———— 15.70
L (Rl + R;) Ve ! :

As vy drops below this value, the voltage at the noninverting terminal is greater
than that at the inverting terminal. The differential voltage at the comparator
terminals is amplified by the open-loop gain, and the cutput switches to its high
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state, or vp = V. As v continues to decrease, it remains less than v, ; there-
fore, v remains in its high state. This voltage transfer characteristic is shown in
Figure 15.30(c}.

Coimpiete Voilage Transfer and Bistable Characteristics

The complete voltage transfer characteristics of the Schmitt trigger in Figure
15.30(a) combine the characteristics in Figures 15.30(b) and 15.30(c). These
complete characteristics are shown in Figure 15.30(d). As shown, the crossover
voltages depend on whether the input voltage is increasing or decreasing. The
complete transfer characteristics therefore show a hysteresis effect. The width of
the hysteresis is the difference between the two crossover voltages ¥y amd Vo

The bistable characteristic of the circuit occurs around the point ¥, =0, at
which the output may be in either its high or low state. The output remains in
either stale as long as v; remains in the range V7, < vy < Vry. The output
switches states only if the input increases above Vyy or decreases below Fry.

Example 15.6 Objective: Determine the hysteresis width of a particular Schmitt

trigger.
Consider the Schmiti trigger in Figure 15.30(a), with parameters R, = 10k and
Ry = 90k, Let Vy = 10V and ¥ = ~10V.

Solution: From Equation (15.68), the upper crossover voliage is

R 10 ) ;
= | |¥u = =1V
Vou (R1+R2) “ (10+90 He)
and from Equation (15.70), the lower crossover voltage is
R, 10
Ve, 2 | ——t— ¥y = —=}-10) =~V
L (R.+R2) £ (IO+9¢) =10

The hysteresss width is therefore (Vry — V) =2V

Comment The hysteresis width can be designed 1o be larger or smaller for specific
applications by adjusting the voltage divider ratio of R, and R,

The complete voltage transfer characteristics in Figure 15.30(d) show the
inverting chatacteristics of this particular Schmitt trigger. When the input
signal becomes sufficienty positive, the output is in its low state; when the
input signal is sufficiently negative, the output is in its high state. Since the
input signal is applied to the inverting terminal of the comparator, this char-
acteristic is as expected.

Test Your Understanding

15.40 For the comparator in Figure 15.30(a}, the high and low saturated output
states are +12 V and ~12V, respectively. If R; = 20k£2, find R, such that the crossover
voltapes are £2 V. (Ans. R, =4kQ)
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15.3.3  Additional Schmitt Trigger Configurations

A noninverting Schmitt trigger can be designed by applying the inpul signal to
lhe network connected Lo the comparator noninverting terminal, Also, both
crossover voltages of a Schmitt trigger circuit can be shifted in either a positive
or negative direction by applying a reference voltage. We will study these
general circuit configurations, the resulting voltage wransfer characteristics,
and an application of a Schmitt trigger circuit it this section.

Noninverting Schmitt Trigger Circult

Consider the circuit in Figure 15.31(a). The inverting terminal is held essen-
tially at ground potential, and the input signal is applied to resistor R, whichis
connected to the comparator noninverting terminal. Voltage v, at the nonin-
verting terminal then becomes a function of both the input signal v, and the
output voliage 1. Using superposition, we find that

Ry Ry
= - 1571
& (R1+R:)W+ (RI +Rz)v0 ( ’
Yo
r—--* — e ——— -
V?t! Ve
| l ¥y
(b)

Figura 15.31 ({a) Noninverting Schmitt frigger circuit and (bj voltage transfer characteristics

If v; is negative, and the output is in its low state, then vp = V; (assumed to be
negative), v, is negative, and the output remains in its low saturation state.
Crossover voltage v, = Vyy occurs when v, =0 and vy =V, or, from
Equation (15.71),

0= Rz Vn',r + R| VL (15?2{3)}

which can be writien
R,
Yew=-l5 1V (15.72(b))
R,

Since ¥, is negative, Vry is positive.
If we let v; = Vg + 8, where §is a small positive voliage, the input voltage
is just greater than the crossover voltage and Equation (15.71) becomes

Ry Ry
= V 15,73
Vs (R,+R2)(Vm+5)+(k,+R2) 2 { )
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FEquation (15.73) then becomes

RZ —R| R2 ( R] ‘
= — |V 5 N
& (Rn + Rz)( R, ) A (Ru + Rz) "\R ¥ Rz) Ve (15740))

or

R;
v, = (RI m R3)3 >0 {15.74(b))

When v, > 0, the output switches to its high saturation state.
The lower crossover voltage v; = ¥y occurs when v, = Gand vp = V.
From Equation (15.71), we have

which can be written

Wi = _(%) Vi (15.75(b))

Since Vyy = 0, then ¥y < 0.

The complele voltage transfer characteristics are shown in Figure 15.31(b).
We again note the hysteresis effect and the bistable characteristic around
vy = 0. With v; sufficiently positive, the output is in its high state; with v
sufficiently negative, the output is in its low state. The circuit thus exhibits
the noninverting transfer characteristic.

Test Your Understanding

D15.11 A noninverting Schmite trigger is shown in Figure 15.31(a). [ts saturated
sutput voltages are 210V, Design the circuit to oblain £100mV crossover voltages.
Choose suitable component values. (Ans. R,/R; = 0.010}

Schmitt Trigger Circuits with Applied Reference Voltages

The switching voltage of a Schmitt trigger is defined as the average value of
7y and V5, . For the two circuits in Figure 15.30(a) and 1531(a), the switch-
ing voltages are zero, assuming Vry = —Vry. In some applications, the switch-
ing voltage must be either positive or negative. Both crossover voltages can be
shifted in either a positive or negative direction by applying a reference voltage.

Figure 15.32(a) shows an inverting Schmitt trigger with a reference voltage
Vaee. The complete voltage transfer characteristics are shown in Figure
15.32(b). The switching voltage V. assuming Vg and ¥, are symmetrical
aboul zero, is given by

Ry
Vo= (R| J;-—‘RE) Vase (15.76)
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(a) {b)

Flgure 15.32 (a) Inverting Schmitl rigger circuit with applied relerence voltage and
{b) voltage transfer characteristics

Note that the switching veltage is not the same as the reference voltage. The
upper and lower crossover voltages are

R
Vg = Vs + ( 3 +‘ RZ)VH (15.77(a))
and
Vry = Vs (—f"'—)v (15.77(h)
TL ¥ R1+R2; L .
Test Your Understanding

15.12 For the Schmitt trigger in Figure 15.32(a}, the parameters are: Frep = 2V,
Vg =10V, V= —10V, R, = 1k, and Ry = [0KQ: (a) Determine Vg, Fyy. and Vo
(b} Let v; be a (riangular wave with 2 zero average voltage, a 10V peak amplitude, and a
10ms period. Skeich vy versus time over two periods. Label the appropriate voltages
and times. (Ans. (a} Vg=1.B2V, VFry =273V, Vr, =091V}

A noninverting Schimitt trigger with a reference voltage is shown in Figure
15.33(a), and the complete voltage transfer characteristics are shown in Figure
15.33(b). The switching voltage V,, again assuming Fy and V; are symmetrical
aboul zero, is given by

Ry

(a) (b}

Flgure 15.33 (a) Noninverting Schaitt trigger tircuit with applied referance vollage and
{0} voitage transfer characteristics



Chapter |5 Applications and Design of Integrated Circuits

and the upper and lower crossover voltages are

R
Viy =V - (ﬁiz) Vy (15.79(a))
and
s 'RE
Vg =Vy - I Vi (15.7%(b))

If the owtput saturation voltages are symmetrical sach that ¥, = —Fpg, then
the crossover voltages are symmetrical about the switching voltage V.

957

Test Your Understanding

D18.13 Consider the Schmitt trigger in Figure 15.33(a). Let Vy =5V and V| =
—5 V. Design the circuit such that Vg = — 1 V and the hysteresis width is 2.5V, What are
the values of ¥y and Vpy? (Ans. R\ /Ry =025 Vapp=—08V, Vry =023V,
Vip = =225V)

Schmitt Trigger Appiication

Let us recansider the street light control in Figure 15.29(a). which included «
noise source. Figure 15.34(a) shows the same basic circuit, except that a
Schmitt trigger is used instead ol a simple comparator.

The input signal v is again assumed to increase linearly with time. The
total input signal v; is v, with the noise signal superimposed, as shown in
Figure 15.34(b). At time #,, the input signal becomes greater than the switching
voltage Vy. The output, however, does not switch, since vy < V. This means
that the input signal is less than the upper crossover voltage. At time 13, the
input signal becomes larger than the crossover veltage, or v > Fry, and the

Y

Light Wariable v
light o

o T

{a)

Flgure 15.34  {a) Application of Schmitt trigger circuit including input noise source, (b} input
signal, and {c) oulput signal, showing slimination of chalter affect

{b)

{c}
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output signal switches from its high to its low state. At time 1y, the input signal
drops below Vg, but the oulput does not switch states since v; > Fy;. This
means that the inpul signal remains greater than the lower crossover voltage.
The Schmitt trigger circuit thus elimimates the chatter effect that occurs in the
output voftage in Figure 15.29(c). Elimination of the chatter in the output
voltage response results directly from the hysteresis effect in the Schmitt trigger
characteristics.

Design Example 15.7 Objective: Design a Schmitt trigger circuit for the photo-
detector switch circuit.

Consider the Schmitt trigger ¢ircuit in Figure 15.34(a). Design the circuit such that
the switching vohage is ¥y = 2 ¥ and the hysteresis width is 60mV. Assume Fgy = 15V
and ¥, = —15V¥,

Solution: The Schmitt trigger circuit is ihe inverting type, for which the voleage trans-
fer characteristics are shown in Figure 15.32(by. From Equations {15.77(a)) and
(15.77(b)). the hysteresis width is

R ;
Vew = Vo = (EI:_!?){ Vg = ¥1)

50

55 R ; - R
0.060 = (R! +RZ)[IS T 30(3, l Rz)

which yields R/ R; =499, We can find the reference veltage from Equation (15.76),
which can be rewritien to obtain

_ E_'_ - _I_ - 24
VReF = (1 + R;) Vs == (I +499){2) = 2004 ¥

Resistor values of R, = 100 and R: = 499k will sausly the requirements. The
crossover voltages are thus ¥y =203V and by, =197V,

Comment: [n this case, lhe output chatter effect is eliminated for noise signals with
amplitudes lower than ¥ mV. The hysteresis width can be adjusted wp or down to fil
specific application requirements in which the noise signal is larger or smaller than that
given in this exampie.

