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The B-E voltage of {, is

sy En(}j—;) = (0.026) |n.(T‘0;1_-‘;-!i

) =081V
The emitter-base voltage of @, is then

vfﬂ‘p = V&E ~ Vgt — 134—' s {)?8] = 0.566 ‘1"
and

icp = Isge™®/'T = (1071)e" 0% 2 0.285mA

Comment: When the output goes positive, the current in O, decreases significantly, as
expected, but it does not go Lo zero, There is a factor of approximately 107 dilference in
the currents between 0, and Q.

Design Polnter:  IF the output signal currents are large, the base currents in the output
transistors may become significant compared to the bias current through the diodes D,
and D,. The change in the diode bias current should be minimized in order to keep the
small-signal voltage gain of the output stage close to unity.
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Test Your Undersianding

*8.13 Consider the class-AB output stage in Figure 8.30. The circuit is biased with
¥t =12V, V- = —~12V, and the load resistance is R; = 75R. The device param-
cters are: Jop = S x 1077 A for D, and Dy, and Fyg =2 x 10°" A for 0, and O,.
{a} Neglecting base currents, determine the required value of lgis, such that the quiescent
currents in 0, and @, are Irg = SmA. (b} Assuming B, = §, = 60, determine iy, icp.
vagx Yeap and Iy when vo =2V, {c) Repeat part (b) for vg = 1OV, (Ans. (&) I =
125mA (b) l:c-" = I-'I mA. ID = 1205 l'llA. Vaen = 06664\{. 'Plg_gp = 05?6’6 V, iCp =
0.856mA () icx = 13ImA, Ip=103MmA, vgg, =070V, vep= 05276V, i, =
0.130mA) .

852 Class-AB Biasing Using the Vgz Multiplier

An alternative biasing scheme, which provides more flexibility in the design of
the output stage, is shown in Figure 8.31. The bias circuit that provides voltage
Vgp consists of transistor 0 and resistors R, and R;, biased by a constant-
current source fpg,.

Il we neglect the base current in 2y, then

VEE 1
= 47
e 7 (8.47)

and voltage Vg 15

R
Vap = Ip(Ry + Ry) = VBE!(] +R_') (8.48)
2
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Figure 8.31 Class-AB oulput stage with Vgz multiplier bias circuit

Since voltage Fgg is a multiplication of the junction voltage Vg, the circuit is
called a Vg multiplier. The multiplication factor can be designed to yield the
required value of Vgg.

A fraction of the constant current fg,, ftows through 0y, se that

Vap = Vrln(i'i'-) (3.49)
I

Also, the quiescent bias currents ic, and ic, are normally small; therefore, we
can neglect ig, and ig,. Current Ig;,, divides between /5 and 1. satisfying both
Equations {8.47) and (8 49).

As v, increases, v, becomes positive, and /-, and ig, incrcase, which
reduces the collector current in Q. However, the logarithmic dependence of
Iy, shown in Equation (8.49), means that Vgg and. in turn Fgg remain
essentially constant as the output voltage changes.

Design Example 8.10 Objeciive: Design a Class-AB outpur stage using the
Ve multiplier circuit to meet a specified total harmonic distortion.

Assume the circuit in Figure 831, biased at V¥ =15V and V¥~ = -15V, is the
output stage of an audio amplifier that is to drive another power amplifier whose
input resistance is 1k€%. The maximum peak sinusoidal outpue voltage is to be [0V
and the total harmonic distortion is (e be less than 0.1 petcent.

Soluton: Standard 2N3904 and 2N3%06 transistors are (o be used. From the resulis
of Example 8.6, the THD is a function of the output transistor quiescent currents. For
the basic circuit in Figure 8.23, the THD is found to be 0.097 percent for ¥y =
1.346 ¥V, quiescent collector currents of 0. 38 mA, and a peak sinusoidal output voltage
of 10V,
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Figure 8.32 is the PSpice circuit schematic. For a peak output voltage of L0V the
peak load current is 10mA. Assuming £= (00, the peak base current is 0.1 mA. A bias
current of 1 mA is chosen to bias the Vg multiplier. The peak 0.1 mA base current,
then, wilt not gready disturb the current through the muitiplizr circwit.
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Figure 8.32 PSpice circuit schematic for Example 5.10

We may select f, = 0.2mA (current through R, and R;) and [y = 0.8 mA. We
then have

Vg 1346
c=Ye 2% ke
B+ Ry=75=33

For the 2N3904, we find that Vg == 0.65 V for a quiescent collector current of approxi-
mately 0.8 mA. Therefore

 Verr 0.65 _
Bz =50 =325

50 that Ry = 34BkSL

From the PSpice resulis, we find that the vollage al the base of @) to be
0.6895V and the voltage at the base of Q) to be ~0.6961V, which means that
Vgp = 13856 V. This voltage is slightly greater than the design value of Vg =
[.346 V. Listed below are the quiescent transistor parameters. The quescent collectar
currents of the output iransistors are |.88 mA, approximately twice the design value
of 0.98 mA. The total harmonic distortion ts 00356 percent, which is welt within the
design specification.
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NAME Q_p1 0_Q2 0_03 0_04
MODEL Q7N1904  0Q2N3906  02N1904  Q2N3I906
1B 1.12E-05 -5,96E-06 6.01E~06 =3,20E-06
1€ 1.88E-03 ~-1.88E-03 7.80E-04 -9.92E-04
VBE 6.78E~01 -7.08E-01 6.59E-01 =-6.92E-01
VBC ~1.43E+01  1.43E401 =7.27E-01  1.36E+01
VCE 1.50E+01 -1.50E+01  1.39E+00 -1.43E+01
BETADC 1.67E+02  3.15E+02  1.30E+D2  3.10E+02
GM 7.11E~02  7.15E-02 2.98E-02  3.80E-02
RP1 2.66E+03  4.34E+03  5.01E+03  8.09E+03

@ Comment Since the resulting Vg voltage is slightly larger than the design value,

the quiesceat pwipw! transistor cutrents are approximately double the design value.
Although the THD specification is met, the larger collector currents mean a farger
quiescent power dissipation. For this reason, the circuil may need to be redesigned
stightly to lower lhe quiescent currents.

8.5.2 Class-AB Output Stage with input Buffer Transistors

The output stage in Figure 8.33 is a class-AB configuration composed of the
complementary transistor pair @; and Q. Resistors R; and R; and the emilier-
follower transistors @, and (, establish the gquiescent bias required in this
configuration. Resistors R; and Ry, used in conjunction with short-circuit
protection devices not shown in the figure, also provide thermal stability for
the output transistors. The input signal v; may be the output of a low-power

Figure8.33 Class-AB outpur stege with input buttar transistors
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amplifier, Also, since this is an emitter follower, the output voltage is approxi-
mately equal to the inpul voltage.

When the input voliage ¥, increases from zero, the base voltage of O,
increases, and the output voltage v, increases. The load current iy is positive,
and the emitter cucrent in ¢, increases 1o supply the load current, which causes
an increase in the base current into {24. Since the base voliage of {0y increases,
the voltage drop across R, decreases, resulting in a smaller current in R,. This
means that ig; and iy also decrease. As v, increases, the voltage across R,
increases, and ig; and ig, increase. A net input current i; is then produced, to
account for the reduction in ig and the increase in fg,.

The nel input current is

ij=ipm—ipg (8.50)

Neglecting the voltage drops across Ry and R, and the base currents in Q5 and
04, we have

e T

=TT ks @Sl
and

. P =+ Vi)

g = —H_(l AT {8.51(b))

where f, and B, are the current gains of the npn and pnp transistors, respec-

tively If ¥- = —V7~, ¥Vge = Vg, R) = Ry = R, and f, = f, = j, then combin-

ing Equations (8.51(a)), (8.51(b)), and (8.50) produces
i Ay = Ve = 17) _(V+ =¥~ Vep) N 2y
= +BR (L+BR  (1+ PR

(8.52)

Since the voltage gain of this output stage is approximately unity, the
output current is
Vo .o W

I:{} = RL o= ‘E (8,53}

Using Equations (8.52) and (8.53), we find the current gain of this ontput stage
to be

i L+

i 2R,

¥ (8.54)
With 8 in the numerator, this current gain should be substantial A large
current gain is desirable, since the output stage of power amplifiers must pro-
vide the current necessary to mest the power requirements.

Example 8.11 objeciive: Determine the currents and the current gain for the
oulput stage with input buffer transistors.

For the ¢ircuit in Figure 8.33, the parameters are: R = R; = 2kQ, Ry = 104,
Ri=R,=0,and F' =~V =15V, Assume ail transistors are matched, with g = 60
and Vgcinpn) = Vepup)=0.6V.
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Solwtlon: For v, =0,

15 -1,
iRI = !‘Rz i ft'l =g = ’jnﬁ =72mA

=

Assuring all transistors are malched, the bias currents in {5 and Q4 are also approxi-
mately 7.2 mA. since the base—emitter voltages of ) and )4 are equal and those of

and (0, are equal.
Solulion: For v, = 10V, the oulput curret s approximately

o="021_ jooma
g = R0 m

The emitter currenl in ( is essentially equal to the toad current, which means that the
base current in Q4 is approximately

igy = 10061 = L.64mA
The cutrent ia R is

15410 +08)

i =—— = 22mA

which means that
igp = igy — gy = 0.56mA
and
fgr = ig f{1+ ) = 056/61 = 9. I8pA
Since Q4 tends to turn ofi when vq increases, we have

0 ~06—(~
IEZ “u _G%mm = lZZmA

and
=iga 11+ 8) = 12.2/61 =5 200 pA
The mput current is then
f; =gy —ig =200 218 = 191 pA
The current gain is then
i 100
A, = f =057 = 524
From Equation (8.54). the predicted current gain is

PR (I +BIR _ (61X2)
Ty 2R; 200

= 610

Comment:  Since the current gain determined from Equation (8.54) neglects base cur-
tents in Q; and (., the actual current gain is less than the predicted value, as expected.
The input current of 191 pA can easily be supplied by a low-power amplifier.

Test Your Understanding

*8.44 Consider the class-AB output stage in Figuee 8.23. The parameters are:
VY= ¥ =12V.R =R =250Q, R, =82, and R, = Ry = 0. Assume all transis-
tors are matched, with 8 = 40 and Vge(npn} = Veg(pnp) = 0.7V, (a) For v = 0, deter-
mine ig;, g2, iz, and ig. (b) For vy = 5V, find ip, ig1. Vg3, ims igz, and j;. (¢) Using the
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results of part{b}, determine the current gain of the output stage. Compare this vahae 10
that found using Equation (8.54). (Ans. (a) igy = gy =441 mA, iy = ig = 1.08mA
(b} ip = 0625 A. i;; = 10.0mA, ig = 0244 mA, ip; = 652mA, {5 = LSOMA, i; =
L.35mA () 4, =463, com Equation (8.54) 4, = 641}

Sy

854 Class-AB Output Stage Utilizlng the Darlington
Configuration

The complementary push-pull cutput stage uses npn and pnp bipolar transis-
tors. Usually in 1C design, the pnp transistors are [abricated as lateral devices
with low 8 values that are typically in the range of 5 to 10, and the npn
transistors are fabricated as vertical devices with B8 values on the order of
200. This means that the npn and pnp transistors are not well matched, as
we have assumed in our analyses.