Test Your Understanding

D15.14 Redesign the street light control circuit shown in Figure 15.34{a} such that
the switching voltage 15 Vs =1V and (he hysteresis width is [00mV. Assume
Fg = +H10¥ and ¥V, = -1V, Also. find R such that [ =200mA when v = Vg
Assume Vpgion) =07V and V, = 0.7V, and assume the relay switch resistance is
1000 (Ans. Ry/ Ry =199, Pppp = LDDSV, R = 429kRQ2)
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15.3.4  Schmitt Triggers with Limiters

In the Schmitt trigger circuils we have thus far considered, the open-loop
saturation voltages of the comparator may not be very precise and may also
vary from on¢ comparator to another. The output saturation voltages can be
controlled and made more precise by udding limiter networks.

i A,
R :_d =-T====
— l'o . l
vy ANt Vel Ve
R Dy } : ¥
et b A
R Dp e L1
" _(V]' + Vo)
(a) {b)

Figure 15.35 (a) Schmitl trigger with Zener diode limiters and (b) vottage franster
characleristics

A direct approach at limiting the output is shown in Figure 1535, Two
back-to-back Zener diodes are connected between the output and ground.
Assuming the two diodes are matched, the output is limited to either the
positive or negative value of (¥, + ¥,), where V, is the forward diode voltage
and ¥, is the reverse Zener voltage. Resistor R is chosen to produce a specified
current in the diodes.

Anocther Schmitt trigger with a limiter 15 shown in Figure 15.36(a). If we
assume that vy =0 and v, is in its high state, then D, is on and D, 15 off,

Yo
_____ 11— Vi + 2¥)
] bt
™=
i 15
|
1
vipw o[ Yo Teowy '
= \ra g ) R TEY 1
- ' i
—(Vpppt Vb e e e
{2) )

Figure 15.36 () inverting Schmitl trigger with diode limitars and (b) voltage transfer
characteristics ' - :
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Neglecting currents in the 100k resistor, we have v, = +V,. where F, is the
forward diode voltage. We can write

vo — ¥ n —(—Frer)
— = | (15.89)

Solving for ¥, yieids
Yo = VREF + sz (15.31)

which means that the output voltage can be controlled and ¢an be designed
more accurately. The ideal hysteresis characteristics for this Schmitt trigger are
shown in Figure 15.36(b). As v; increases or decreases, a small current flows in
the 100 k£ resistor, producing a nonzero slope in the voltage transfer charac-
tenistics. The slope is on the order of 1/100, which is quite small.

A noninverting Schmitt trigger with a hmiting network is shown in Figure

15.37(a), and the resulting voltage transfer characteristics are given in Figure
15.37(b).

(7]
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‘ VTH=E “"‘EEF* ..V],}

| v
&, ,//'} I 1
VrH=— R_1 “;REF"' 21"?}‘ |
~Vaer ’ ' |
RI ———————— J-—l——’-(vgg_r;."‘ 2"'(-}-]
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(a) )
Figure 15.37 (a} Noninverting Schmitt frigger with diode limiters and (b) voltage transfer
characteristics

15.4 NONSINUSOIDAL OSCILLATORS AND TIMING CIRCUITS

Many applications, especially digital electronic systems, use a nonsinusoidal
square-wave oscillator to provide a clock signal for the system. This type of
oscillator is cafled an astable multivibrator. In other applications, a single pulse
ol known height and width is used to initiate a particular set of functions. This
type of oscillator is called a monostable multivibrator. First, we will examine
the Schmitt trigger connected as an oscillator. Then we will analyze the 555
timer circuit. Although used extensively in digital electronic systems, these
circwits are included here as comparator circuit applications.
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154.1  Schmitt Trigger Oscillator

The Schmitt trigger can be used in an oscillator circuit to generate a square-
wave output signal. This is accomplished by adding an RC network io the
negative feedback loop of the Schmitt trigger as shown in Figure 15.38. As
we will see. this circuit has no stable states. It is therefore called an astable
multivibrator.

Initially, we set R, and R, equal to the same value, or R, = R, = R. We
assume that the output switches symmetrically about zero volts, with the high
saturated cutput denoted by Fy = Vp and the low saturated output dencted
by ¥y = —Vp. If v is low, or vy = —Vp, then v, = —(})V,. When vy drops
just slightly below v,, the output switches high se that vg =4V, and
Py = +(5‘) Vp. The RyCy network sees a positive step-increase in voltage, so
capacitor Cy begins to charge and voltage vy starts to increase toward a final
value of Vp.

The general equation for the voltage across a capatitor in an RC network
I8

Vy = YEinal T (Vinitia)l = YFinal ye 't (15.82)

where vp,;a is the initial capacitor voltage at ¢ = 0, v,y is the final capacitor
voltage at 1 = oo, and v is the time constant. We can now write

ll*.

s
N O (15.83a))

ar

’ 3VP ~rir

T e (15.83(b)}
where 1, = Ry Cy. Vollage vy increases exponentially with time toward a final
voltage ¥,. However, when vy becomes just slightly greater than v, =
+(1/2)¥p, the output switches to its low state of vy =~Fp and v, =
—(3}¥p. The Ry Cy network sees a negative step change in voltage, so capacitor
Cy now begins to discharge and voltage vy staris to decrease toward a final
value of —Fp. We can now write

V
vy = —Vp+ [+ —2‘3 i V,o)]e'“""”" (15.84(a))
or
b %ﬁe—“—wﬂ (15.84(b))

where 1, is the time at which the output switches to its low state. The capacitor
voltage then decreases exponentially with time. When vy decreases to
vy = —())¥p, the output again switches to its high state. The process continues
10 repeat itself, which means that this positive-feedback circuit oscillates pro-
ducing a square-wave output signal. Figure 15.39 shows the output voltage v,
and the capacitor voltage vy versus time.

Time ¢, can be found from Equation (15.83(b)) by setting r= 1, when
vy = Vp/2, o1 ;

Flgure 15.38  Schmitt
trigger oscilator

961
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Figure 15.39 Ouiput voltage and capaciior vollage versus time for Schmitt irigger oscifiator

Ve Ve i
R SN M L W A
: e (15.85)
Solving for ¢, we find that
Hh=tdn3=LIRyCy (15.86)

From a similar analysis using Equation (15.84(b)), we find that the differ-
ence between r; and ¢, is also 1.1Ry Cy: therefore, the period of oscillation T is

T G 2.2R,\"C_\' {15.87)
and the frequency of oscillation s
i |
b= = m (15.88)

As an example of an apphcation of this circuit, a variable frequency oscil-
lator is created by letting Ry be a variable resistor.

Design Example 158 Objective: Design a Schamite trigger oscillator for a par-
ticular lrequency.
Consider the oscillator in Figure 15.38. Design the circuit to oscillate at f; = 1 kHa.

Solution: Using Equation (15.88), we can write

———= - ol
TR RIS 455 % 10

RyCy =

If Cy = 0.1 F, then Ry = 4.55kS2.

Comment: A larger {requency of oscillation can easily be obtained by using a smaller
capacitor valus.

The duty cycle of the oscillator is defined as the percentage of time that the
output voltage v, is in its high state. For the circuit just considered, the duty
cyele is 50 percent, as seen in Figure 15.39. This is a result of (he symmetrical
output voltages +¥p and —~ V. If asymmetrical output voltages are used, then
the duty cycle changes from the 50 percent value,



Chapter |5 Applications and Design of Integrated Circuits

Tesl Your Understanding

“18.945 For the Schmiilt trigger osciflator in Figure 15.38, the saturation output
voltages are +10V and —SV. R, = R, = 20k, Ry = 50kQ, and Cy = 0.01pF.
Determine 1he frequency of oscillation and the duty cycle. Sketch vy, and v, versus
tlime over two periods of the oscillation. {Ans. f = 866 Hz, duty cycle = 39.7%)

15,48  The Schmite trigger oscillator is shown in Figure 15.38. The saturation output
voltages are 10V, and R = 10k, R; =20k, Ry = 0kQ, and Cy = 0.1pF.
Determine the frequency of oscillation and the duty cycle. Sketch v, and vy versus
time over {wo peniods of oscillation. {(Ans. § = 722 Hz, duty cycle = 50%)

15.4.2 Monostable Multivibrator

A monostable multivibrator has one stable state, in which it can remain mdefi-
mtely if not disturbed. However, a trigger pulse can force the circuil into a
quasi-stable state for a definite time, producing an output pulse with a parti-
cular height and width. The circuit then returns Lo its stable state until another
trigger pulse is applied. The monostable multivibrator is also called a one-shot.

A monostable multivibrator is created by modifying the Schmitt trigger
oscillator as shown in Figure 15.40. A clamping diode D, is connected in
parallel with Cy. In the stable state, the output is high and voltage vy is
held low by the conducting diede D,.

Ry

D.f Cx% ] | 0
= Dn

Figure 15.40 Schmilt irigger monostatle muliivibrator

The trigger circuit is composed of the capacitor C, resistor R, and diode
D5, and is connected to the noninverting lerminal of the comparator. The value
of R, is chosen to be much larger than R, so that voltage vy is determined
primarily by a voltage divider of R, and R;. We then have

R ;
- ( 7 +‘ Rz) Vp= gV, (15.89)

where ¥5 is the sum of the forward and breakdown voltages of Dz, and Dz,
of Vp= (¥, + ¥z). This voltage is the positive saturated output voitage.
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The circuit is triggered by a negative-going step voltage applied to capacitor
C. This action forward-biases diode £ and pulls the voltage vy below vy. Since
the comparator then sees a larger voltage at the inverting terminal, the output
switches to its low state of

vo=-Vp=—-(V, +Vz)

Voltage vy then becomes

e —( R.T Rz) - (15.90)
causing D, to become reverse biased, thus isclating the oscillator circuit from
the input triggering network. The negative-step change in v, causes voltage vy
to decrease exponentially with a time constant of 1, = RyCy toward a final
value of — Vp. Diode D, is reverse biased during this time. When vy drops just
below the value of v given by Equation (15.90), the output switches back to its
positive saturated value of +V,. The capacitor voltage vy then siarts to
increase exponentially toward a final value of +V,; When vy reaches ¥,
diode D, again becomes forward biased, vy is clamped at V', and the output
remains in its high state,

The waveforms of vo and vy versus time are shown in Figure 15.41. After
the output has switched back to iis high state, the capacitor voltage vy must
return to its quiescent value of vy = ¥, This implies that there is a recovery
time of (T’ — 7) during which the circuit should not be retriggered.

For ¢ > 0. voltage vy can be written in the same general form as Equation
(15.82), as follows:

vy =—=Vp (¥, ~(=Vphe " (15.91)

where v, = RyCy. ALt =T, vy = —BV; and the output switches high. The
pulse width is then

IR
T=r ln[-—-—-—{_ - ] (1592)

If we assume V, « Vpand il we let Ry = Ry such that # = 1/2, then the pulse
width is T = (.69t,. We can show that for ¥, « Vp and § = 1/2, the recovery

time is (T' — T) = 0.4r,. There are alternative circuits with shorter recovery
times, but we will not consider them here.