Consider the two-transistor configuration shown in Figure 8.34{a).
Assume the transistor currcnt gains are 8, and g, for the npn and pnp tran-
sistors, respectively. We can write

"{,p o ":Hﬂ = ﬂﬁfﬂ,ﬂ (8.55)
and

fr =1 + B, Mg, = (1 + ﬁu}ﬁpiﬂp = .Bnﬁp’lﬂp (8.56)

(b)

Figure8.3d4 (a) A two-transistor coafiguralion of an equivalent pnp transistor, (b) the
equivalent pnp transistor

Terminal 1 acts as the base of the composite three-terminal device, terminal 2
acts as the collector, and terminal 3 is the emitter. The current gain of the
device is then approximately 8,8, The equivalent circuit is shown in Figure
8.34(b). We can use the two-transistor configuration in Figure 8.34{a) as a
single equivatent pnp transistor with a current gain on the same order of
magnitude as that of an npn device.

In Figure 833, the output stage uses Darlington pairs to provide the
necessary current gain. Transistoss () and @ constitute the npn Darlington
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Figure 835 Class-AB output stags with Darlington pairs

emitter-follower that sources current to the load. Transistors (, @4, and Qs
constitute a composite pnp Datlington emitter follower that sinks current from
the load. The three diodes Dy, D4, and D, establish the quiescent bias for the
output transistors.

The effective current gain of the three-transistor configuration Q+—Q.—0s
is essentially the product of the three individual gains. With the low current
gain of the pop device 4, the overall current gain of the Q;—0,—Q;s config-
uratien is similar to that of the 0,—0; pair.

Test Your Understanding

8.18 From Figure 8.35, show that the overall current gain of the three-transistor
configaration composed of 01, Gy, and Q5 is approximately £ = BB, 5.

86 SUMMARY

* In this chapter, we analyzed and designed amplifiers and output stages capable of
delivering a substantial amount of power to a load.

& The current, voltage, and power ratings of BJTs and MOSFETs were considered, and
the safe operating area for the transistors was defined in terms of these limiting
parameters. The maximum power rating of a transistor js related to the maxitum
allowed device temperature at which the device can operate without being damaged.

# In 2 class-A amplifier, the output transistor conducts 100 percent of the tme. The
theoretical maximurn power conversion efficiency for a standard class-A amplifier is
25 percent. This efficiency can be theoretically increased to 50 percent by incorporat-
ing inductors or transformers in the class-A circuit.

® (Class-B output stages are composed of complementary pairs of transistors operating
it a push-pull manner. In an ideal class-B operation, each output transistor conducts
50 percent of the time. For an idealized Class-B output stage, the theoretical max-
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imum power conversion efficiency is 78.5 percent. However, practical class-B output
stages tend to suffer from crossover distortion effects when the output is in the
vicinity of zero volis.

® The class-AB output stage is similar to the class-B circuit, except that each output
transistor is provided with a small quiescent bias and conducts more than 50 percent
of the time. The power conversion efficiency of a class-AB output stage is less than
that of the ideal class-B circuit, but is substantially larger than that of the class-A
circult.

CHECKPOINT

After studying this chapter, the reader should have the ability to:

& Describe what Factors are related to the maximum transistor current and maximum
transistor voltage. (Section §.2)

¢’ Define the safe operating area of a transistor and define the power derating curve.
{Section 8.2)

¢ Define the power conversion efficiency of an output stage. {Section 8.3)

v Describe the operation of a class-A output stage. (Section 3.3}

¥ Descrive the operation of an ideal class-B output stage and discuss the concept of
crossover distortion. (Section £.3)

¥ Describe and design a class-AB output stage and discuss why crossover distortion is
essentially eliminated. (Sections 8.3 and 8.5}

REVIEW QUESTIONS

1. Discuss the limiting factors for the maximum rated current in a BIT and
MOSFET.

3. Driscuss the limiting factors for the maximum rated voltage in a BJT and
MOSFET.

3. Dnscuss the safe operating area of a transistor.
Why is an interdigitated structure typically used in a high-powes BIT design?

5. Discuss the role of thermal resistance berween varicus junctions in a high-power
fransistor structure.

6. Define and describe the power derating curve for a transistor.

7. Define class-A, class-B, and class-AB operation.

8. Define power conversion efficiency for an output stage.

9, Describe the operation of a class-A output stage.

10. Describe the operation of a class-B output stage.

11. Discuss crossover distortion.

12. What is meant by harmenic distortion?

13. Describe the operation of a class-AB output stage and why a class-AB output stage
is important,

4. Pescrive the cperation of a uansformer-coupled class-A common-¢mitter
amplifier.

15. Sketch a class-AB complementary BJT push—pull output stage using a Vgz multi-
plier ¢ircuit.

16. What are the advantages of a Darlington pair configuration?

17. Sketch a two-transistor configuration using npn and pop BJTs that are equivalent
to a single pnp BJT.
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PROBLEMS
Section8.2 Power Transistors

81 The maximum current, voltage, and power ratings of 4 power transistor are: 54,
80V, and 25W, respectively. (a) Sketch and label the safe operating area for this
transistor, using linear current and voltage scales. (b) For the common-source circuit
in Figure P§.1, determine the value of Ry, and sketch the load line that produces a
maximum power in the transistor for: (i} Vyp = 80V and (i) Vpp =50 V.

8.2 The common-emitter circuit in Figure PB.2is biased at ¥ = 24V. The maximum
transistor poweris Pg o, = 20W and the current gain is 8 = 80. (a) Determine R and
R such that the maximum power is delivered 10 the load R;. {b) Find the value of V,
for the input signal that dellivers the maximum power. State any assumptions.

DB.3 For the transistor in the common-emitter circuit in Figure P82, the parameters
are. =100, Pp o = 25W, Frpog =25V, and fe = 00mA. Let R, = 100102
(a) Design Vo and Rg to deliver the maxitnum power to the toad. (b Using the resulis
of part (a), calculate the maximum updistoried ac power that can be delivered to R;.

Yer

v s Vosinas
(v}

-

Figura PB.2

8.4 Skerch the safe operating region for a MOSFET, Label three arbilrary points on
the maximum hyperbola. Assume each of the labeled points is a -point and draw a
tangent load line through each point. Discuss the advantages or disadvantages of each
point relative o the maximum possible signal amplitude.

8.5 A power MOSFET is connected in a common-source configuration as shown in
Figure P8 L. The parameters are! Ip max = 44, Vpsmar = 0V, Poman =33 W. Vpy =
4V, and K,=0.25A/V*. The circuit parameters are Vpp=40Y and R, =100,
{a) Sketch and label the safe operating area for this tramsistor, using linear current
and voltage scales. Also skeich the load hne on the same graph. {b) Calculate the
power dissipated in the transistor for Fge = 5,6, 7, 8, and 9V (¢} Is there a possibility
of damaging the transistor? Explain,

Be.6 Consider the common-source circuit shown in Figure P8.6. The transistor pa-
rameters are Fry = 4V and K, = 0.2A/V. (a) Design the bias circuit such that the O-
point is in the center of the load line. (b) What is the power dissipated in the transistor at
the G-point? (¢) Determine the minimum rated Ip wan. ¥ps.max, and Pp ey values. (d) [f
v, = 0.5siner V. calcutate the ac power delivered to R, and determine the average
power dissipated in the transistor.
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Vpp =30V

¥y

FigureP8.6

8.7 A particular transistor is rated for a maximum power dissipation of 60W il the
case temperature is at 25°C. Above 25°C, the allowed power dissipation is reduced by
0.5W/'C. {a) Skeich the power derating curve. (b} What is the maximum allowed
junctien temperature? {c) What is the value of 84, .?

8.8 A MOSFET has a rated power of 50 W and a maximum specified junction tem-
perature of 150°C. The ambient is Ty = 25°C. Find the relationship between the
actual operating power and €. amb-

8.9 For a power MOSFET, 84,y _qe = 1.75°C/W, the drain currenl is fp = 4 A, and
the average drain-lo-source voltage is 5 V. The device is mounted on a heat sink with
parameters Oy amp = 3 °C/W and 8, o = GE°C/W. If the ambient temperature is
Tomb = 25°C, determine the temperature of: (a} device, (b} case, and (¢) heat sink.

810 A BJT must dissipate 25W of power. The maximum junction temperature is
T, wax = 2007°C, the ambient temperature is 25°C, and the device-to-case thermal resis-
tance is 3"C/W. Determine the maximum permissible thermal resistance between the
case and ambient.

811 A BIT has a rated power of 15W and a maximum junction temperature of
1757C. The ambient temperature is 25°C, and the thermal resistance parameters are:
Bk ot = 4 C/W and B o = | "C/W, Determine the actual power that can be
salely dissipated in the transister,

Section 8.3  Classes of Amplifiers

8.92 For the class-A amplifier shown in Figure 8.16(a). show that the maximum
theoretical conversion efficiency for a symmetrical square-wave input signal is 50
percent.

*DB.13 A class-A emitter follower biased with a constant-current source is shown in
Figure P%.13. Assume the circuit parameters are: VX =10V, ¥~ =-10V, and R, =
1kQ. The transistor patameters are. =200, Vg =07V, and Fp(sat) = 0.2V,
(a) Determine the value of R that will produce the maximum possible output signal
swing. What is the value of /3, and the maximum and mimimum values of /g and iy?
(b) Using the resulis of part (a), calculate the conversion efficiency.

814 The circuit parameters for the class-A emitter follower shown in Figure P8.13 are:
FY =12V, ¥~ = =12V, and Ry = 100£2. The transistor parameters are: § = 200,
Vag=0.7V, and ¥egisat) = 0.2 ¥. The output voltage is 1o vary between +10V and
-10V. (a) Find the minimum required £ and the value of R. (b} For vy =0, find the

=1
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power dissipated in the transistor @, and the power dissipated in the current source
(2. @, and R). (c) Determine the conversion efficiency for a symumetrical sine-wave
output voltage with a peak value of HV.

815 For the idealized class-B outpul stage in Figure .13, show that the maximum
theoretical conversion efficiency for a symmetrical square-wave ipput signal is 100
percent.

8.16 Consider the class-B owtpul stage with complementary MOSFETs shown in
Figure P8.16. The (ransistor parameters are Fry=Frp=0 and K =K, =
0.4mA,/ V2 Let R, = 5k (2) Find the maximum output voltage such that Af, remains
biased in the saturation region. What are the corresponding values of #;, and v; for this
condition? (b) Determine the conversion efficiency for a symmetrical sine-wave output
signal with the peak value found in part (a).

1
—[=

L R

_|

¥ =-10¥

Figure P3.16

8.17 Using the same transistor parameters listed in Problem 8.16 for the circuii shown
in Figure P8.16, plot vy versus v, for —10 < v, < +10V. What is the voitage gain (slope
of the curve) at v; = 0 and at vy = 10V?

*8.18 A simplified class-AB output stage with BJTs is shown in Figure 8.23. The
circult parameters are For = 10V and RB; = 100, The parameter [ for each iransis-
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toris Is = 5 x 107'% A_ (a) Deternmine the value of Vg such that i, = ic, = 5SmA when
vy = 0. What is the power dissipated in each transistor? (b) For vy = -8V, determine i,
fews fcp. and v;. What is the power dissipated in @, @, and R;?

*8.19 A simplified class-AB output stage with enhancement-mode MOSFETS is shown
in Figure 8.25. The circwit paraneters are ¥pp = 10V and &; = L k€. The transistor
parameters are My = —Frp =2V and K, = X, = 2mA/ V. (a) Determine the value of
Vga such that ip, = ip, = 0.5mA when v; = 0. What is the power dissipated in each
transistor? (b) Determine the maximum output voltage such that M, rémains biased in
the saturation region. What are the values of ip,, iny, i, and v, for this case? Calculate
the power dissipated in M,, M,, and R,.

8.20 Consider the class-AB output stage in Figure P8.20. The diodes and transistors
are matched, with parameters Is = 6 x 1072 A, and # = 40. (a) Determine R, such that
the miminum curreni in the diodes is 2SmA when vy = 24V. Find iy and /p for this
condition. (b) Using the results of part (a), determine the diode and transisior currents
when v, = 0.

g +12V

Ve

w |

=30V -12¥

Figurae PB.20 Figure P8.21

*8.21  An enhancement-mode MOSFET class-AB output stage is shown in Figure
P8.21. The threshold voltage of each transistor is Vry = —Frp = 1V and the conduc-
tion parameiers of the output transistors are K,y = K,» = S5mA/VE. Let fg,, = 200 pA.
(a) Determine K3 = K4 such that the quiescent drain currents in A, and M, are ImA.
(b) Using the results of part (a), find the small-signal vollage gain A, = dvp/dv, eval-
uated at: (i) vo = 0. and (ji) o =3 Y.

P8.22 Consider the MOSFET class-AB output stage in Figure £.25, The parameters
are; Vpp = 10V and R; = 10052, For transistors M, and M, Vox = —Vip = 1V. The
peak amplitude of the output voltage is limited {0 5V. Deesign the circuit such that the
small-signal voliage gain is 4, = dvg/dv; = 035 when vg = 0.

513 &




t.
e

-

i e b

TS

ikl

514

Part | Semiconduocter Devices and Basic Apphcations

Section8.4  Class-A Power Ampliflers

D8.23 Design an inductively coupled common-emitier amplifier, such as that in Figure
$.27(a), to provide 1 small-signal voltage gain of A, = —12. The circuit and transistor
parameters are: R =6k Ry =2k&, V=10V, B= 180, and Vge=0.7V.
Determine the maximum power that can be delivered to the foad, and the conversion
efficiency.

D8.24 For the inductively coupled amplifier in Figure 8.2%a), the parameters are:
Vee =I5V, Re = 0.1 kS2. and Ry = | kQ The transistor parameters are § = 100 and
Ve = 0.7V, Design R, and R (o detiver (he maximum power lo the load. What is the
maximum power thal can be devered to the load?

8.258 Consider the transformer<coupled commeon-emitter circuit shown in Figure
P8.25. The parameters are: Foo= 10V, B, =88, n, m=3:1, B, =073k,
Ry = 1.55kQ2, and R = 20 Q. The transistor parameters are = 25 and Vyglon) =
0.7V. The amplitude of the sinusoidal input voltage 15 17mY. Determine the ac
power delivered to the load. and the conversion efficiency.

Ve

_ C{—)eﬂ

Figure P8.25

8.26 The parameters for the transformer-coupled common-emitter circuit in Figure
PR.25 are Fro =36V and ny 1 5y =4 ;1. The signal power delivered to the load s 2W.
Determine: (a) the rms voliage across the load; (b) the rms voltage across the trans-
former primary; and (c) the primary and secondary currents. (d} If [y = 150 mA, what
is the conversion efficiency”

8.27 A BIT emitter follower 1s coupled 10 2 ioad with an ideal transformer, as shown
in Figure F8.27. The bias circuit is not shown, The transistor current gainis § = 49, and
the transistor is biased such that fry = 100mA. (a] Derive the expressions for the
voltage transfer functions v /v and v, /v, (bl Find n, : #; for maxamum ac power
transfer to R;. (c) Determine the small-signal output resistancs looking back into the
emitter.

D828 Caonsider the transformer-coupled emitter follower in Figure PE.28. Assume an
ideal transformer. The transistor parameters are = 100 and Vgr = 0.7V, (a) Design
the circuit to provide a current gatm at A; = 7,/i, = B0. (b) [f the magnitude of the signal
emitier current is limited to 0.9 {-; to prevent distortion, determine the power delivered
to the load, and the conversion efficiency.
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D8.2% A class-A transformer-coupled emitter lollower must deliver 2W 10 an 8Q
speaker, Let Feg- = 18V, A= 100, and Fge = 0.7V, (a) Determine the required trans.
former ratio ny @ m. (b) Determine the minimum transistor power rating.

DB.30  Repeal Problem 8.28 il the primary side of the transformer has 3 resistance of
0.

Section8.5  Clags-AB Push-Pull Complementary Ouiput Stages

B.21 The (ransistors in the ocutpuil stage in Figure %33 are all matched. Their pa-
rameiers are § = 60 and fg = 5 x L0 A. Resistors R, and R, are replaced by ImA
ideal current sources, and B, = Ry =0, Let V' = 10V and V'~ = —10V (a) Determine
the quiescent collector cwreents in the four transistors for v; = v, = 0. (W For a load
resistance of Ry = 200 and a peak outpul voltage of 6 ¥, determine the current gain
and voltage gain of the cireuit.

*8.32 Consider the circuit in Figure 8.33. The supply voltages are ¥ = 10V and
b7 =10V, and the Ry and R, resistor values are zero. The transistor parameters
are: B == 1200 Bi=P.=50, [ =to=2x10""4A, and /g =1y=1x
107" A, {4) The range in output current 15 —1 < ip < +1A. Determine (he values of
R, and R, such thal the currents in () and ; do not vary by more than 2 : 1. (b) Lising
the results of part (a), determine the quiescent coliector currents in the four ransistors
for v, = v = 0. {c) Calculale the output resistance. excluding Ry . for a guiescent output
voltage of zera, Assume the source resistance of v, is zero.

8.33 Using the paramelers given in Example 8.11 for the circuit in Figure 8.33, calcu-
Iate the input resistance when the quiesceni culput vollage is zero.

D8.34 (a) Redesign the class-AB output stage in Figure 8.33 using ¢nhanceimnent-mode
MOSFETs. Let Ry = R, = 0. (b} Assume the MOSFETs are all matched. and their
parameters are K =10mA/V? and ¥y = —Vpp =2V Let ¥* = 10V and V™ =
—10¥. Find R; and R, such that the quiescent current in each transisior is SmA.
() If R, =100, determine the current in each transistor; delerming the power
delivered 1o the load if vg = 5V.

8.35 Figore P8.35 shows a composite pnp Darlington emitter follower that sinks
cucrent from a load. Parameter /g is the equivalent bias current and Z is the equivalent
impedance in the base of (). Asseme the transistor parameters ate: f{pnp) = 10,
Binpnl =30, Vp = 50V, and Vg = 10OV, where Fyp and ¥,y are the Early voltages
of the pnp and npn devices, respectively. Calculate the output resistance R,.
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*3.36 Consider the class-AB output stage in Figure PR.36. The parameters are: ¥+ =
12V, ¥~ = =12V, Ry = 00, and ;s = SmA. The transistor and diode parameters
are [ = 10~" A. The transistor current gains are 8, = k00 and 8, = 20 for the npn and
pnp devices, respectively. (a) For vp = 0, determine ¥gg, and the quiescent collector
carrent and base—emitter voltage for each transistor. (b) Repeat part (a) for vg = [0V,
What is the power delivered to the load and what is the power dissipated in each
transistor?

*337 For the class-AB outpui stage in Figure 8.35, the parameters are: V¥ =24V,
V- = -24V, R; = 20Q, and fp,, = 10mA. The diode and transistor parameters are
Is =2 x 1072 A. The transistor current gains are 8, = 20 and B, = S for the npn and
pap devices, respectively. (a) For v = 0, determine ¥ 55, and the quiescent coltector and
base—emitier voltage for each transistor. (b) An average power of 10 walts is 1o be
delivered to the load. Determine the quiescent collector current in each transistor and
the instantaneous power dissipated in 5, (5, and Ry when the output voltage is at its
peak negative amplitude,

............................................... . (LTI ey e b

COMPUTER SIMULATION PROBLEMS

8.38 {a) Simulate the class-B cutput stage in Figure 8.18 and plot the voliage transfer
function to demonstrate the crossover distortion region. (b) Repeat part (a) for the
class-AB output stage shown in Figure 8.30. Use diode-connected transistors for D,
and D, and assurne all devices are matched. Has the crossover distortion region been
eliminated?

8.39 Verify the design of the class-AB outpul stage in Example 8.9 with a computer
analysis.

8.40 (a) Simulate the class-AB output stage shown in Figure 8.33, using parameters
¥ta= -V =15V, R = Ry =2kR, Ry =100, and R; = Ry = 0. Assume all tran-
sistors are matched, with parameters [s = 1077 A and = 60. Plot 1, versus vy and iy
versus i; for —10 < v; < +10V. Determine the voltage and current gains. {b) Repeat
part {a) for Ry = R, = 2042

8.41 Consider the class-AB output stage shown in Figure 8.33. The parameters are:
Vte V" =15V, R, = Ry =2kR, Ry =881, and Ry = Ry = 0. Assume all transis-
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tors are matched, with I = 107> A and 8 = 60. Assume the input voltage is given by
vy = V,sinest. Determine the average power delivered to the load, and the average
power dissipated in ¢4 and 2, for 0 < ¥, < 13V,

R — a——

DESIGN PROBLEMS

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

*BB.42 Design an audio amplifier to deliver ap average of 60 W {o an B2 speaker. The
bandwidih is to cover the range from 10Hz to !5kHz. Specify minimum current gains,
and current, voltage, and power ratings of all transistors.

*DB.43 Design u class-A transformer-coupled emitter-follower amplifier to deliver an
average power of 20W to an § &2 speaker. The ambient tetnperature is 25°C, and the
maximum junction temperature is T, ,; = 125°C. Assume the thermal resistance values
are: fpy-case = 30 °CIW, Bpgeogny = 0.53°CIW, and By gy = 4.5°C/W. Specily the
power supply voltage, transformer turns ratio, bias resistor values, and transistor cur-
rent, vollage, and power ratings.

*DB.44 Design the class-AB ontput stage with the ¥, moubtipiier shown in Figure 8.31
to deliver an average of 5W to an 8 @ load. The peak outpul voltage must be no more
than 80 percent of ¥, Let V™ = — " Specify the circuit and transistor parameters,
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Industry Insight

LINLEY GUMM
Principal Engineer
Takironix, Inc.

“Virtually every elactronics designer uses the princi-

plas in this part. These ars core principles; they are

used at some level in every dasign, analog or digital.
They must be masterad before the dasign of specialized electronics used by advanced
professionals can be understood or attempled.