Toward/ Yo
| +¥p +V,
L T -, P

e FER I R

v, vy 0 s

Toward
—¥p
L-T \.‘:\‘t =K V,G r
&) (¢}

Figure15.41  Schmitt trigger monostable muttivibrator voltages versus time (a) input trigger
pulse, (1) capacitor voliage, and (c} cutput pulte
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Design Example 159 Objective: Design a monostable multivibrator to pro-
duce a given pulse width.

Consider the circuit in Figure 15.40 with parameters Vp = 10V, ¥, = 0.7V, and
R, = R+ = 20k{2. Design the circuit to produce a pulse that is | ps wide,

Solutlon; Since V, « Fp and R} = R:, then from Equation {15.92), we have
T = 0607,
or

r 1
f‘.=R‘1C.' Em:m": i.45m

[l Ry = I0KR. then Cy = 145pF.

Comment: In actual monostable multivibrator ICs, Ry and Cy are external elements
10 allew for variable times.

Test Your Understanding

*45.17 For the monostable circuit shown in Figure 15,40, the parameiees are:
Ve=12V. ¥, =07V, Cy =0.1uF, R) = 10k, and R; = 30kQ. (2) Find the value
of Ry that will result in a 30 ps output pulse. (b) Using the results of part (2). find the
recovery time. (Ans. (a} Ry = 3.09 k&2 (b) 47.9 ps}

15.18 Consider the monostable multivibvalor in Figure 15.40 with parameters:
Fp=8V, ¥, =07V, Cy =001yF, Ry =10k, R;=20kQ and R; =40k,
Determine the output pulse width and recovery time. {Ans. 7 = 48.9ps, #; = 7.8 ps)

15.4.3 The 555 Circuit

The 555 monolithic integrated circuit timer was first introduced by Signetics
Corporation in 1972 in bipolar technology. It quickly became an industry
standard for timing and oscillation functions. Many manufacturers produce
a version of a 355 IC, some in CMOS technelogy. The 553 is a general-purpose
IC that can be used for precision timing, pulse generation, sequential timing,
ttme delay generation, pulse width modulation, pulse position modulation, and
linear ramp generation. The $55 can operate in both astable and monostable
modes, with timing pulses ranging from microseconds to hours. It also has an
adjustable duty cycle and can generally source or sink cutput currents up [0
200mA.

Basic Operation

The basic block diagram of the 555 IC is shown in Figure 15.42(a). The circuit
consists of two comparators, which drive an RS flip-flop, an output buffer, and
a transistor that discharges an external timing capacitor. The actual circuit ol
an £M555 timer is shown in Figure 15.42(b).

The RS flip-flop is a digital circuit that will be considered in detail in a later
chaptet. Here, we will describe only the basic digital function of the flip-flop, so
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{a)

Flgure15.42 {a) Basic block diagram, 555 IC timer circuit and () circuit diagram, LM555
timer clrcult

that the operation of the 555 timer can be explained. When the input R is high
and input S is low, output @ is high. The complementary state occurs when R
is low and § is high, producing a low O output. If both R and S are low, then
output { remains in its previous state.

Comparator 1 is called the threshold comparator, which compares its input
with an internal voltage reference set at (¥ by the voltage divider R;, Ry,
and Rs. When the input leve] exceeds this reference level, the threshold com-
" parator output goes high, producing a high output at flip-flop terminal @. This
turns the discharge transistor on and an external timing capacitor (not shown
in this figure) starts to discharge.

The internal control voltage node is connected to an external terminal.
This provides external control of the reference level, should the timing period
need to be modified. When not in active use, this terminal should be bypassed
to ground with a 0.01 pF capacitor, to improve the circuit’s noise imraunity.

Comparator 2, called the trigger comparator, compares its input trigger
voltage to an internal voltage reference set to (}) V'™ by the same voltage divider
as before. When the output trigger level is reduced below this reference level,
the trigger comparator output goes high, causing the RS flip-flop to reset.
Output § gocs low and the discharge transistor turns off. This comparator
triggers on the leading edge of a negative-going input pulse.

The output stage of the 555 IC is driven by output Q of the RS flip-flop.
This output is usually a totem-pole push-pull circuit, or a simple buffer, and is
gencrally. capable. of sourcing or ginking 200 mA.
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An external reset input to the RS fip-flop overrides all other inputs and is
used to initiate a new timing cycle by turning the discharge transistor on. The
reset input must be less than 0.4V (o mitiate a reset. When not actively in use,
the reset terminal should be connected to ¥+ to prevent a false reset.

Monostable Multivibrator

A monostable multivibrator, also called a one-shot, operates by charging a
timing capacitor with a current set by an external resistance. When the one-
shot is triggered, the charging network cycles only once during the timing
interval. The total timing interval includes the recovery time needed for the
capacitor to charge up to the threshold level.

The external circuitry and connections for the 555 to be used as a one-shot
multivibrator are shown in Figure 15,43, With a high voltage V" applied to the
trigger input, the trigger comparator output is low, the flip-flop output ¢ is
high, the discharge transistor is turned on, and the timing capacitor C is dis-
charged to nearly ground potential. The output of the 535 circuit is then low,
which is the quiescent state of the one-shot.

Figure 15.43 The 585 circuit connected as a monostable multivibrator

When a negative-going pulse is applied to the trigger input, the output of
the trigger comparator goes high when the trigger pulse drops below (h¥™.
Output O goes low, which means that the output of the 555 goes high, and the
discharge transistor turns off. The output of the 555 remains high even if the
trigger pulse returns to its initial high value, because the reset input to the flip-
flop is still low. The timing capacitor charges up exponentially toward a final
value of ¥* through resistor R. The capacitor voltage is given by

W=V (1-e ") (15.93)

When ®f) = @)V*, the threshold comparator output goes high, resetting the
flip-flop. Output @ then goes high and the output of the 555 goes low. The high
output at @ also turns on the discharge transistor, allowing the timing ca-
pacitor to discharge 1o near zero volts. The circuit thus returns to its quiescent
state,
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The width of the output pulse is determined from Equation (15.93). If we
set W= (¥ and ¢ = T, then

5
(%) V+ o V+(E _e—T,’RC} {15‘94)

Solving for T, we have
T=RCIn(3)=1.IRC {15.95)

The width of the output pulse is a function of only the external time
constant RC: it is independent of the supply voltage ¥* and any internal
circult parameters. The triggering input pulse must be of a shorter duration
than T. The output pulse height is a function of ¥™ as well as of the internal
circuitry, For a bipolar 555, the output pulse amplitude is approximately 1.7V
betow supply voltage V'*.

When the output is high and the tming capacitor s charging, another
trigger input pulse will have no effect on the circuit. If desired, the circuit
can be reset during this period by applying a low input to the reset terminal.
The cutput will return to zero and will remain in this quiescent state until
another trigger pulse is applied.

Design Example 1510 Objective: Design the 555 IC as a monostable mult-
vibrator with a 100 ps output pulse,
Consider the circuic in Figurs 15,43, Let O = 15nF.

Solutlon: Using Equation (15.95), we find thal

T 100 x 107*

R= =
LIC T (LIS = 10°%)

= 6.06 k{2

Comment: To a very good approximation, the pulse width is a function of only the
external resistor and capacitance values. A wide range of pulse widths can be obtained
by changing these component values.

Astable Multivibrator

Figure 15.44 shows a typical external circuit connection for the 555 operating
as an astable multivibrator, also called a tmer circuit or clock. The threshold
input and trigger input terminals are connecied together. In the astable mode,
the timing capacitor C charges through R, = Ry until %/} reaches (5)¥™. The
threshold comparator output then goes high. forcing the flip-flop output ¢ 10
go high. The discharge transistor turns on, and the timing capacitor C dis-
charges through Rz and the discharge transistor. The capacitor voltage
decreases until it reaches {1}1’/" at which point the trigger comparator switches
states and sends @ low. The discharge transistor turns off, and the timing
capacitor begins to recharge. When PU} reaches the threshold level of (§ W,
the cycle repeats stself, . .
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When the timing capacitor is charging, during the time 0 < ¢ < T, the
capacitor voltage is

Miy=¥* 4 VH(L =) (15.96)

where 1, = (R4 Rp)C. At time t = T, the capacilor voltage reaches the
threshold level, or

WTc) = % i =% vt +§ V(L — e Tel) (15.97)
Solving Equation {1597 for the timing capacitor charging time T¢ yields
Te = 7, I0(2) = 0.693(R, + Rp)C (15.98)

When the timing capacitor is discharging, during the time 0 < ¢ < T, the
capacitor voltage is

We') = §V+e"'f " (15.99)
where 15 = RgC. At time t' = T'p, the capacitor voliage reaches the trigger

level and

WTp) = % V= % AP {15.100)

Solving Equation {15.100) for the timing capacitor discharge time T}, yiclds
Tp = tzln(2) = 0.693R5C (15.101)

The period T of the astable multivibrator cycle is the sum of the charging
period Te and the discharging period Tp. The frequency of oscillation is
therefore

f= 1_ v 1

T T T T+ Ty 0693(R,+2RpC

(15.162)
The duty cycle is defined as the percentage of time the output is high

during one period of oscillation. During the charging time T, the output is
mmsmm&mmmeomputbhw‘mdwmismenfm

T 3 AT



Figure 15.44
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Te R+ Ry
t le = —= % 100% = —"——=
duty cycle T X R, ¥ 2R,

x 100% (15.103)

Equation (15.103) shows that the duty cycle for this circuit is always
greater than 50 percent. The duty cycle approaches 50 percent for R, < Ry
and 100 percent for Ry <« R,. Alternative circuits can provide duty cycles of
less than 50 percent.

wm

Design Example 15.11 Objeclive: Design the 555 1C as an astable multivibra-
tor for a specific frequency and duly cycle.

Consider the circuit in Figure 15.44. Design the circuit such that the frequency is
50 kHz and the duty cycle is 75 percent. Let € = 1 nF.

Soluflon: The frequency of oscillation, as given by Equation (15.102). is

fies 0.693(R, + 2Rg)C

Thereflvre,

L 1
(0.693)fC — (0.693)(50 x 10°1 x 10~}

R,+2Rp= = 289k {15.104)

The duty cycle, given by Equation {15.1)3), is

R+ Ry
=07 =—2—2
Duty cycle = 0.75 R, T 1R,
which yields
Ry =12Rg (15.16%)

Combining Equations {15.104) and (15.10%), we find that

R, =145k and Ry=T7.23kQ

Comment A wide range of oscillation frequencies can be obtained by changing the
resistance and capacitance values.

Other Appflications

When the 555 is connected in the monstable mode, an external signal applied to
the control voltage terminal will change the charging time of the timing capa¢-
itor and the pulse width, If the one-shot is triggered with a continuous pulse
train, the output pulse width will be modulated by the external signal. This
circuit is known as a pulse wiith modulator (PWM).

A pulse position modulator can also be developed using the astable mode. A
modulating signal applied to the control voltage terminal will vary the pulse
position, which will be controlled by the modulating signal in a manner sitmilar
to the PWM.,
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Finally, a linear ramp generator can be constructed, again using the 555
monostable mode. The normal charging patiern of the timing capacitor is
exponential because of the RC circuit. If resistor R is replaced by a constant
current source, a linear ramp will be generated.