Ol course, analeg circuit deaigners use the contents of this part daily. As an axamgple, t
recently designed the baseband analo) subsystem lor a digilally based cellular iale-
phene lest systoem. it consisted of a digital-to-analog convarler, tollowed by a multistage
activaand passive lilter, The dasign used operational amplifiers in many configurations.
Designing the system required the basic operational amplilier principles Hlustrated in
Chapter 8, a knowladge of how they are internally configured., as given in Chapter 13,
and the nonidea) sftects described in Chapiar 14. Thaactive lilter uses several combina-
tians of the active filtars shown in Chapter 5. Fesdback was used around every indivi-
dual stage, plus arcund the whole tilter. Each of these paths required analysis using the
principles showninChapter 12. The accuracy of lhe system was based on a vollage refer-
ence IC that is similar to the voltage regulators shown in Chapter 13, This is not 1o say
that the rest of the circuits shownin this part are nol uselul. They are also very important
and are traequently used inmyother designs.

Many have concluded thatanalogcircuils are obsalele and are notworth studying. Ttmust
be remembared that, at bage, every slectroniccircuil Is analog! The [ogic gate, the basic
element of digital design, is an analog circuil using the cireuit elements and principles
described here. Beyand that, every digial system inthe world uses analog subsysiems
For gonditioning their input and outpul signals. Far hom being obsolete, analog circuils
ara experiencing a resurgence ofinterast, as theyareusad to provide the physical layers
of the digital communications systams (hat are iranstorming the world in which we live.
These principles are important and will continue to be. Learn them well, because they
provide the basis lor understanding everything electronic.”™







ANALOG ELECTRONICS

Partiof this text dealtwith the basic electronic devices, and the fundamental
cirtuit configurations and charscteristics. Part Il deals with more complex
analog circuits, of which amplifiers are a very significant category.

Chapter 9 introducas the ideal op-amp and related ¢ircuits. The op-amp
i& one of the mostcommon analag integrated circuits. |C biasing techniques,
which primarily use constant-current sources, are described in Chapter 10.
One of the most widely used amplifier configurations is the differential
amplifier, whichis analyzed in Chapter 11. Chapter 12 covers thefundamen-
tais of feedback, which is used extensively in analog circuits to set or control
gain values more precisely, andtoaltsr,inafavorablie way, input and output
impadances, :

More complex analog integrated circuits, including circuits that form
cperational amplifiers, are discussed inChapter 3. Thesecircuits are com-
posed of fundamental configurations, such as the diff-amp, constant-current -
source, active load, andoutput stage, all of which have been previously ana-
Iyzed. Then, Chapier 14 considers the non-ideal effects in these operational
amplifiers, and discusses the impacts of such eflects on op-amp applica-
tions. Integrated circuit applications and designs are considered in
Chapter 15. Such applications include: active tilters, tuned amplifiers, and
osciliators.
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The Ideal Operational Amplifier

9.0 PREVIEW

An operational amplifier (op-amp) is an integrated circuit that amplifies the
differznce between two input voltages and produces a single output. The op-
amp i1s prevalent in analog electronics. and can be thought of as another
electronic device, in much the same way as the bipolar or field-effect transistor.

The term operational amphfier comes from the original applications of the
device in the early 1960s. Op-amps, in conjunction with resistors and capaci-
tors, were used in analog computers to perform mathematical operations to
solve differential and integral equations. The application of op-amps has
expanded significantly since those early days.

The main reason for postponing the discussion of op-amp circuits until
now is that we can use a relatively simple transistor circwit to develop the
ideal characteristics of the op-amp, instcad of simply stating the ideal pa-
rameters as postulates. Once the ideal propertics have been developed, the
reader can then be more comfortable applying these ideal characteristics in
the design of op-amp circuits. Just as we developed equivalent circuits of
transistors that include dependent sources representing gain factors, we will
develop a basic op-amp equivalent circuit with a dependent source that
represents the device gain that can be used to determine some of the nonideal
properties of op-amp circuits.

Op-amps are used extensively in the design of electronic circuits and
systems because of their relatively low cost and versatility, and because inte-
grated circuit op-amp characteristics approach the ideal, We will consider, in
this chapter, a few of the many applications of op-amps. By the end of the
chapter, the reader should be able to design fairly sophisticated circuits using
op-amps. (See the Overview of Electronic Design section in this chapter.)

9.4 THE OPERATIONAL AMPLIFIER

The integrated circuit operational amplifier evolved soon after develepment of
the first bipolar integrated circuit. The pA-709 was introduced by Fairchild
Semiconductior in 1965 and was one of the first widely used general purpose op-
amps. The now classic uA-741, also by Fairchild, was introduced in the late
1960s. Since then, a vast array of op-amps with improved characteristics, using
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both bipolar and MOS technologies, have been designed. Most op-amps are
very inexpensive (less than a dollar) and are available from a wide range of
suppliers.

From a signal point of view, the op-amp has two mmput terminals and one
output terminal, as shown in the small-signal circuit symbel n Figure 9.1(a).
The op-amp also requires de power, as do all transistor circuits, so that the
transistors are biased in the active region. Also, most op-amps are biased with
both a positive and a negative voltage supply, as indicated in Figure 9.1(b}. As

»
0. O
o O @ 2
T
(a) {B)

Figura 9.1 (a) Small-signal circuit symbol of the op-amp: (b} op-amp with pesitive and
negative supply vollages

before, the positive voltage is indicated by /™ and the negative voltage by V™.

There are normally 20 to 30 transistors that make up an op-amp CiFcuiL.
The typical IC op-amp has parameters that approach the ideal characteristics.
Fot this reason, then. we can treat the op-amp as a “simple” electronic device.
which means that it is quite easy 10 design a wide range of circuits using the IC
op-amp.

In this chapter, we develop the ideal set of op-amp parametets and then
consider the analysis and design of a wide variety of op-amp circuits, which will
aid in our understanding of the design process of electronic circuits. We
generally assume, in this chapter, that the op-amp is ideal. [n the following
chapters, we consider the differentiai amplifier, current-source biasing. and
feedback, which lzads to the development of the actual operational amplifier
circuit in Chapter 13, Once the actual op-amp circuit is studied, then the source
of nonideal characteristics ¢can be understood. The effect of nonideal op-amp
parameters is then considered in Chapter 14. Additiona! op-amp applications
are given in Chapter |5,

9.1.1 ldeal Parameters

The ideal op-amp senses the difference between (wo input signals and amplifies
this difference to produce an output signal. The terminal voltage is the veltage
at a terminal measured with respect to ground. The ideal op-amp equivalent
circuit is shown in Figure 9.2(a).

Ideally, the input impedance is infinite, which means that the input current
is zero. The output terminal of the ideal op-amp acts as the output of an ideal
voltage source, meaning that the small-signal output impedaace is 2¢ro.

The parameter A, shown in the equivalent circuit is the differential gain of
the op-amp. The output is out of phase with respect to v and in phase with
respect to v;. Terminal (1) then is the inverting input terminal, designated by the
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Figure 9.2 (a) ldeal ap-amp equivalent circuit and {b) op-amp transier characteristics

=" notation, and terminal (2} is the neninverting input terminal, designated by
the -+ notation.

Since the ideal op-amp responds only to the difference between the two
input signals v; and v, the ideal op-amp maintains a zero output signal for
vp = v;. When v, = vy # 0, there is what is called a common-mode input signal.
For the ideal op-amp, the common-mode outpul signal is zero. This character-
isti: 15 referred o as common-mode rejection.

Because the device is biased with both positive and negative power sup-
plies, most op-amps are direct-coupled devices (i.e., no couphng capacitors are
used on the input). Therefore, the input voltages v, and v, shown in Figure
9.2(a) can be dc voltages, which will produce a dc output voltage v

Since the op-amp is composed of transistors biased in the active region by
the dc input voltages V' and V™, the output voltage is limited. When v,
approaches F*, it will saturate, or be limited to a value nearly equal to F™*,
since it cannot go above the positive bias voltage. Similarly, when the output
voltage approaches V7, it will saturate at a value nearly equal to V. The
actual saturation voltages vary from one op-amp (o another, but in general the
output volage is limited to ¥~ + AV < vy < V' —~ AV, where AV is generally
between | and 2V. Figure 3.2(b) is a simplified voltage wransfer characteristic
for the op-amp, showing this saturation effect.

The idzal op-amp is being considered in this chapter, i order to gain an
appreciation of the properties and characteristics of op-amp circuits. Two
importani op-amp parameters are; the differential gain A,,; and the bandwiddh,
or frequency response. The differential gain A,; is very large, ideally infinite.
We will see how this property produces ideal op-amp circuit characteristics.
The bandwidth or frequency response of op-amps ts discussed in Chapter 13,

9.1.2 Development of the Ideal Parameters

To develop the ideal op-amp parameters, we start with the MOSFET small-
signal equivalent circuit and apply this model te a particular circuit. Figure
9.3(a) shows an n-channet enhancement-mode MOSFET, and Figure 9.3(b) is
the simplified low-frequency small-signal equivalent circuit. In our analysis, the
transistor small-signal output resistance r, is assumed to be infinite.

Figure 9.4 shows the MOSFET equivalent circuit with two external circuit
resistors, £, and Ry, and an input voltage v;. Resistor Ry is a feedback resistor

523



524

Part Il Analog Electronics

|
G o=t o M

| * :

| .
G —l : VF xnvp fa ':

Lo : iz ‘I Cr
S S
(a) {b)

Figure9.3 (3} n-channel enhancement-mode MOSFET Figure 9.4 Simplified small-sigral
and (b) small-signat aquivalent circuit equivalent circuill of a MOSFET with input

and feedback resisiors

that connects the output back to the input of the transistor. This circuit is
therefore called a feedback circuit. In this example, we use a single transistor
us the basic amplifier of the leedback circuit.

Writing a KCL equation at the gate terminal, we obtain

vr— Vg.r _ V;r.f — Vi

(9.
% T (9.1a)
which ¢an be arranged as
¥ Vo [ [
e ol e 2.1(b
Ry i Re m(RJ’ & RF) G-16)

Since the input impedance to the transistor is mhmle, the current into the
device is zero.
A KCL e2quation at the output node yields

Voo—v
J?-*R_O =Em V_l:.- (gz(a}}
7
which can be sofved for 7, as lollows:
R . (9.2(b))

Substituting Equation (9.2(b)) into (9.1{b)) results in the overall voltage gain of
the circuit

¥r R-‘ ( I )
| +
ngF

If we let the gain g, of the basic amplifier (i.e., the transistor) go to infinity,
then the overall voltage gain becomes

)
] e
v_o-—_&_(_ﬂ 9.3)

Yo R,u

SRR TR 9.4
v R, (9.4)
Equation (9.4) shows that the overall voltage gain is the ratio of two external
circuit resistors, which is one result of using an ideal op-amp. The negative sign
indicates a 180 degree phase shift between the input and the output, which
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means that the input to the transistor corresponds to the inverting terminal of
an op-amp. The voltage gain given by Equations (9.3) and (9.4) is called a
closed-loop voltage gain, since {ezdback is incorporated into the circuit. Con-
versely, the voltage gain 4,; is an open-loop gain.

Voltage V,, at the input of the basic amplifier {transistor) is given by
Equation (9.2(b)). Again, if we let the gain g,, g0 to infinity, then Ves 20;
that is, the voltage at the input terminal to the basic amplifier is almost at
ground potential. This terminal is said to be at virtual ground, which is another
characteristic that we will observe in ideal op-amp circuits.