Test Your Understanding

15.19 The 555 IC is connecied as an astable multivibrator. Let R, = 20k,

Rg =80k, and C = 001uF. Determine the frequency of oscillation and the duty
cycle. (Ans. /' = 802 Hz, duty cycle = 55.6%)

D18.20 Design the 555 IC as an astable multivibrator to deliver a | kHz signal with
a 55 percent duty cycle, (Ans. For example, C =001pF. R, = 26k, Rp = 118k}

15.5 INTEGRATED ¢IRCUIT POWER AMPLIFIERS

Most 1C power amplifiers consist of a high-gain small-signal amplifier cascaded
with a class-AB output stage. Some IC power amplifiers ace a fixed-gain circuit
with negative feedback incorporaied on the chip, while others use a current
gain output stage and negative feedback external to the chip. We consider three
examples of IC power amplifiers in this section.

15.5.1 LM380 Power Amplifier

The LM380 is a popular fixed-gain power amplifier capable of an ac power
output up to 5W. Figure 15.45 is a simplified circuit diagram of the amplifier.
The input stage is 2 Darlington pair configuration composed of Q) through @,
and an active load formed by Qs and O,

The input stage is biased by currents through resistors Ry 4. Ry and R..
Transistor ¢, is biased by a current from power supply F*, through the diode-
connected transistor (¢ and resistors R, and R, g. Transistor 0, is biased by
a current from the output terminal through R;. For zero input voltages, the
currents in (3 and (4 are nearly equal. Assuming matched input transistors
and neglecting base currents, we find that

V+ = 31”55
Joy = smmenn 22 (15.106)
O Ria+ Ray
and
ey = w (15107}

Since fc; = 14, we can find the quiescent output vollage by combining
Equations {15.106} and (15.107), or

_R
R|‘+R;B

l
Vo=2Vea+ (W—]VH)=EV++EVEQ (15.108)
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Figure 15.45 The LM380 power amplitiar

The quiescent output voltage 1s approximately halfl the power supply volt-
age. which allows for a maximum output voltage swing and for maximum
power to be delivered to a load. The feedback from the output to the emitter
of 4. through R,, stabilizes the quiescent output voltage at this value.

The output signal of the diff-amp 15 the input signal to the base of ¢,
which is connected in 2 common-emitter configuration in which g); acts as an
active load. The output signal from the collector of @ is the inpul to the class-
AB output stage, and capaciter Cg provides frequency compensation.

The class-AB complementary push-pull emitter-follower output stage com-
prises transistors 07, @y, and @y and diedes D, and D,. Transistor £, which is
the npn half of the push-pull cutput stage, sources cutrent 1o the load.
Transistors Oy and Q5 operate as a composite ptp transistor, with the overall
current gain equal to the product of the current gains of each transistor. This
composite transistor is the pnp half of the push-pull output stage sinking
current from the load. Diodes D, and D, provide the quiescent bias for
class-AB operation.

The ¢losed-loop gain is determined from the ac equivalent circuit in Figure
15.46. A differential-input voltage is applied at the input, with V;/2 applied at
the noninverting terminal and —¥,;/2 applied at the inverting terminal. An
external bypass capacitor is connected at the node between R, and Rys,
putting this node at signal ground. The second stage and output stage are
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Figure 15.46 The ac equivalent circuit, LM380 power amplifier

represented by amplifier 4. The input impedance is assumed to be large, which
means that the input current is assumed to be negligible.

Since the input stage is an emitter-follower configuration, the signal volt-
age is approximately +V;/2 at the emitter of Q4 and is approximalely —¥,;/2
at the emitter of (. Comparing the resistor values of R, and R, ;. we see the
signal current in Rz is negligibie. The signal current in {5 1s equal to that in
R, and the current-mirror configuration of 5 and Qg implies that the current
in Qg is also ¥/ R,. Summing the currents at the emitter of {,, we obtain

Yorkal? Y L

7, % "R, (i5.109)
which vields the closed-loop voltage gain
vV, 1 2R
=3 +—Rr3— = 50 (15.110)

Equation (15.110) shows that the LM380 has a fixed gain of approximately 50.

The LM380 is designed to operate in the range of 12-22V from a single
supply ¥*. The value of V'™ depends on the power requirements. Figure 15.47
shows the relationship between device dissipation, output power, and supply
voitage far an 82 load. As the output signal increases, harmonic distortion in
the sinusoidal signal increases because the output transistor is approaching the
saturation region. The lines marked 3% and 10% are the points at which
harmonic distortion reaches 3% and 10%. respectively.

Example 15.12 Objectiva: Determine the output veltage and conversion effi-
ciency for an LM380 power amplifier.

The required power for an 8 [ is 1o be 4 W, with minimum distortion in the output
signal. . : '
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Figurs 15.47 LM380 power amplifier charactesistics

Solution: Fforn the curves in Figure 15.47, for an output of 4 W, minimum distortion
oocurs when the supply voltage is a maximum, of ¥ = 22V, For 4W to be delivered to
the 8 2 lead, the peak culput signal voltage is determined by

V,? V.!
LTTTR 2B

which yields Vo =8 V.
The power dissipated in the device is 3W, which mzans that the conversion effi-
ciency is 4/(3 + 4) — 57 percent.

Comment A reduction in the harmonic distortion means that the conversion effi-
ciency is less than the theoretical value of 78.5 percent for the class-B output stages.
However, a conversion efficiency of 57 percent is still substantially larger than would be
obtained in any class-A amplifier.

915

Test Your Understanding

18,21 The supply voltage to an LM38( power amplifier, as shown in Figure 1545, 15
12 V. With a sinuosidal input signal, an average output power of 1 W must be delivered
to an 83 load, (a} Determine the peak cutput voltage and peak culput current.
{b} When the cutput voltage is at its peak value, calculate the mstanianeous power
being dissipated in Qy. (Ans. (a) Vp =4V, [, =0.5A (b} Py =4 W)

15.5.2 PA12 Power Amplifier

The basic circuit diagram of the PA12 amplifier is shown in Figure 15.48. The
input signal to the class-AB output siage is from a small-signal high-gain
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Figure 1548 PA12 power ampifier

op-amp. The power supply voltages are in the range of 30 < Vo < 50V, the
peak output current is in the range -15 < [; < +15A, and the maximom
internal power dissipation is 125'W. The output stage is a class-AB configura-
tion using npn and pnp Darlington pair transistors. The bias for the output
transistors is established by the Ve multiplier circuit compaosed of R, R;, and
Q.. Also, external feedback is required.

Design Example 15.13 Objective;: Design the supply voltage required 10 mect
a specific conversion efficiency in the PAI2 power amplifier.

Consider the power amplifier in Figure 15.48 with a load resistance of 10Q. The
required average power delivered to the load is 20W. Delermine the power supply
voltage such that the conversion efficiency is 50 percent.

Solution:  For an averapge of 20W delivered to the load, the peak output voitage is
V, = J2R P, = J2(10)(20) = 20V

and the peak load current is

v,
=2y

RETR e o
I"_R;_ 10

Assuming an ideal class-B condition, for a 50 percent conversion efficiency, the
average power supplied by each F source must be 20 W. I we neglect power dissipation
in the bias circuit, the average power supplied by each source is

V
— P
Ps VS(NRL)
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and the required supply voltage is then

_ AR Ps _ n(1020)

v =
5 v, 0

=314V

Comment: The actual conversion efficiency for class-AB operation is less than 50
percent. This reduced conversion efficiency ensures that harmonic distortion in the
output signal is not severe.

Computer Simulation Verlfication: A computer simulation analysis of the circuit in
Figure 15.48 was performed. The supply voliages were set at £31.4V and the input
sinusoidal signal was adjusted so that the peak sinusoidal cutput voltage was 19.7V
xcross a 108 load resistor, For these settings, the bias sup ply currents were 1.971 A, The
average power delivered by the supply voltage sources is 39.4 W, so that the conversion
efficiency is 49.25 percent, which is just slightly below the design value of 50 percent.

155.3 Bridge Power Amplifier

Figure 15.49 shows a bridge power amplifier that uses two op-amps. Amplifier
A\ is cotinected in a noninverting configuration; A is connected in an inverting
configuration. The magnitudes of the two gains are equal to each other. The
load, such as an audio speaker, is connected between the two output terminals
and is floating. A sinusoidal input signal produces output voltages v, and v,,,
which are equal in magnitude but 180 degrees oul of phase. The voltage across
the load is therefore twice as latge as it would be if produced from a single
op-amp.

£;
|
;w'.v =
= Ay Yo
*
vy Ry §RL
r——tAA—
Py
Ay "33

Flgure 15.49 Bndge power amplifier

Test Your Understanding

15.22 Consider the bridge amplifier in Figure 1549 with parameters R, = Ry =
20kQ, R, = W0kQ, Ry = 50kQ, and R, = 1.2kl Assume the op-amps are biased at
415V, and the peak output voltage of cach op-amp is limited to £12 V. Determine: (a}
the voltage gain of each op-amp circuit, (b} the average power that can be delivered to
the load, and (¢) the peak amplitude of the input voliage. (Ans. (a) Ay =25, 4 =
15 (P =0.24W (0) Vo= 48V}
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158 VOLTAGE REGULATORS

Another class of analog circuits that is used extensively in electronic systems is
the voltage regulator. We briefly considered constant-voltage circuits, or volt-
age regulators, when we studied diode circuits and when we considered ideal
op-amp circuits in Chapter 9. In this section, we will discuss examples of IC
voltage regulators.

15.6.1 Dasic Regulator Description

A voltage regulator is a circuit or device that provides a constant voltage to a
load. The output voltage is controlled by the internal circuitry and is relatively
independent of the load current supplied by the regulator.

A basic diagram of a voltage regulator is shown in Figure 15.50. It consists
of three basic parts: a reference voltage circuit; an error amplifier, which is part
of a feedback circuit; and a current amplifier, which supplies the required load
current. The reference voltage circuit produces a voltage that is essentially
independent of both supply voltage ¥* and temperature. As shown in the
basic circuit of Figure 15.30, a fraction of the output voltage is fed back to
the error amplifier which, through negative feedback, maintains the feedback
voltage at a value equal to the reference voltage.

Figure 15.80 Basic circuit diagram of a vottage regulator

Since the regulator ouiput voltage is derived from the reference voltage,
any variation in that reference voltage, as the power supply voltage V*
changes, also affects the outpumt voliage. Line regulation is defined as the
ratio of the change in output voltage to a given change in the input supply
voltage, or :

Line regulation = (15.111)

AVy
av
Line regulation is one figure of menit of voltage regulators. In many cases, the
reference voltage circuit contains one or more Zener diodes. Line regulation is
then a function of the Zener diode resistance and the effective resistance of the
circuil biasing the diode.