The output resistance of this circuit can be determined from the equivalent
circuit shown in Figure 9.5. The input signal source is set at zero. A KCL
equation at the outpul node, writien in phasor notation, is

V.
R — [ = B
f.t B EY I R.' + RF {9 5)

Voltage ¥,; can be written in terms of the test voltage V', as

. R;
Vo=V | i
=451 09

Substituting Equation (9.6} into (9.5), we find that

f\ | ] + En Ra’

if"\ - R“ N .R,' o R_l-' (97)
If the gain g,, goes to infinity, then 1/R, — oo, or R, — 0. The output resis-
tance of the circuit with negative feedback included goes to zero. This is also a
property of an ideal op-amp ¢ircuit,

A simplified MOSFET model with a large gain has thus provided the
properties of an ideal op-amp.

Re v,
AMAN- CRe=
L . s
T |

“' I

T

v,, )

X

Figure 8.5 Equivalent dreuit determining oulput resisiance

9.1.3 Analysis Method

Usually, an op-amp is not used in the open-loop configuration shown in Figure
9.2(2). Instead, leedback is added to close the loop between the output and the
input. In this chapter, we will limit our discussion o pegative feedback, in
which the connection from the output goes to the inverling terminal, or ter-
minal (1). As we will see later, this configuration produces stable circuits;
positive feedback, in which the output is connected to the noninverting ter-
minal, can be used to produce oscillators.
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The ideal op-amp characienstics resulting from our negative feedback
analysis are shown in Figure 9.6 and summarized below,

The internal differential gain A, is considered to be infinite.

2. The differential input veltage (v, — v ) is assumed 1o be zero. IT 4, is very
large and if the cutput voltage vy is finite. then the two input voltages must
be nearly equal.

3. The effective input resistance o the op-amp is assumed to be infinite, so
the {wo input currents, §| and i, are essentialfy zero.

4. The output resistance R, is assumed 10 be zero in the ideal case. so the
output voltage is connected directly to the dependent voltage source, and
the output voltage is independent of any load connected to the output.

We use these ideal characteristics in the analysis and design of op-amp circuits,

- mm—— R, =0
=y 20 |
A V3 - W) I
P : Qb
0] . g I
—eiyall g™

Figure 9.6 Parameters of the ideal op-amp

814 PSpice Modeling

Three general purpose op-amps are included in the PSpice library. The PSpice
circuit simulation uses a macromodel, which is a simpified version of the op-
amp, to model the op-amp characteristics. For example, the yA-741 op-amp has
parameters B, = 2MQU R, =1Q 4, ,=2x 10°, and a nnity-gain bandwidth
of fyw = 1 MHz. This device is also capable of producing ouiput voltages ol
£14V with dc power supply voltages of £15 V. We will see in several examples
as to whether these nomdeal parameters affect actual circutl properiies.

9.2 INVERTING AMPLIFIER

One of the most widely used op-amp circuits is the inverting amplifier. Figure
9.7 shows the closed-loop configuration of this circuit. We must keep in mind
that the op-amp is biased with dc voltages, although those connections are
seldomn explicitly shown.

&
——AAAA——
R
i _M'IV‘I—® =
® S
£ >

Figure #.7 inverting op-amp circuit
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9.21 Basic Amplifier

We analyze the aircuit in Figure 9.7 by considering the ideal equivalent circuit
shown in Figure 9.8. The closed-boop voltage gain, or simply the voltage gain, is
defined as

ey

A = .8

y
We stated that if the open-loop gain A,y is very large. then the two inputs v
and v; must be nearly equal. Since v, 15 at ground potential, voltage v, must
also be approximately zero volts. We must point out, however, that having v,
be essentially at ground potential dees not imply that terminal (1) is grounded.

Rather, terminal (1} is said to be at virtual ground; that is, it is essentially zero
volts, but it does not provide a current path to ground.

I',

Figure 9.8 Inverting op-amp equivalent circuit

From Figure 9.8, we can write

I P LR U
= _X 9.9
"FTR. R ®9

Since the current into the ep-amp is assumed to be zero, current ), must flow
through resistor R; to the output terminal, which means that i) = f.
The ouiput voltage is given by

R R e (;—‘I) R (9.16)

Theretore, the closed-loop voltage gain is

W = LR (9.11)

For the ideal op-amp. the closed-loop voltage gain is a function of the ratio
of two resistors; it is not a function of the transistor parameters within the op-
amp circuil. Again, the minus sign implics a phase reversal. If the input voltage
¥; 15 positive, then, because v) is essentially at ground potential, the output
voltage v, must be negative, or below ground potential. Also note that if the
outpul terminal is open-circuited, current i, must flow back into the op-amp.
However, since the output impedance for the ideal case is zero, the output
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voltage is not a function of this current that flows back into the op-amp and is
not dependent on the load.

We can also determine the input resistance seen by the voltage source v;.
Because of the virtual ground, we have, from Equation (9.9)

=y /Ry
The input resistance is then defined as

Ro=f = p, (9.12)
i
This shows that the input resistance seen by the source is a function of R, only,
and is a result of the “virtual ground” concept. Figure 9.9 summarizes our
analysis of the inverting amplifier circuit.

v
. . [
ia=ip= =

Vinual ground, v, = ¢ L
b
i A AN
f
v @\
i —
Vi —AWy e = .
e @ o — v =0 iRy
Iy= I—". - * 7y
1 R' —_— =__-‘If
1} "

Figura8.9 Cuwenis and voltages in the inverting op-amp

Design Example 9.1 Objectiver Design an inverting amplifier with a closed-
loop voltage gain of 4, = -4,

Assume the op-amp s driven by a sinusoidal sourcc, vs = 0.1 sinw/f volts, which
has a source resistance of Re = | k& and which can supply a maximum current of 5 pA.
Assume that frequency e is low. which means that any frequency effects can be
neglected.

Solution: The signal source resistance is in series with the input resistor R, (Figure
9.9), 50
. ¥y
h =
Rs + R

If ijimax) = S A, then we can write

vifmax] 0.1
i(max) 5 1078
The resistance R, then, should be 19k$2. The closed-loop gain is given by
-Rs
Rg+ R
where again, the source resistance must be taken inte account. We then have
R:=5Rs+ Ry= 5= [0 kQ

R(min) + Rg = = 20k

A=

Comment An inverting op-amp with Ry = 19k and R, = 100kQ will satisly the
specified requirements. We note that the cesistance of the source must be taken into
account. -
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Computer Verilicatlon: Figure 9.10{a) shows the PSpice circuit schematic used in the
computer simulation and Figure 9.10{b) shows the 100 mV sinusoidal input signal.
Figure 9.10{c) is the output signal which shows that & gain of 5 {magnitude) has been
achieved and aiso shows that the output signal is 180 degrees out of phase with respect
to the input signal. Finally, the inpul current is shown in Figure 9. 10(d) with a max-
imum value of 5pA. The actual adrcuit charactenstics are not influenced 10 any great
extent by the nonideal parameters of the pA-741 op-amp used in the circuit simulation.

¥, {mV)
100
0 L
- 100
| 3
Time (ms)
{b)
LulpA)
5.0
25|
0, -
-0
H 1 s ki L
Mo 1 2 3 5'00 \ 2 3
Time (ms) Timne# {ms)
) (d)

Figure 8.10 (a) PSpice circuit schematic, (b} inpul signal, {c) cuiput signat, and (d) inpul
current signal tor Example 3.1
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Problem-Solving Yechnigue: ldeal Op-Amp Circuits

L. If the nomnverting terminal of the op-amp is at ground potential, then the

inverting terminal is at virtual ground. Sum currents at this node. assuming

zero current enters the op-amp its¢lf

If the noninverting terminal of the op-amp is not at ground potential, then

the inverting terminal voltage is equal to that at the nropinverting terminal

Surn currents al the inverting terminal node. assuming zero current enters

the op-amp iself.

3. For the ideal op-amp circuit, the output voltage is determined from either
step | or step 2 above and is independent of any load connected to the
output terminal.

!"J
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Test Your Understanding

9.1 In the ideal inverting op-amp :n Figure 9.9, let &) = 10kQ and R, = 100 k.
Determine A4,. vp, iy, i3, and the mput resistance when v; = 0.23V. (Ans. A4, = ~10,
vp = —2.5V, iy = i =25uA, and R; = 10kR)

RD®.2 Redesign the ideal inverting op-amp such that the clesed-loop voltage gain is
A, = —135 and the mput resistance is &, = 20kQ. (Ans. B, = 0k}, R; = J0DKL)
9.3 Consider Example 9.1. Suppose the source resistance is not a constant, but varies
within the range 0.7kQ < R = 1.3kQ. Using the results of Example 9.1, what is the
range in (a) the voltage gain A, and {b}the input current i. (¢) Is the specified maximum
input current still maintained? {Ans. (2) 4.926 = 4, = 5.076, (b} 4926 < i) < 5076 pA)

922 Amplifier with a T-Network

Assume that an inverting amplifier is to be designed having a closed-loop
voltage gain of 4, = —100 and an input resistance of R, = &) = 50kS2. The
feedback resistor R, would then have to be SMQ. However this resistance
value is too large for most practical circuits.

Consider the op-amp circuit shown in Figure 9.11 with a T-network in the
feedback loop. The analysis of this circuit is similar 1o that of the invertng op-
amp circuil of Figure 9.9. Ar the input, we have

¥
i = T;T: i {9.13)

Figure .11 Inverting op-amp with T-notwork

We can also write that

If we sum the currents at the node vy, we have
I
which can be writlen

iy Wk _W—Ve (9.15)
R, R, R:
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or

TRAN
LW 9.16
"*(R, TRt R;) R, (3-16)

Substiluling the expression for vy from Equation (9.14), we obtain

R, 1 1 1 Yoy
- e Ko 917
“’(R )(R«+R4 +R1) 7 2

The closed-loop voltage gain is therefore

v _ Ry R R
=Y= 9.18
Av=T"="¢ (I +R IR ) (9.18)

The advantage of using a T-network is demonstrated in the following example.

B ) |

Design Example 9.2 Objective: An op-amp with a T-network is to be used as
a preamplifier for a microphone. The maximum microphone output voltage is 12mV
{rms} and the microphone has an cutput resistance of 1 k€.

The op-amp ciccuit is 1o be designed such that the maximum output vollage is
1.2 ¥(rms). The input amplifier resistance should be fairly large, but all resistance values
should be less than 500 k$2.

Solutiam: We need a voltage gain of

1.2

| .|—-W LOD

FEquation (9.18) can be written in the form

£, R)R
2 _ R
If, for R "R = 8§, then
Ry
- 100 = —3(} + R.‘) 8
which viclds

R
— = |05
R,

The effective R, must include the < resistance of the microphone. If we set &) = 49k
s0 thatl R ¢ = 50k, then

R = Ry =400k
and

R, = 38.1kQ

Comment: As required. all resistor values are less than S00k%2. Also the resistance Y

ratios in the closed-loop gain ¢quation are approximately equal. As with most design
problems, there is no unique soluton.
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Dasign Pointer: [f we need to use standard resistance values ino our design, then, using
Appendix D, we can choose R) = 51k so that R, 4 = 52kQ, and we can choose
Ry = Ry = 390k82. Then, using Equation (9.18), we have

Ry {. R\ R —39a( 390) 390
A, =-100= Wy (S O
R ( ﬁ..) R 2 VTR %

which yields R, = 34.4kQ. We could, for example, use a 50 k{2 potentiometer for Ry
and set the value al 34.4k$) to produce a gain of L00. The use of a potentiometer will
also allow us to adjust the voltage gain of the circuit to take into account tolerance
variations in resistot values,

The amplifier with a T-network allows us to obtain a large gain using
reasonably sized resistors.

Test Your Understanding

D9.4 Design an 1deal inverting op-amp with a T-network that has a closed-loop
vollage gain of Ay = —5) and an inpw resistance of 10 kL. All resistors must be no
larger than 50k Verify your design with a PSpice analysis. (Ans. For example:
Ry =10k$k By = Ry = 50k82, and Ry = 625k2)

9.2.3 EHectofFinite Gain

A finite open-loop gain 4,4, also called the finite differential-mode gain, affects
the closed-loop gain of an inverting amplifier. We will consider nonideal effects
in op-amps in a later chapter; here, we will determine the magnitude of 4,
required to approach the ideal case,

Consider the inverting op-amps shown in Figure 9.12. As before, we
assume an infinite input resistance at terminals (1) and (2), which means the
input currents to the op-amp are zero.

The current through R, can be written as

Pr— ¥

=t ©®19)

Flgure$.12 Equivalent circutt of the inverting op-amp with a finite differential-moda gain
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and the current through R, is

e 5';J (9.20)
The output voltage is now given by

ty = —Auh
so that the terminal (1) voitage can be written as

n=- ;:L @.21)
Combining Equations (9.21), (9.19), and (5.20), and setting #, = iy, we obtain

. ¥ +:—: _ ——:{% = ¥p

iy = ] =0y =————R2 (9.22)

Solving for the closed-loop voltage gain, we find that

PR . ' (9.23)

T
l+—1{1+
Arm‘ RI

Equation (9.23) shows that if 4,; — oo, the ideal closed-loop voltage gain
reduces to that given by Equation (9.11).

Example 9.3 Objective: Determine the deviation from the ideal duze 10 a finite
differential gain,

Consider an inverting op-amp with R, = 10k and R; = 100k{2. Determine the
closed-looop gain for: A, = 102, 10°, 10%, 167, and 10°. Calculate the percent deviation
from the ideal gain.

Solution: The ideal clesed-loop gain is

A, 100
== ——= |
"' R, 10 g
[f 4,; = 10°, we have, from Equation (9.3},
100 1 ~-10
Av= =g T T H_@) = +0_m=_9,0s
10° 10

which is u 9.9 percent deviation from the ideal. For the other differental gain values we
have the [ollowing results:

Ay A, Deviation (%)
10 -9.01 9

I 959 11

10° -9 989 911

10° ~9.9%0 0.01

0% -9.55999 .00l

Comment  For this case, the open-loop gain must be on the order of at least 19% in
order 10 be within 1 percent of the ideal gain. If the ideal closed-loop gain changes, a
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new value of open-loop gain must be determined in order lo meet the specified require-
ments. As we will sce in Chapter 14, at low frequencies, most op-amp circuits have gains
on the order of 10°, so achieving the required accuracy is not difficutt,

Test Your Understanding

9.5 Ano ]p-amp is ideal, except (hat its open-loop differential voltage gain is hmited

10 A, = 10", The voltages al two of the three signal terminals are measured. Determine
the vohage at the third signal terminat for: @) v =0V and vo = $Y: () vy = 5V and
vo = —10V; (c} v =0.001V and v, =—0.001 V; (d) v, =3V and vy =3V. {Ans.
() v, = =5mV, (b) v» =499V, {c} v5 = ~2V, and (d) v; = 2997 V)
D8.8  An inverting op-amp is ideal, except that the differential voltage gain is finite
and is 4,4 = 5 » 10°. Design the circuit such that the closed-loop voltage gain is 4, =
—12.0 and the input resistor is R, = 25 k2. Determine the required value of Ry, (Ans.
By = 300.73kQ)

9.3 SUMMING AMPLIFIER

To analyze the op-amp circuit shown in Figure 9.13(a), we will use the super-
position theorem and the concept of virtual ground. Using the superposition
theorem, we will determine the output voltage due to each input acting alone.

Virual ground

(@) {b)

Figure $.13 (a) Summing op-amp amplifier circuit and {b) currents and vollages in the
summing amplifier

We will then algebraically sum these terms i¢ determine the total output.
If we set v;3 = vp3 = 0, the current /i is

.t

W=

'=%,
Since v;, = v;3 = 0 and the inverting terminal is at virtual ground. the currents
i» and i; must both be zero. Current i does not flow through either R; or Ry,
but the entire current must flow through the feedback resistor Ry, as indicated
in Figure 9.13(b). The output voltage due to v;; acting alone is

{9.24)

Fi
volvy ) = —i Rr = _(R_:) iy (9.25)
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Similarly, the outpul voltages du¢ to vy and v, acting individually are

R.
voltpal = =i Rp = —(?F)"';z (9.26)
and
] R,
Volip) = —i Rp = f(ﬁi)"” 9.27)
1

The to1al output voltage i1s the algebraic sum of the individual output voltages,
or

Vo= volrg b+ volyg) 4+ voliys) {9.28)

which becomes

Vep = = (%:‘ i+ % Vio % |";1}) (929)
The output voltage is the sum of the three input voliages. with different weight-
ing [actors. This circuil is therefore culled the inverting summing amplifier. The
nutnher of input terminals and mput resistors can be changed to add more or
fewer vollages.

A special case occurs when the three inpul resistances arce equal. When
R1=R2:R35R, then

R,
V= E"{"n +ve +vp) (:30)

This means that the output voltage 1s the sum of the input voltages. with a
single amplification factor.

Uy to this poini, we have seen that op-amps can be used to multiply a
signal by a constant and sum a number of signals with prescribed weights.
These are mathematical operations. Later in the chapter, we will s¢e that op-
amps can also be used to integrate and differentiate. These circuits are Lhe
building blocks needed to perform analog computations—hence the onginal
name of operational amplifier. Op-amps, however, are versatile and can do
much more than just perform mathemalical operations, as we will continue to
observe through the remainder of the chapter.

Design Example 9.4 Objective: Design the summing amplifier 1o produce a
specified output signal.

The output signal generated from a BJT emitter-follower amplifier is vy =
{5—0.5sinwi) V and the effective oulput resistance is R, = 5092, Design a sumining
amplificr such that its cutput signal is vo = 2sin @ ¥, One input to the summing ampli-
fier is to be the output of the BJT emitter follower. {Assutne that the frequency o goes
very low, making the use of a coupling capaciter impractical.)

Solution: In this case, we ondy need two inpus 10 a summing amplifier, as shown in
Figure 9.13. We can apply —5 V¥ to one input of the summing amplifier to cancel the
+5V from the emitter-follower sighal. Assume the input signal v, is from the emitter
folfower, the input ¥3 15 =5V, and vpy = 0, I7 we make R, = 5k{2, then the effect of the
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output resistance, R, = 50 Q. can be neglected (to within | percent of the ideal). The
gain needs o be

~R 2

— = = —4
R D03

A, =
The feedback resistor must then be Ry = 20k§2 We set the input signal v, = —5 V with
Ry = 5k

Comment In this example, we have used a summing amplifier 10 amplify a time-
varying signal and eliminate a dc offset vollage.

Test Your Understanding

8.7 Consider an ideal summing amplifier as shown in Figure 9.13a), with R, =
10k, Ry =20kQ, R; = 30K, and Ry = 40k, Determine the output voltage vy if
¥y = 250pV, vy = 200V, and vy, = 75V, (ADs. vy = —1.5mV)

P9.8B  Design a summing amplifier that will produce an output voltage of vg =
=(Tvpy + vy + 3.5vn + 10vy). The maximum allowable resistance value is 280 kD2,
(Ans. For example: Rp = 280k}, R =40k2. R, =20k, R;=80kR, and
Ry =28k

D9.9 Design the summing amplifier in Figure 9.13 to produce the average {magni-
tude) of three inputl voltages, i¢., vp = {v; + ;1 + ¥ )/ 3. The amplifier 15 to be
designed such that each input signal sees the maximum possible input resistance
under the condition that the maximum allowed resistance in the circust is [ M. (Ans.
Ry =Ry = Ry = | MQ, R = 333kQ)

9.4 NONINVERTING AMPLIFIER

In our previous discussions, the feedback element was connected between the
cutput and the inverting terminal. However, a signal can be applied to the
noninverting terminal while still maintaining negative feedback.

9.4.1 Basic Amplifier

Figure 9.14 shows the basic noninverting amplifier. The input signal v; is
applied directly to the notiinverting terminal, while one side of resistor R, is
connected to the inverting terminal and the other side is at ground.
Previously, when v; was at ground potential, we argued that v, was also
essentially at ground potential, and we stated that terminal (1) was at virtual
ground. The same principle applies to the circuit in Figure 9.14, with slightly
different terminology. The negative feedback connection forces the terminal
voltages vy and v, 1o be essentially equal. Such a condition is referred to as a
virtaal short. This condition exists since a change in v, will cause the output
voltage vy to change in soch a way that # is forced to track w. The virtual
short means that the voltage difference between v and v, is, for all practical
purposes, zero. However, unlike 2 true short circuit, there is no current flow
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Figure .14  Noninverting op-amp circuit

directly from one terminal to the other. We use the virtual short concept, i.c.
v; = vp, a5 an ideal op-amp characteristic and use this property in our circuit
analysis.

The analysis of the noninverting amplifier is essentially the same as for the
inverting amplifier. We assume that no current enfers the input terminals. Since
¥1 = va, then v, = v;, and current /) is given by

] ¥y

> (9.31)

Current /, is given by

¥ — Vo vy — VYo

= = 9.32
h R, 2 (9.32)
As before, i =I5, so that
v _N— ¥
R™R (9.33)
Solving for the closed-loop voltage gain, we find
' R
4,=2=1422 (9.34)
v R

From this equation, we see that the output is in phase with the input, as
expected. Also note that the gain is always greater than unity.

The input signal v; is connected directly to the neninverting termmal;
therefore, since the input current is essentially zero, the input impedance
seen by the source is very large, ideally infinite. The ideal equivalent circuit
of the noninverting op-amp is shown in Figure 9.15,

942 Voltage Follower

An interesting property of the noninverting op-amp occurs when K, = o0, an

open circuit. The closed-loop gain then becomes Figure 3.15 Equivalen
A== (9.35) op-amp

'y

Sincz the output voltage follows the input, this ep-amp circuit is called a
voltage follower. The closed-loop gain is independent of resistor Ry (except
when R; = 00), so we can set R; = 0 to creale a short circuit.
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Figure9.18 Voliage-
follower op-amp
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The voltage-follower op-amp circuit is shown in Figure 9.16. At first
glance, it might seem that this circuit, with unity voltage gain, would be of
little value. However, other terms used for the voltage follower are impedance
transformer or buffer. The input impedance is essentially infimile, and the out-
put impedance is essentially zero. If, for example, the output impedance of a
signal source is large, a voltage follower inserted between the source and a load
will preveni loading effects, that is, it will act as a buffer between the source
and the load.