1582 Outpui Resistance and Load Regulation

The ideal voltage regulator is equivalent to an ideal voltage source in that the
output voltage is independent of the output current and any output load
impedance. In actual voltage regulators, however, the output voltage is a slight
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function of output current. This dependence is related to the output resistance
of the regulator.

The output resistance is defined as the rate of change of ouiput voliage
with output current, or

_ &b,
Alg

R, = (15.112)

The change in ¥, and Jo is caused by a change in the load resistance R;.
Everything else in the circuit remains constant. The negative sign in Equation
{15.112) results from the voltage polarity and current direction, as shown in
Figure 15.50. An increase in [y produces a decrease in Vg; therefore, the owt-
put resistance R, is positive. The output resistance of a voltage regulator
should be small, so that a change in output current Afp will result in only a
small change in outpul voltage A¥,.

The notation R, for the output resistance of the voltage regulator is the
same as the term for the output resistance of a feedback circuit. This is appro-
priate since voltage regulators use feedback.

A second figure-of-merit for voltage regulators is load regulation. Load
regulation is defined as the change in output voltage between a no-load current
condition and a lull-load current condition. Load regulation can be expressed
as a percentage, or

Vo(NL) — Vo(FL)
Vo(NL}

Load regulation = x 100% (15.113)

where Vo(NL) is the output voltage for a zero-load current condition and
¥ o{FL) is the output voltage for a full-load or maximum load current condition.

In some applications, a zero-load current is impractical, and a load current
that is approximately 1 percent of the full-load current is used as the no-load
condition. In most cases, this condition provides an adequate definition for
load regulation.

Example 1514 Obiecives Determine the output resistance and load regulation
of a voltage regulator.

Assume the ontput vollage of a regulator is 5.0 ¥ for a load carrent of 3mA, and is
4.96 'V for a load current of 1.5 A.

Solution; If we assume that the output voltage decreases linearly with load current,
then the oulput resistance is

AV, 5.0—4,96) N
) - & 0.0267 Q
Rt =31y (0‘005— T e
or

R, =1TmQ

The load regulation 15 then
_5.0—4.96

Vo(NL) - Vo(FL) 400 % =
oLy W% =gy X 100% = 0.80%

Load regulation =



Part Il Analog Elecironics

Comment  The output resistance of a voltage regulaior is usually not constant at all
load currents, but the values are typically in the millichm range. Also, a load regulation
of 0.8% is typical of many voltage regulators.

156.3 Simple Series-Pass Regulator

Figure 15.51 shows a simple voltage regulator that includes an error amplifier
{comparator) and series-pass transistors. The seres-pass transistors, which are
connected in a Darlington emitter-follower configuration, form the current
amplifier. A resistive voltage divider allows a portion of the output voltage
to be fed back to the error amplifier. The closed-loop feedback system acls to
maintain this fraction of the output voltage at a value equal to the reference
voltage.

y+ Ve

el

Series-pass
Lrunsislors

Figure15.51 Basic series-pass voltage regulator

For an ideal system, we can write

R
(m) Vo = Veer (15.114(2))

or
R
V= VREF(I 3 R—f) {15.114(b))

Since the output of the feedback circuit is a shunt connection, the output
resistance can be written, according to the results from Chapter 12, as

R,

Ror = T+7

(15.115)

where R, is the output resistance of the open-loop system and T is the loop
gain.
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From feedback theory, the closed-loop and open-loop gains are related by

A
A =17= (15.116)

Combining Equation (15.115) and (15.116), we can write the closed-loop out-
put resistance of the voltage regulator in the form

A~
Ry = R.,(;‘-‘r‘:) (15.117)
oL
From the circuit in Figure 15.51, the closed-loop gain 1§
Vo
Acp = (15.118)
VRer

The open-loop output resistance is the outpwt resistance of the series-pass
transistors, which are operating in an emitter-follower configuration. From
previous results, we can write

_rlz'l'-Ral
R, _w(l TR {15.119)
where
Fm * Ron
Ry=—7-—+ 15120
TRy L

in which R,, is the output resistance of the error amplifier. If the current in @,
is essentially equal to [y and if 8, and B, are large, then combining Equations
{15.119) and (15.120) vields

ezgl/l.kﬂ;"'
Tl BB
Since the product 88, is large, the second term in Equation (13.121) is

generally negligible.
The closed-loop output resistance, given by Equation (15.117), is then

=)0 - (D))
R”"E(fo )(Aw. T\ do J\Free/ \ Ao (=

Equation {15.122) shows that the output resistance of the voltage regulator
is not constant, but varies inversely with load current. Also, for very small
values of load current, the output resistance may be unacceptably high.

The basic definition of output resistance is given in Equation (15.112).
Using this definition and Equation (15.122), and rearranging terms, we obtain

AVoz_(MO)(ZVT)( 1 ) (15.123)
Vo Io /\Vree/ \Aoy
Equation {15.123) relates the fractional change in output voltage (o a fractional

change in output current. Although valid for only small variations in voltage
and current, this equation provides insight into the concept of load regulation.

R, (15.121)

981
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Example 15.15 Objecive: Determine the output resistance and the variation in
output voltage of a series-pass regulator.

Assume an open-loop gain of Ay; = 1000, a reference voltage of Vpgr =35V, a
rominal output voltage of Vp = 10Y_ and o nominal eutput current of fp = 100 mA.

Solution: From Equation {13.122). the output resistance is
2Veng Vo ) 1 ) 200.026)( 10}
Ry=1-—I1= — = ;
= () ) () = oo = 1 04

+rom Equation {15.123), the rclarive change in output voltage is
== () () -~ (5 o)
Yo fo /\¥Fres/ \Aor 1o /(510600

(%I—”-)U.sm < 107

s

or
ﬂV(; _
Voo o

A |0 percent change in dulpul current results in only a 1.04 x 10~* percent change in
output voliage.

Comment: An output resislance in the mS2 range is typical of voltage regulators, anda
change of only 10™* percent in output for a {0 percent change in current is a good load
regulation value.

15.6.4  Posilive Voltage Regulator

In this section, we will analyze an example of a three-terminal positive voltage
regulator fabricated as an IC. The equivalent circuit, shown in Figure 15.52.1s
part of the LM78LXX series, in which the XX designation indicates the output
voltage of the regulator. For example, an LM78LO0R is an 8V regulator.

Basic Circult Description

Once the bias current is established, Zener diode D> provides the basic refer-
ence voltage. Transistors Q)5 and 0, and diode D, form a start-up circuit that
applies the initial bias to the reference voltage circuit. As the voltage across D,
reaches the Zener voltage, transistor @45 turns off, since the B-E voltage goes
to zero (D, and D, are identical) and, the start-up circuit is then effectively
disconnected from the reference voliage circuit.

The reference portion of the circuit is composed of Zener diode D, and
transistors Oy, @5, and 3, which are used for temperature compensation. The
temperature compensation aspects of the circuit are discussed later in this
section. Zener diode D, is biased by the current-source transistor Q4. The
temperature-compensated portion of the reference voltage at the node between
R, and Ry is applied to the base of Oy, which is part of the error amplifier.

The bias current in ¢, is established by the current in Qs, which 15 a
multiple-collector, mulliple-emitter transisior. Transistor (s is biased by the
current in Qs which is controlied by the Zener voltage across D, and the B-E
junction voltages of Qs. @y, and Q). Consequently, the bias currents in the
reference portion of the circuit become almost indeperdent of the input supply
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Figure 15,52 Equivalent circuit, LM7ELXX saries three-termingd positive voltage reguator

voltage. This in turn means that the reference voltage, and thus the cutput
voltage are essentially independent of the power supply voltage. The overall
result is very good line regulation,

The error amplifier is the differential pair @, and Qy, biased by Q¢ and R.
The error amplifier outpul is the input to the base of @y, which is connected as
an emitter follower and forms part of the drive for the series-pass transistors.
The serics-pass output transistors {0y and ¢, are connected in a2 Darlington
emitter-follower configuration.

A [raction of the output voltage, determined by the voltage divider R;; and
Rz, 15 fed back 1o the base of Oy, which is the error-amplifier inverting ter-
minal. If the output voltage is slightly below its nominal value, then the base
vollage at (9 is smaller than that at (,, and the current in 07 becomies a larger
fraction of the total diff-amp bias current. The increased current in (5 induces
a larger current in 4y, which in turn produces 2 larger current in ¢y and
increases the output voltage to the proper value. The opposite process occurs if
the output voltage iz above its nominal value.
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Example 1516 Objective: Determine the bias current, temperalure-compensated
reference voltage, and required resistor Ry in a particular LM78LXX voltage regulator.

Consider the voltage regulator circnit in Figure 15.52. Agsume Zener diode voltages
of ¥z = 6.3V and transistor parameters of ¥gelapn) = Ves(pnp) = 0.6 V. Design R,
such that Vp, =8V.

Solution:  The bias cumrent, neglecting base currents, is found as

¥y — Weelopn)  6.3-3(0.6)

fes=les = = (.57l mA

The temperature-compensated portion of the reference voltage, which is the input to the
base of (1, is
Vagr=Io R + I gelnpn) = (057139} + 2{06) = 341V

From the voltage divider network, we have

Ru)
—ee (V= Vg =V
(7 ro=vn ="

or

2.23
(Ru + 2.23)(3} =ik

which vields
Rip=297ki2

Commeant: The voltage divider of Ry; and Rj3 is internal to the IC. This means the
output voltage of a voltage regulator is fixed.

Temperature Compensation

Zener diodes with breakdown voltages greater than approximately 5V have
positive temperature coefficients, and forward-biased pn junctions have nega-
tive temperature coefficients. The magnitude of the temperature coefficients in
the two devices is nearly the same.

For a given increase in temperature, ¥, increases by Al and each B-E
voltage decreases by AV, which means that I¢, in Figure 15.52 increases by
approximately

AV
R

M‘3‘R.+R2+33 (15.124)
The total voltage across the B-E junctions of @, and Q5 decreases by approxi-
mately 24V, and the change in voltage at the base of {7 is

R
= Al R = 2AV =4AV | ————— | - 2AV =0 15.125
Sl (R,+R3+R3) ( :
This indicates thal the voitage divider across R, effectively cancels any
temperature variation. The input signal to the error amplifier is thus tempera-
ture compensated. _
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Frotection Devices

Transistors Q); and Q4 and resistor R; in the regulater in Figure 15.52 pro-
vide thermal protection. From the results of Example 15.16, the B-E voltage of
(4 is approximately 330mV, which means that both Oy, and Q)3 are effec-
tively cut off. As the temperature increases, the combination of a negative B-E
temperature coefficient and an increase in /- causes Q)4 to begin conducting,
which in turn causes {5 1o conduct. The current in @3 shunts current away
from the output series-pass transistors and produces thermal shutdown.

Qutput current limiting is provided by transistor (), and resistor R, as
we saw previously in op-amp output stages. The combination of resistors Ry,
and R,s and diodes D, and D, produces what is called a foldback characteristic.
The vast majority of the power dissipated in the regulator is usually due to the
output current, or

Py (V= VoMo {(15.126)

The output current limit, to prevent power dissipation from reaching its max-
imum value Pp(max), is given by

Pplmax)

!U{m'dx) = ‘m;

(15.127)
A current-limiting charactenstic of the type described by Equation (15.127) will
protect the regulator and allow the maximum output current possible. This
type of current limiting is called foldback current limiting.

Three-Terminal Regulator

The thyee-terminal voltage regulatos is designed with an output voltage setata
predetermined value; external feedback clements and connections are not
required. Figure 15.53 shows the basic circuit configuration of a three-terminal
regutator. In some applications, capacitors may be inserted across the input
and output terminals. The lead inductance between the voltage supply and
regulator may cause stability problems. The capacitor across the input ter-
minals is used only if the power supply and regulator are separated by a few
centimeters. The load capacitor may improve the response of the regulator to
transient changes in load current.

Ve m ¥y
Inpn | . J_ . | Ouwipant
el 7 e
Cin T = T <
L +

Figure 15.53 Basic cirouil configuration of a three-terminal vollage regulator

Test Your Understanding

15.23 The reference voltage for a constant-voltage source is established by the
sitiple combination of ¥*, Ry, and D, as shown in the regulator circuit in Figure
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15.54. If the Zener diode resistance is Rz = 1082 and the zero-current diede voltage is
¥z, = 56, deterrnine the line regulation of the voltage regulator. Assume an ideal op-
amp. (Ans. 0.454%)

L 10 k£

4.4 kX l L4 A,
3 —ﬂVO

Figure 15.54 Figure tor Exgroise 15.23

*485.24 Consider the voltage regulator in Figure 15.55. The Zener diode is ideal,
with Fz = 6.3V, and the op-amp has a finite open-loop gain of Ag; = 1000. The no-
load current is [ = | mA, and the full-load current is fp = 100 mA. Determine the load
regulation. (Ans. 0.786%)

v+ 10 k£}
MY 'Y W
g = 10 k2
4k _L—WW— R, =05k
= — Vg
+ &
Vzin i"lj&'_n"

Figure 15.55 Figure for Exercise 15.24

48.28 Consider the voltage regulator circuit shown in Figure 15.52 with Zener diode
voltages of V> = 5.6 V. Assume transistor parameters of Ve(npn) = Vegipap) = 0.6V,
negiect base currents, and let the resistor in the emitter of Oy be Ry =100
(2) Determine the bias currents /¢ and J¢y, and the temperature-compensated portion
of the reference voltage ¥ygs. (b) Determine R, such that Fo =5V, (Ans. (a} I; =
0.482mA, oy =0.213mA, Vi = 3.08¥ (b) Ry = 1.39k)

15.7 SUMMARY

® This chapter has presented several applications of op-amps and comparators that
may be fabricated as integrated circuits.

& An active filter uses an aciive device, such as an op-amp, 5o as Lo minimize the effect
of loading on the frequency charactenistics of the filter.

¢ A Butterworth filter has a maximally fiat response in the passband. The maximally
flat response is obtained by setting the derivative of the transfer function with respect
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to frequency equal to zero in the center of the passband. This procedure establishes
the relationships between the varnious resistor and capacitor values.

A switched-capacitor filter offers the advantage of an all-1C configuration. since this
uses small capacitance values in conjunction with MOS switching transistors that
simulate large resistance values.

The basic principles of oscillation are: (1) the net phase through the ampiifier and
feedback network must be zero and (2) the magnitude of the 1oop gain must be unity.
For an oscillater to function, the loop gain of a feedback network must provide
sufficient phase shift to produce positive feedback.

A phase shift oscillator consists of three RC networks, each providing a phase shift of
60 degrees, and an inverting op-amp, providing a phase shift of 180 degrees, for a
total phase shift of 360 degrees.

A Wien-bridge oscillator uses two RC networks as positive feedback in an op-amp
circuit.

The Colpitts, Harley, and crystal oscillator cipcwits use discrete transistors rather than
op-amps, but have the potential of being very high lrequency oscillators.

A comparator is essentially an op-amp epcrated in an open-loop configuration. The
sutput signal is either a high or low saturated voltage.

A Schmitt trigger uses a comparator with positive feedback, which produces u hiyster-
esis in the voltage transfer characteristics. This circuit, with its hysteresis characies-
istic, can eliminate the chatter effect in an output signal duning switching applications
in which noise is superimposed on the input signal,

A square-wave generator or oscillator can be produced by incorporating an RC
newwork in the negative feedback loop of a Schmitt trigger. This type of oscillator
is called an astable multivibrator.

The 555 IC timer uses two comparators and can operate in either astable or monc-
stable modes. The frequency and duty cycle of the astable output signal, and the
output pulse width of the monostable output signal, can be adjusted over a wide
range by varying external resistor and capacitor values.

Three examples of [C power amplifiers were discussed. The LM 380 power amplifier is
an all-IC device capable of delivering 3W of ac power (o0 a load. The PAL2 power
amplifier consists of a high-gain amplifier in conjunction with an external class-AB
output stage and is capable of supplying peak output currents in the range of £15A.
The bridge power amplifier uses (wo op-amps connected to an external load.

A simple series-pass voltage regulator was analyzzd to determine the basic character-
istics of a regulator. The line regulation and load regulation were defined for regu-
laters. Finally, an all-1C LM78L08 voltage regulator was discussed.

CHECKPOINT

Afier studying this chapter, the reader should have the ability 1o0:

v Design a basic active filter. (Section 15.1)

o/ Design a basic oscillator. (Section 15.2)

& Design a basic Schmitt trigger circuit, (Section 15.3)

¢/ Design a Schmitt trigger square-wave oscillator and use a 555 timer circuit. (Section
15.4)

&’ Understand the operation and characteristics of examples of integrated circuit power
amplifiers. (Section 15.5)

ey

E: i

&

.-o

>

i

fapec e H

s

i £ ]

=

i TRl

i

£ Pt

S R

s

s-\'r.' £

gt el "

! L

[ i

B s T

# e

i b ;

Jeohinh ;

: I :

eh g5

# T

+ I ". i

e v

5 15 :

pler s 1

g g

e .4\.}?, i

R eobed

: o

Bhd S

A 1%

e %“ i ;é‘-g

! LYY b

: e
e Lr

i g iy

B bt st

Lt g B

o g e

e :
e ¥

e

i i .
EEE

i e o




Part 11 Analog Eleciromes

REVIEW QUESTIONS

1. Desctibe the difference between an active filter and a passive filter. What is the
primary advantage of an active filter?

2. Skeich the general characteristics of a low-pass filter, a high-pass filter, and a band-
pass filler.

3. Cousider a low-pass filter. What is the slope of the roll-off with frequency for a
(&) one-pole filter, (b) two-pole filter, (c) three-pole filier, and (d) four-pole filter?
What characteristic defines a Butterworth flter?

Describe how a capacitor in conjunction with two switching transistors ¢can behave
as 4 resistor.

6. Sketch a one-pole low-pass swilched-capacitor filier circuit.

7. Describe the charactenisics of an oscillator,

8. Describe and explain the operation of a phase-shift ascillator.
9. Describe and explain the operation of a Wien-bridge oscillator.

10. What is the advaniage of a Colpitts oscillator or Hartley oscillator compared to a
phase-shiit oscillator.

11.  Skeich the circuits and characteristics of inverting and noninverting comparators.
12. Sketch the circuit and characteristics of a basic inverting Schmiti tngger.

13. What is meant by a bistable circuit?

14. What is the primary advantage of a Schmitt trigger circuit.

15. Sketch the circuit and explain the operation of a Schmitt trigger oscillator.

16, Describe the characteristics of a monostable multivibrator.

17. Descrbe how an op-amp in cohjunction with a class-AB output stage can be used
as a power amplifier,

18. Sketch a bridge power amplifier and describe its operation.

19. Sketch the basic circuit block diagram of a voltage regulator and explain the
principle of operation.

20. Define load regulation of a vollage regulator.

21. Sketch the basic circuit of a series-pass voliage regulator.

Lo

14

PROBLEMS
Sectlon 15.1 Actlve Filters

D15.1  (a) Design a single-pole low-pass filter with a gain of 10 in the passband and a
34B frequency of 5kHz. (b} Repeal part (a) for a gain of —15 in the passband and a
34dB frequency of 10kHz. The minimuim mput resistance in the passband for this filter is
fa be 10k

15.2 Determine the reduction in gain at f = 2,4 for a (a) one-pole, (b) two-pole, and
(¢) three-pole low-pass filter.

D153 [Design a two-pole high-pass Butterworth active filter with a cutoff frequency of
10kHz and a unity-gain magnitude at high frequency.

D154 Design a three-pole high-pass Butterworth active filier with a cutoff frequency
of 50 kHz. What is the magnitude of the transfer function at frequencies of 30, 33, 40,
and 45 kH2?

15.5 Staning with the general transfer fanction given by Equation (15.7), derive the
relationship between R, and R, in the two-pole high-pass Butterworth active filter,
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15.8 A low-pass filter is to have a cutoff frequency of LOkHz and is to have 4 gain a1
20 kHz, which 15 reduced by at least 25 dB {rom its maximum value. Find the minimum
number of poles required for a Butterworth filter.

*D15.7 Design a special type of first-order filter {one capacitor) v which the gain
magnitude is 25 for frequencies less than approximately 25kHz and is 1 for frequencies
greater than approximately 25kHz.

*D15.8 An amplitude-modulated radio signal consists of an 80Hz to 12kHz audio
signal superimposed en a 770kHz carrier signal. A low-pass filier is to be designed in
which the gain in the passband is unity and the carner signal is attenuated by at least
~100d4B. What order of filter is required?

D15.9 A band-reject filter may be designed by combining a low-pass filter and a high-
pass filter with a summing amplifier. A 60 Hz signal is to be at least —50dB below the
maximum gain value of 0 dB with a two-pole low-pass Butierworth filter and a two-poke
high-pass Butterworth filter. What is the bandwidth of the reject filter?

1510 Consider the bandpass filter it Figure P15.10. (a) Show that the voltage transfer
function is

“32_ _URQ
A5} = v = (1/Ry) +5C + | f{{sCRy Ry)

(h) For C = 0.1 pF, Ry = 85k, Ry = Ry = 300Q, Ry = 3k, and Rs =30k, deter-
mine; (i) | 4,(max)|; (ii) the frequency £, at which |4,(max)| occurs; and (iii) the two 3dB
frequencies.

Figure P15.10

1511 Consider the circuit in Figare P15.1). (a} Derive the expressions for the magni-
tude and phase of the voltage transfer function. (b) Plot the phase versus frequency for
R = 10k and C = 15.9 nF. [Note: this filter is referred to as an all-pass filter in that the
magnitude of the voltage gain is constant, but the phase of the output veltage changes
with frequency.]