Consider the case of a voltage source with a 100k output impedance
driving a 1k@ load impedance, as shown in Figure 9.17(a). This. situation
may occur if the source is a transducer. (We will see an example of this later
tn the chapier when we consider a temperature-sensitive resistor, or thermistor,
in a bridge circuit.) The ratio of output voltage to input voltage is

l'_g_ RL _ |
I-'; - RL_!_R.‘;' - ] + i{m

This equation indicates that, for this case, there is a severe loading effect, or
attenuation, in the signal voltage.

Figure 9.17(b) shows a voltage lollower inserted between the source and
the load. Since the input impedance to the noninverung terminal 1 usually
much greater than 100kS2, then vy = v; and the loading effect is eliminated.

= 01

R5=Inﬂkﬂ

3

Semirce
(8) (b)

Figure 9.17 (a) Source wilh a 100kS2 output resistance driving a 1kG load and {b) souce
with a 100 ks outpul resisiance, voltage follower, and 1k<2 load

Test Your Understanding

D9.10 Design a noninverting amplifier with a closed-loop gain of 4, = 3. The oul-
put voltage is limited to —10 V < vy < +10V. and the maximum current in any resistor
is limited to S0pA. (Ans. Ry = 40kQ, Ry = 160k52)

*§ 41  The noninverting op-amp in Figure 9.14 has a finite differential gain of 4,,.
Show 1hat the closed-loop gain 13

(l +R2)
A,=2= e

)
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9.12 Use superposition to delernine the output vollage v, in the ideal op-amp
circuit in Figure 9.18. (Ans. vg = 10v;; + Svp)

Ry = 70k
B =5k}
T AN ——] -

L)
|

|
R, =25k
¥

Ry = SO kSt

Figure 9,18 Figure for Exercise 9.12

53

9.5 OP-AMP APPLICATIONS

The summing amplifier is one example of special functional capabilities that
can be provided by the op-amp. In this section, we will look at other examples
of op-amp versatility.

9.51 Current-to-Voltage Converter

In some sttuations, the output of a device ot circuit is a current. An example is
the output of a photodiode or photodetector. We may need 1o convert this
outpul current (o an output voltage.

Consider the circuit in Figure 9.19. The input resistance R; at the virtual
ground node 13

R=—"=0 (9.36)

In most cases, we can assume that R¢ > R, therefore, current i, is essentially
equal 10 the signal current ig. Then,

and
ey = —I':R'l.' — _stf‘ {9;38)
iy
——VWW——
R\ Re
—= 1y =0 e vy

'i.‘l' Ry

Figurs .19 Current-io-voliage converter
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The output voltage is directly proportional to the signal current, and the feed-
back resistance Ry is the magnitude of the ratio of the output voltage to the
signal current.

Test Your Understanding

D9.13 A current source has an output impedance of Rg = 100 k2. Design a current-
to-voltage converter with an output voliage of vy = —10V when the sipnal current is
is = 100 pA. (Ans. Figure 9.19 with Ry = 100kQ)

9.5.2 VoRage-to-Current Converter

The complement of the current-to-voltage converter is the voltage-to-current
converter. For example, we may want to drive a coil in a magnetic circuit with
a given current, using a voltage source. We could use the inverting op-amp
shown in Figure 9.20. For this circuit,

; : vy

h=i=— 939

r=h=g (9.39)
which means that current i, is directly proportional to input voltage v; and is
independent of the load impedance or resistance R,. However, one side of the
load device might need to be at ground potential, so the circuit in Figure 9.20
would not be practical for such applications.

Figure 8.20 Simple voltage-to-current converier Figure 9.21 Voltage-lo-current converter

Consider the circuit in Figure 9.21. In this case, one terminal of the load
device, which has an impedance of Z;, is at ground potential. The inverting
terminal (1) is not at virtual ground. From the virtual short concept, v, = vy
We also note that v, = v, = v, = iy Z;. Equating the currents /) and #,, we have

] il ELZL _ J'.;_ZL — Yo
R, R

(9.40)
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Summing the currents at the noninverting terminal gives
i + oL (9.41)

Solving for (vy — ipZ; ) from Equaticn (9.40) and substituting into Equation
(9.41) produces

Re hZi—v)_.  uZ,

R, R, R, (#4h
Combining terms in iy, we obtain
. {ReZ; ZL) ( R )
b BB Y ;
xm %) =z R o)

Io order 1o make i; independent of Z;, we can design the circuit such that the
coefficient of Z, is zero, or

< I 1 9.4
RR R 0%
Equation (9.43} then reduces to
RN
iy = u( 3 Ra) - 9.45)

which means that the load current is proportional to the input voltage and is
independent of the load impedance Z;, as long as he output voltage remains
between allowed limits.

We may note that the input resistance seen by the source v, is finite, and is
actually a function of the load impedance Z; . For a constant {;, a change in £
produces a change in vy = v, = v, which causes a change in . A voltage
follower may be inserted between the voltage source ¥; and the resistor R,
to eliminate any loading effects due to a variable input resistance.

541

Example 95 Objective: Determine a load current in a voltage-to-current
CONverier.

Consider the circuit in Figure 921 Let Z; = 1008, &, = 10kQ, R, =1k§,
Ry = 1kQ,and Ry = 10kR. If vy = ~5V, delermine the load carrent iy and the output
voltage v,

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

b Re 10 _,i
Ry RRy T (IOHD |
The load current is
.=y —(=5)
o —— = A
g g,

and the vollage across the load is
vy =i Z; =(5% 07°)100}=0.5V
Currents iy and iy are
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and
iy =ig+ip=054+5=55mA
The output voltage 15 then
v = iRy vy = (5.5% 107)I0M +0.5=6V
We could also caleulate f; and i~ as
i = f==055mA

Comment: 1o this example. we impiicitly assume that the ep-amp is not in saturation.
which means that the applied dc bias voltage must be greater than 6 V. In addition, since
currents i (which is negative) and i, must be supplied by the op-amp, we are assuming
that the op-amp is capable of supptying ¢.05 mA.

Computer Veriflcation: The PSpice circuit schematic of the voltage-to-current con-
verter s shown in Figure 2.22(a). The input voltage was varied between O and —1GV.
Figure 9.22(b) shows the current through the 00 Q load and Figure 9.22(c) shows the

K imA)
10
5 5
R 21 k2 RpS10Q
l'1"]' —15 )]
-0 =0 b ()
(a) {b)
let[\'r} I"Ihl.ill-"":'
10 19
5 e
=14 =5 ] 0 035 10
Fii¥) R, (kD
{c) (d)

Figured.22 (a) PSpice circuit schemalic; (b) load current and (¢} op-amp output voltage
versus input voitage; {d) op-amp ouiput voltage versus load resistance for v, = -5V
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op-amp output voltage as a function of the inpw voltage. At approximately v, =
—7.5V, the op-amp saturates, so the [oad current and output voltage no longer increase
with input voltage. This result demonstrates that the ideal voltage-to-current conversion
is valid only il 1the op-amp is operating in its linear region. Figure 9.22(d) shows the
output voltape as a function of load resistance for an input voltage of vy = =3V, Av a
load resistance greater than approximately 900 ©2. the ap-amp saturates. The range over
which the op-amp remains linear coutd be increased by mereasing the biasto £15V, for
gxampie.

Test Your Understanding

9.14 Consider the vollage-to-current converier shown in Figure 921, The load
impedanee 15 Z; = 20002 and the input veltage is v, = —3 V. Determine i, and v, of
Ry= 10ER, Ry = 1 5k, Ko= 2k§2 and Ry = 20kQ2 (Ans i; = 2mA, v = 7.2V)
D9.15 Desien the voltage-to-current converter shown in Figure 221 such that the
load current in a 3002 Joad can be varied between 9 and | mA with an input voltage
between D and -3V, Assume the op-amp » bilased at £19V., (Ans. B = 5k for
example, let Ry = TRQ, &) = [0k, Ry = [4kEY)

9,53 Difference Amplifier

An idea! dilference amplifier amplifies only the difference between two signals:
It rejects uny common signals to the two input teeminals. For example, a
microphane systemn amplifies an audio signal applied to one terminat of a
difference amplifier. and rejects any 60 Hz noise signal or “hum™ existing on
both terminals. The basic op-amp also amplifies the difference between two
input signals. However, we would like to muke a difference amplifier, in which
the output is a Tunction of the ratio of resistors, as we had for the mverting and
noninverting amplifiers.

Consider the circuit shown m Figure 9.23(a), with inputs v and vps. To
analyze the circuit, we will use superposition and the virtual short concept.
Figure 9.23(b) shows the circuit with input v;2 = ¢, There are no currents in Ry
and R,; therefore, va, = 0. The resulting cizcuil s the inverting amplifier pre-
viousty considered. for which

R
Vo = — R_; Vi (9.46)

Figure 9.23(c) shows the circuit with vy, = 0. Since the current into the op-
amp is zero, Ry and R, form a voluage divider. Therefore,

Ry
.. N (9.47)
From the virtual short concept, v;;, = vsy and the circuit becomes a nonimvert-
ing amphifier, for which

R, : Ry
Popr = (‘ +F"':)'I’“. = (1 + }'z':)v'y. (9.48)
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Figure $.23 (a)} Op-amp diference amplifier, (b) difference amgplifier with v, = 0 and
{¢) diffarence amphkfier with v, =0

Substituting Equation (9.47) into (9.48), we obtain

R: R4 _
o= (1+7) (im) Rl

which can be rearranged as follows:

Ry R
ror =01+ Rof R ;g 0490
Since the net output voltage is the sum of the individual terms, we have
Vo = Vo +¥on (9.50(a))
or
R4
R\l _R: R\
Yo = (l +E) ]—E vy — (ﬁ:)‘n (9.30(b))
+ =
Ry

A property of the ideal difference amplifier is that the output voltage is
zero when v;; = vp2. An inspection of Equation (9.50(b)) shows that this con-
dition is met if

Ry R

— == 9.51

R-R .31}

The output voltage is then

R
%=ﬁmrwﬂ (9.52)
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which indicates that this amplifier has a differential gain of A; = R/R|. This
factor is a closed-loop differential gain, rather than the open-loop differential
gain A, of the op-amp itself.

As previously stated, another important characteristic of electronic circuits
is the input resistance. The differential input resistance of the differential ampli-
fier can be determined by using the circuit shown in Figure 9.24. 1n the figure,
we have imposed the condition given in Equation {9.51) and have set R) = R;
and R; = R,. The input resistance is then defined as

Vi

R = : (9.53)

Taking inte account the virtual short concept, we can write a loop equation, as
follows:

v =R+ iR = H{2R) (9.54)
Therefore, the input resistance is
R =2R, (9.55)
s
L F A ——

b0 V')

Vitual
shor
circuit

Figure 9.24 Circuit for measuring differential input resistance of op-amp diterence ampiifrer

Design Example 9.6 Objective: Design a difference amplifier with a specified
gain and minimum diffecential input resistance.

Consider the difference amplifier in Figure 9.23(a). Design the circuit such that the
differential gain is 30 and the minimum differential input resistance is R; = 50kR.