— 'y

lc

Plgurs F15.11
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15.92 For each of the cireuits in Figures P13.12. derive the expressions for the voltage
transfet function T4s) = ¥, L5/ Fisy and the catoff frequency figg.

£ Ky Cy
l—r—wW— It
Iﬁ.l
_ A AN 2 i —WA——
f —o ¥, I 1 Ry
= v, V, ot —
b ¥,
(b) =
Figure P15.12 Figure P15.13

15.13 Thecircwt in Figure P15.13is a bandpass filter. (a) Derive the expression for the
voltage transfer function 7(s). (b If R, = 10k, determine R;, C, and C; such that the
magnitude of the midband gain is 50 and the cutoff frequencies are 200 Hz and SkHz.

D15.14 A simple bandpass filter can be designed by cascading one-pole high-pass and
one-pole low-pass filters, Using op-amp circuits similar 1o those in Figure 15.3, design a
handpass filter with cutoff frequencies of 200 Hz and 50 kHz and wath a midband gain of
10 dB. Resistor vatues must be no larger than 200 k2, but the input resistance must be as
targe as possible.

1515 The clock [frequency in the switched-capacitor ¢ircuit in Figure 15.13(a) is
100kHz. Find the equivalent resistance when: (¢) C=1pF, (b} C=10pF, and
icy € =30pF,

15.98 In the switched-capacitor circuit in Figure 15.13({a), the voltages are V) =2V
and ¥, =1V, the capacitor value is C = l0pF, and the clock frequency 15
f = 100kHz. (a) Determine the charge transferred from ¥, to ¥, during each clock
pulse. (b} What is the average current that source ¥, supplies? (c) I the “on’" resistance
of each MOSFET is V00062, determine the tirne requited 10 transfer 99 percent of the
charge during each half<clock peried.

D15.17 Consider the switched-capacitor filter in Figure 15.14(b). Design the circuit for
a low-frequency gam of —10 and 3 cutoff frequency of 10kHz. The clock frequency
must be 19 times the cutofl frequency and the largest capacitance s to be 30 pF. Find
the required values of €, €y, and Cy.

15,98 The circuit in Figure P15.18 is a switched-capacitor integrator. Let Cp = 30pF
and ' =5pF, and asswme the clock frequency is [00kHz. Also, let » =1V,
{a) Determine the integrating RC time constant. (b} Find the change in cutput voltage
during each clock period. (¢} If Cy is initially uncharged, how many clock pulses are
required For vy to change by 13V?

| I—_LJ 0 b
l(”

Figure P15.18
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Section15.2  Oscillators

1519 Consider the phase-shift oscillator in Figure 15.16 with parameters £ = 4kG
and C = 10nF. Determine the frequency of oscillation and the required value of R,.

1520 In the phase-shilt oscillator in Figure [5.16, the capacifor at the noninverting
terminal of op-amp A is replaced by a variable capacitor €y, (a) Derive the expression
for the frequency of oscillation. (b) If C = 10pF, R = 10k, and ). is variable between
10 and 53 pF, determine the range of oscillation frequency.

D15. 21 Design the phase-shift oscillator in Figure 15.17 to operate at f, = 80 kHz. Let
C = 100pF

1522 Analyze the phase-shift oscillator in Figure 1517, Show that the frequency of
oscillation is given by Equation (15.46) and that the condition for oscillation is given by
Equation {15.47).

1523 The circuit in Figure P15.23 is an aliernative configuration of a phase-shift
oscillator. (a) Assume that Ry =R =Ry =R, =R, =Ry=Rand , =(; =
¢y = . Show that the frequency of oscillation is w, = v3/RC. (b) Assume equal
mapmitudes of gain in each amplifier stage. Whal is the minimum magnitude of gain
required in each stage to sustain oscillation?

Ry

Figure P15.24

15.24 Consider the phase-shift oscillator in Figure P15.24. (a) Derive the expression
for the frequency of oscillation. (b} If R = 5k, find the values of C and Ry that will
produce sustained oscillations at 5 kHz.

15.25 A Wien-bridge oscillator is shown in Figure P13.25. (a} Derive the expression
for the frequency of oscillation. (b) What is the condition for sustained oscillations?

15.26 Consider the oscillator circuit in Figure P15.26. {a) Derive the expression for the
loop gain T(s}. (b) Determine the expression for the frequency of oscillation. {¢) Find
the condition for oscillation.
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Figure F15.25 Figure P15.26

D18.27 Design the Wien-bridge oscillator in Figure 15.18 to oscillate at f, = 30kHz.
Choose approptiate component values.

D15.28 The Colpitts oscillator in Figure 15.20 is biased at In = 1mA. The transistor
parameters arc Vpy =1V and K, = O.SmA}\’z. Let C, =001 pF and R; = 4kQ.
Design the circuit to oscillate at f, = 400 kHz.

15,20 Figure P15.29 shows a Colpitts oscillator with a BIT. Assume », and ¢, are both
very large. Derive the expressions for the frequency of oscillation and the condition of
oscillation.

15.30 Consider the ac equivalent circuit of the Hartley oscillator in Figure 1522,
() Derive the expression for the frequency of oscillation. (b) Determine the condition
for sustained oscillations. ’

D15.31 For the Hartley oscillator in Figure 15.22, assume r, —= oo and let g, =
20mA/ V. Design the circuit to oscillate at f, = 800kHz and venfy that the circwit
will sustain oscillations.

18.32 Find the loop gain functions Ti(s) atd T{je), the frequency of oscillation, and
the R,/ R, required for oscillation for the circuit in Figure P15.32.

15.33 Repeat Problem 15.32 for the circuit in Figure P15.33.

Figure P15.29 Figure P15.32 Figure F15.33
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Section15.3  Schmilt Trigger Circuits

D15.34 For the comparator in the circuit in Figure 15.27(a), the output saturation
voltages are £10 V. Let R, = 50kf2. Design R, as a potentiometer in series with a fixed
resistor, and find a reference voltage such that the crossever voltage can easily be varied
over the range of 1 to 5V,

D15.35 Consider the Schmitt trigger in Figure 15.30(a), Assume the saturated output
voltagss are My = +10V and V; = —10V. Neglecting input bias current effects, design
the circuit such that the maximum current in R, and R; 15 100pA and the hysteresis
width is 0.1 V.

15.36 A Schmitt trigger is shown in Figure 15.30(a). The parametes are: ¥y = 410V,
V= —10¥, R = 10kQ, and R; =40k (a) Determine the crossover voitages Vry
and ¥y (b} Assumne a sinusoidal voitage v; = Ssin[2m(6Up]V is applied at the input.
Sketch the steady-state output voltage versus time over two periods of the waveform.

15.37 Consider the Schmitt trigger in Figure PI5.37. Assume the saturated output
voltages are £F,. (a) Derive the expression for the crossover voltages Vry and Fry.
(b) Let R, = 10k, Rg = 20k, R, =5k, R; =20k, Vp =10V, and Vygp =2V,
ta) Find Vyy and V. (b) Sketch the voltape transfer characteristics.

15.38 The saturated output voltages are £V, for the Schmitt trigger in Figure
P15.38. (a) Derive the expressions for the crossover voltages Fry and Vpp (b) If j
Vp= 12V, Vpep = =10V, and R; = 10k2, find R, and R; such that the switching ! ;
point is Vs = -3V and the hysteresis width is 0.2V. (c) Sketch the voltage transfer e &
characteristics.

VREF bn D

Figure P15.37 " FlguraP5.38 Figure P15.39

15.38 (a) Plot the voltage transfer characteristics of the comparator cirvuit in Figure
P15.3% assuming the open-loop gain is infinite. Let the reverse Zener voltage be
¥, =56V and the forward diode voltage be V, =06V. (b) Repeat part (a) for an
open-loap gain of 10°. (c) Repeat pari (a) for 2.5V applied to the inverting terminal of
the comparator.

18.40 Consider the Schinint trigger in Figure 15.32(a). (a) Derive the expressions for
the switching point and crossover voltages, as given in Equations (15.76) and { i597).
(b} Let Vy = +10V, ¥, = =10V, and R, = 10kQ. Detemine R; and Vrer such that
Vg =2V and ¥y =1V,

45.41 Consider the Schmitt trigger in Figure 15.33a). {a) Derive the expressions for
the switching point and crossover voltages, as given in Equations (15.78) and (15.79}.
(by Let ¥y =12V, ¥y = -2V, and R, = 20kQ. Determine R; and Fygp such that
VTH =-1V and VTI. = =2V
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15.42 For the comparator in the cirguit in Figure 13,33, the nominal output saturation
voltages are £12V. Assume forward diode voltage drops of 0.7V and reverse Zener
voltages of 5.6 V. {a) If Ry = 1k, find R, such that the hysteresis width is 1 V. (b) Find
R such that the average diede current is [ mA.

15.43 Consider the Schmitt trigger with limiter, as shown in Figure 15.36. Assume the
forward diode turn-on voltage ¥, is 0.7 V. {a) Determine Fypgr such that the bistable
output voltages at vy = 0 are £5V. (b) Find values of R, and R; such that the crossover
voltages are £0.5V. (c) Taking R, R, and the 100kQ resistors into account, find v
when v; = 10V,

15.44 Consider the inverting Schmikt trigger with limiting network, as shown in Figare
15.36(a). Show that the crossover voltages are those given in Figure 15.36(b).

15.45 (a) For the Schmitt trigger with limiter in Figure 15.37(a), find the two output
voltage values at v; = 0 and the two crossover voltages. (b) Derive the expression for the
Slope of Vo VETSNS ¥ for v, = VTH‘

Seclion15.4  Nonsinusoidal Oscillators and Timing Circuits

D15.46 Using the Schmitt arigger circuit in Figure 15.38, design a square-wave oscil-
lator with a frequency of f, = S5kHz and a 50 percent duty cycle. Choose reasonable
component values.

15.47 For the Schmitt trigger oscillator in Figure 15.38, the parameters are: C; =
0.1 pF, R, = 10k, Ry = 10k, and R, = 30Kk The saturated ouiput voltages are
10V, (2) Plot v, and v, versus time over two periods of oscillation. (b) Find the
frequency of oscillation and the duty cycle.

15.48 Repeat Problem 15.47 for saturated output vollages of Vg = +15%¥ and

15.49 Consider the circuit in Figure P15.49. The saturated outpwt voltages of the
Schmitl trigger comparator are £10V. Assume that at =0, oulput v, switches
from its low state 1o its high state and C, 1s uncharged. Plot v, aad v, versus titme
avet two periods of oscillation.

Ry
——ANAA———
CI =1 ]

maLan I R, =10kQ2

i A
Ry=10kD

B
R =10k

Figure P15.49 Figure P15.50

15.50 The satyrated output voltages of the comparator in Figure P135.50 are +I0V.
{a) Find R, such that the frequency of oscillation is 500 Hz when the potentiometer is
connected to point A, (b) Using the results of pett (a), determine the oscillator fre-
quency when the potentiometer is connected to point B.



Chapter 15 Applications and Design of lotegrated Circuits

15.51 The monostable multivibrator in Figure 15.40 is to be designed to produce a
100ps pulse. Assume the saturated output vollages arc 5V, and let ¥, =07V,
R = 10kQ, and R; = 25%$. What is the minimum input triggering voltage required?
What is the recovery lime?

15.52 A monostable multivibrator is shown in Figure 1540, The paramelers are:
R, =50kQ, C, =01.pF, and R| = R, =20k{2. The saturated output volages are
£10V. Let ¥, =07V for D, and D;. What is the width of the output pulse? What i1s
the recovery time?

D15.53 Figure 15.43 shows the 555 timer connected in the monostable multivibrator
mode. (a) Design the circuil to provide an output pulse 60 seconds wide. (b) Determine
the recovery time.

D15.54 Design a 555 monostable mulvibrator to provide a Spus pulse. What is the
recovery time?

18.58 A 555 timer is connected in the astable mode as shown in Figure 1544, The
parameters are R, = Rg = 20k and € = 0.1 uF. Determine the frequency of oscilla-
tion and the duty cycle,

1558 A 555 ICC is connected as shown in Figure P15.56. Determine the range of
oscillation frequency and the duty cycle.

15.57 Repeat Problem 15,56 for the circuit in Figure P15.57.

Section 15.5  Integrated Circult Power Amplifiers

1558 The LM380 power amplifier in Figure 15.45 is biased at ¥* =22V. Lat 8, =
100 and 8, = 20 for the npn and pRp transistors, respectively. (2) Determine the quies-
cent collsctor currents in transistors.(J; through Q. (b) Assume that diodes D) and D
and transistors (s, g, and Oy are all matched, with parametsrs {s = 10" A, For zero
input voltages, determice the quiescent currents in Dy, Dy, Q7. @y, and @y. (¢) For no
load, calculate the quiescent power dissipated in the amplifier.

1559 An LM280 must deliver ac power to a |02 load. The maximom power dissi-
pated in the amplifier must be Emited to 2 W and the maximum allowed distortion must
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be limited to 3 percent. Determine: (a) the maximum power that can be delivered to the
load, {b) the maximum supply voltage, and (¢} the peak amplitude of the sinuscidal
output voltage.

D15.60 Design the bridge circuit in Figure 15.4% such that it ¢an deliver an average ac
power of 20 W to a 105 speaker. Design cach op-amp Lo have a gain magnitude of 15.
Each supply voltage must be approximately 20 percent larger than the peak amplitude
of the output voltage. What 15 the peak amplitude of the output voltage and current for
each op-amp?

D15.81  Another form of the bnidge power amplifier is shown in Figure P15.61. This
amplifier has a very high input resistance since the input is to the noninverting terreinal
of an op-amp. {a} Derive the expression for the voltage gain 4, = vy /v,. (b) Dresign the
circuit to provide a pain of 4, = 1¢ 5o that the magpitudes of v,; and r,; are equal. Let
R, =50k () Il Ry = 2092 and il the average power delivered 10 the load is 10'W,
determine the peak amplitude of v,; and v,» and the peak load current.

D15.82 Figure P15.62 shows an audio power amplifier using two identical op-amps
conmnected it a bridge configuration. (a) Derive the expression for the voltage gain
A, = vy /v (b) Design the circuit 1o provide a gain of 4, =15 and so that the magni-
tudes of v,; and v,; are equal. (c) If Ry = 2 and if the average power delivered to the
load is 50'W, determine the peak amplitudes of v, and v; and the peak load current.

Yai

Figure P15.61 Figure P15.62

Section 15.6  Voltage Regulators

1583 Transistors @, and ; in the voltage regulator circuit in Figure P13.63 have
parameters & = 200, Veglony = 0.7V, and V, = 100 V. The zero-current Zener voltage
is V2o = 6.3¥ and the Zener resistance is r, = 15 8. Assurning an ideal op-amp, calcu-
late the line regulation.

15.84 The output voltage of a voliage regulator decreases by 10mV as the load
current changes from a no-load current of zero to a full-load current of 1A, If the
output voltage changes linearty with load current, determine the outpul resistance of
the regulator.

15.85 Consider the three-terminal voltage regulator in Figure 1552, with parameters
as given in Example 15.16. 1f the maximur load current is fo(max) = 100mA, deter-
mine the minimum applied power supply voltage ¥'* that will still maintain ali transis-
tors biased in the active region.
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Vr=25Y Vre25Y¥
Q

Vr= Q¥

90 kG

= —oV,

Flgure P15.63 Figure P15.68

D15.66 Consider the three-terminal voltage regulator in Figure 15.52, with Zener diode
voltages of V7 = 6.3 V. Assume transistor parameters of Fpz(npn) = gs(pop) = 0.6V,
and neglect base currents. (a} Determine resistance R, such that Iz; =0.25mA.
(b} Determine Rz such that Vo = 12V.

15.67 The three-terminal voliage regulator in Figure 1552 has parameters as
described in Example 15.16. Assume R, =0, ¥, = 50V for Qy, and r, = 1582 for D;.
Determine the line regulation,

15,68 The voltage regulator in Figure P15.68.is a variable voltage, 0-to-1 A power
supply. The transistor parameters are 8= 100 and Vgglon) = 0.7V. The op-amp has
a finite open-loop gain of Ap; = 10*. The zero-current Zener voltage is Vzp = 5V and
the Zener resistance is r, = {08 (a) For {7 = 10mA, find R,. (b) Determnine the range
of output voltage as the potentiometer Ry is varied. {c) If the potentiometer is varied
such that x = 0, determine the load regulation. Assume R, of the op-amp is zero.

15.8% For the transistor in the ciccuit in Figure P15.69, the parameters are = 100
and Vip{on) = 0.6V. The diode is an idea Zener with ¥z = 5.6V, and the op-amp is
ideal. Determine the range of load resistance R; such that the load current is a coastant.
What is the value of that constant lead current?

¥+ =2}

i

Ry=5x0
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COMPUTER SIMULATICN PROBLEMS

15.70 Simulate the three-pole kow-pass Butterworth filter in Figure 15.10{(a) using
parameters R = 1,59k, €| =0.03546pF, C; =0.0:392pF, and C; = 0.002024 uF.
Plot the magnitude of the veltage transfer function versus frequency and compare the
compuler tesults to the results obtained in Exercise 15.1.

15.71 Simulate the switched-capacitor filter in Figure 15.14(h} using parameiers
Cy = W0pF, ¢y =5pF, and Cr = 12pF. Assume a clock frequency of 100kHz Plot
the magnitude of the voltage transfer function versns frequency. Determine the 1dR
frequency and low-frequency gain. Compare these results with those obtained in
Exercise 15.3.

15.72 Simulate the phase-shift oscillator in Figure 15.17 using parametets R = 10k$2,
C = 100pF, ané R; = 300 k2. Plot the output vollage versus time. What is the fre-
quency of oscillation?

15.73 Simulate the Schimtt teigger with hmiters in Figare 15.36(a). Let Fpgp = 5V,
Plot vy vetsus v; as v, increases from —35 to +5V, and then as v, decreases from 45 to
=-5V.

15.74 Simuiate the ac equivalent aircoit of the LM 380 power amplifier in Figure 15.46.
Determine the small-signal differential voltage gain.

15.715 Consider the reference voltage and error amp sections of the LM72LXX voleage
regulator in Figure 15.52. Use the parameters described in Example £5.16. From a
PSpice analysis, determine the temperature sensitivity and load regulation.

.....

DESIGN PROBLEMS

[Nate: Each design should be correlated with a computer analysis.]

‘D15.76  Design a low-pass Butterworth filter to have a cutoff frequency at 15kHz and
a gain at 20kHz, which is reduced by at Jeast 2048 from its maximum value. Determine
the minimum number of poles and specily all component values.

*“D15.77  Consider the Colpitts oscillator in Figure P15.77. The capacitors Cy and C
are very large bypass and coupling capacitess. Let Fer = 10V, {a) Design the circust
such that the quiescent collector current is fop = 1 mA. (b) Design the circuit to oscillate
at f, = 800 kHz.

*D15.78 Design a Schmitt trigger oscillator to produce a sguare-wave oulput at a
frequency of f, = S5kHz with peak output voltages of £5V.

"D15.79 Design a 555 timer as an astable multivibrator with an outpul signal
frequency of 800 Hz and a 60 percent duty cycle.

*D1%.80 Consider the power amplifier in Figure P15.80 with parameters V¥ = 15V,
V™= =15V, and R; = 204 The closed-loop gain must be 10. Design the circuit such
that the powet delivered 10 the load is 5W when vy = —1 V. If the four transistors are
maiched, determine the minimum 8 required such that the op-amp cutput corrent is
limited to 2mA when 5W is delivered to the load.

*D15.81 Consider the simple series-pass regulator circuit in Figure P15.81. Assume an
ideal Zener diode with ¥y = Vegr = 4.7V. Let § = 100 and Fygfon) = 0.7V for all
transistors. (a) Design the circuit such that ¥ = 10V and {7z = 10mA for a nominal
supply voltage of ¥* =20 V. {b) Determine the regulator cutput resistance R,
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“The aqualions presenied in the following chapters
have tound (and will continug tofind) use threughcu! my
career. Two examples come quickly o mind. The first
stems from my involvement with a team whose goal was to improve the yield of ane ol
our NMOS FET chips. This was an important project, needed lo meet cur Luslomer’s
raquiraments. Engineers lrom a variety of disciplines were on the leam, One hurdle
everyone had 1o overcome was the fact that manufacturing engineers speakin terms of
statistical process controls, product engineers speek in terms of specific failures for
that product, designengineers speak in ferms of their circuit models, elc,

The commenlanguage acrossall ot these functions was the pertormance ofthe individual
transistor. With only slight modifications, resuiting from the idiosyncrasises of our man-
utacturing process, we used the FET equations in the lollowing chaplers. Everyons on
theteam neededto know these equatians, as they dictate the parameters on the manufac- ;
turing floor, for the tester. in the circuit models, elc, i

3 e L e

The second example occurred while | was designing the interrupt logic for a micropro- .
cessor, This was one of our early designs using CMOS FET technology. The input/output
section of the chip was especialty susceptible to a fallure mechanism Known as
“latehup.’ Latchupis a bipolar phenomenon that occurs in aCMOSHield effect transistor :
circuil {quite inadvertenily—it's a resull ot the physical layout of the FET devices}. Nong S _
of our madels correcily handled this effact, and wa found surselves using the BUT equa- T T
tions presented in the foliowing chapters 1o understand and solve the problem, FET "
designers nesdto know bipolar theory! '

Everything comes back to the basics. Whether you're working as parl of a team with a
variety olengingering disciplings, ot tackting infani teehnologies, the egualions and con-
cepts you're about o sludy wiil bg tools you'tl need to call upon often. Traat éach section H
with equal imgortance, for, as I've shown, baing one type of designer dees not preclude ""'
you fromhaving to use another’'s equations.

Good luck wilh your studies ™