Solution: From Equation (9.55), the differential input resistance is
R =2k =50k

Therefore,
Ry = Ry = 25kQ

Since the differential gain is
Raf Ry = 30

we musl have

Ry = Ry = 150k

Comment:  This example illusirales a disadvantage of this difference amplifier design,
It cannol achieve both high gain and high input impedance without using extremely
large resistance values.
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In the ideal difference amplifier, the output 1, is zero when v, = vy
However, an inspection of Equation {9.50(b}} shows that this condition is
not satisfied if Ry/Ry# Ry/R. When vy =y, the input is called a
common-mode input signal. The common-mode input voltage is defined as

Vo = ('l’“ + V,:)Iz (9.56)
The common-mode gain is then defined as

(2.57)

Ideally, when a common-mode signal is applied, vg =0 and 4, =0.

A nonzero common-mode gain may be generated in actual op-amp
circuits. This is discussed in Chapter 14.

A figure of merit for a difference amplifier is the common-mode rejection
ratio {CMRR). which is defined as the magnitude of the ratio of dilferential
gain to common-mode gain, or

CMRR = |2 {9.58)
Usually, the CMRR is expressed in decibels, as follows:
CMRR(dB) = 20log,, I““‘—{ (9.59)

1deally, the common-mode rejection ratio is infinite. In an actual differential
amplifier, we would like the common-mode rejection ratio to be as large as
possible.

Example 9.7 Objsctive: Calculate the common-mode rejection ratio of a differ-
ence amplifier.

Consider the difference amplifier shown in Figure 9.23(a). Let R,/R, = 10 and
R,/ Ry = 1. Determine CMRR(dB),

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

vo = 1+ 10}(T‘;‘—IT)P” —(lﬂ}lr‘“

or
¥g = 10,0833y, — 10vpy {9.60)
The differential-mode input voltuge is defined as
Vg =¥z — ¥
and the commoen-mode input voltage is defined as
Vem = vy +v2)/2

Combining these {wo ¢quations produces

VIE = Vom — %{ (9.6i(»})
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and

L (9.61(b)

-

Il we substitace Equations {9.61(a)) and (9.61(b)) in Equation {9.60). we obtain

vo = (100833 v, + ‘3'-‘) — (10 (vem ~ 1;_1}

or
ro = 10.042¢, + .0833,,, {9.62)
The output veltage is also
Vo = Ay + AV (9.62)
Il we compare Equations (9.62) and {9.63), we see that
A = 10042 and A = 00833

Thercfore. From Equation {9.59), the common-mode rejection ratio, is

CMRR(dB) = ﬁﬂlngm(w'mz) = 41648

00833

Comment: For good differential amplifiers. lypical CM RR values are in the range of
80- 190 dB. This example shows how close the ratios R; /R, and Ry/Ra must be in order
to achieve a CMRR. value in that range.

Compuler Verillcation: A PSpice analysis was performed on the differential amplifier
in this example with a pA-741 op-amp. For input voltages of vy =—-30mV and
g = +50mV, the oulputl voltage is vo = 1.0043 V. which gives a diflerential voltage
gain of 10.043. For input voltages of vy = vy = 5V, the output voltage is 1y =
0.4153 V. which gives a common-mode voltage gain of A, = 0.4153/5 = 00831 The
common-mode rejection ratio is then CMRR = 10.043/0.0831 = 1209 = 41.64B,
which agrees with the hand analysis, This resull demonsirates that at this point, the
nanideat characteristics of the pA-741 op-amp do not affect these results,

Test Your Understanding

D9.18 Design a difference amphfier with a differential input impedance of R, =
5k§e. u dilferential vollage gain of 100, and a common-mode gain of zero. (Ans.
R, =235k0, R =250kQ)

*9.17 10 the difference amplifier shown in Figure 3.23(2), R = R; = 10k, R) =
20k and Ry = 21 k2. Determine vo when: (@} vy = +1V, rp=—1V.iand (by v, =
vin = 41 V. (e} Determine the common-mode gain. {d} Detetmine the CMRR(dB).
(Ans. {0) 1y = 4032V, (1) 15, =003V, (0} £, =00323 (&) CMRR{dbd) =
159dB)
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954 Instrumentation Amplifier

We saw in the last section that it is difficult to obtain a high input impedance
and a high gain in a difference amplifier with reasonable resistor values. One
solution is toinsert a voltage follower between each source and the correspond-
ing input. However, a disadvantage of this design is that the gain of the ampli-
fier cannot easily be changed. We would need 1o change two resistance values
and still maintain equal ratios between R;/ R, and R/ R:. Optimally, we would
tike to be able to change the gain by changing only a single resistance value.
The circuit in Figure 9.25, called an instrumentation amplhfier, allows this
fexibility. Note that two noninverting amplifiers, 4, and A., are used as the
inpul stage, and a difference amplifier, 45 is the second. or amplifying. stage.

¥h *
Ay Yol

e ['()

Figure 9.25 Instrumentation amplifisr

We begin the analysis using the virtual short concept. The voltages at the
inverting terminals of the voliage followers are equal to the input voltages. The
currents and voltages in the amplifier are shown in Figure 9.26. The current in
resistor R is then

iy = ———— (9.64)

Vo =g v Ry

Flgure .26 Voitages and currents in instrumentation amplifier
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The current in resistors Ry is also ¢, as shown in the figure, and the output
voliages of op-amps 4, and A4, are, respectively,

) R R
Yoo = + fth = (I + }i)"'fl _R_I"'II (965{3]]
and
. R, R
Vepr = Wy~ 1y Rz = (I + ?1)1"_;2 - F;II“ (9365(']})

From previous results, the output of the difference amplifier is given as
R
Vo = F“{"oz - vor) {9.66)
X

Substituting Equations {9.65(a)} and (9.65(b}) inte Equation (9.66). we find the
outpul voltage, as follows:

R 2R
Vo = ?‘: (l + #){*'r: - ¥n} (3.67)

Since the input signal voltages are applied directly to (he noninverting
terminals of 4, and A, the input impedance i1s very large, ideally infinite,
which is onc desirable characteristic of the instrumentation amplifier. Also,
the differential gain is a function of resistor Ry, which can ¢asily be vuried
by using @ potentiometer. thus providing a variable amplifier gain with the
adjustment ol only one resistance.

549

Example 9.8 Objective: Determine the range required for resistor Ry, to realize a
differential gain adjustable from 3 1o 300.

The instrusmnentation amplifier circuit 1s shown in Figure 9.25. Assume that Ry =
2Ry, 50 that the difference amplifier gain is 2.

Solulion: Assume ihat resistance R, is a combination of a fixed resistance Ry and a
variable resistance R},. as shown in Figure 9.27. The fixed resistance ensures that the
gain is imiled (o a maximum vatue, even i’ the vartable resistance is set equal to zero.
Assume the variable resistance is a 100k potentiometer.

From Equation ($.67). the maximum differential gain is

2R,
O = 2(| + —')
Ry

and the smnimum differentiai gain is

2R,
Gt s T3
(_ YRoT mo)

From the maximum gain expression, we find that
ER] = 249’2”

Substituting this R» value into the minimum gain expression, we havwe
IR, 249R,,
TRy 4+ 100 Ry 4100

The resuhting value of R\, is Ry; = 0.606k2, which yields Ry = 75.5kL.

L5

Figure8.27 Equivalent
ragistance Ay in
instrumeniation amplifier
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Comment We can select slandard resistance values that are close to the values calcu-
lated, and the range of the gain witl be approximately in the desired range.

Test Your Understanding

918 For the instrumentation amplifier in Figure 9,25, 1the parameters are; Ry =
Ry =20k, and R; = 100K, Resistance R, is a series combination of a fixed resis-
tance of 1 kS and a 50 k2 potentiometer. Determine the runge of the differential voliage
gain. {Ans. 4.92 < Ay < 201)

*9.19  All parameters assoriated with the instrumentation amplifier in Figure 925
are as given in Exercise 918, except that resistor R associated with the 4; op-amp s
Ry = 100k £ 5%. (a) Determine ihe maximurm and rmmimum possible values of the
common-mode gain. {b) Determine the maximum sod minimum possible values of the
differential-mede guin. {c) Deterrning the minimum CMRR(AB). {Ans (1) A,., =10,
(b) A (min} = 4.82. 4 dmax¥ = 206, {c} CMRR = o0)

D9.20 Design the instrumentation amplifier in Figure 9.25 such that the variable
differential voltage gain is in the range of 2 to 1000

9.5.5 Integrator and Differentiator

In the op-amp circuils previously considered, the elements exterior (o the op-
amp have been resistors, Other elements can be used, with differing results.
Figure 2.28 shows a generalized inverting amplifier for which the volage trans-
fer function has the same general form as before, that is,

where Z, and Z, are generalized impedances. Two special circuits can be
developed from this generalized inverting amplifier.

—
= Tia

Figure ©.28 Generalized inverting amplifier

In the first, Z, corresponds to a resistor and Z; (0 a capacitor. The im-
pedances are then Z) = R, and Z, = 1/5C, where & again is the complex
frequency. The output voltage is

Z, -1

T Tl 9.69
Vo= " TRy 1)
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Equation {(9.69) represents integration in the time domuain. If V- is the
voltage across the capacitor at ¢ = 0, the outpul volage is

3
Yy = I’J{" — # JD l-'!“' ‘]df' (07‘“

where 1718 the variable of integration. Figure 9.29 summarizes these results.

Cy
it
1t

— Ve

vy O_Wu -

I

Flgure 929 Op-amyp integrator

A T L
—mf,-\a!-‘-ﬂﬂ-_-_:}; v i sl

Equation (970} is the output response of the integrator circuit, shown in
Figure 9.2¢, for any input voltage v;. Note that if v,(¢) is a finite step function,
oulput v, will be a linear function of time. The ocutput vy will be a ramp
function and will eventually saturate at a voltage near ¢ither the positive or
negative supply voltage. We will use the integrator m filter circuits, which are
covered in Chaprer L5,

We will show in Chapter 14 that nonzero bias currents into the op-amp
greatly influence the characteristics of this circuit. A dc current through the
capactior will cause Lthe output voltage to linearly change with time until the
positive or negalive supply voltage is reached. In many applications, a (ransis-
tor swilch needs to be added in parallel with the capacitor to periodically sel
the capacitor voltage to zero.

The second gereralized inverting op-amp uses a capacitor for Z; and a
resistor [or Z,, as shown in Figure 9.30. The impedances are Z, = 1/sC, and
7, = R+, and the voltage transfer function is

G S O (9.71(a)

The oulput vollage is

ty = ~5RCywy {9.71{b))

Figure .20 Op-amyp diffsrantialer

551
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Equauon {9.71(b)) represents differentiation in the time domain, as
follows:

dl"‘r[”
dr

The circuit in Figure 9.30 s therelore a differcinator,

Dilferentiator circuits are more susceptible to noise than are the integrator
circuits. Input noise fluctuations of small amplitudes may have large deriva-
tives. When differentiated. these neise fluctuations may generate large noise
signals at the output, creating a poor cutput signal to noise ratio. This problem
may be alieviated by placing a resistor in series wath the input capacitor. This
modified circuit then differentiates low-lrequency signals but has a constant
high-frequency gam.

vl = =R, C, (9.7

Example 99 Objective: Determine the time constant required in an inlegrator.
Consider the inteprater shown in Figure 9.29. Assume that veltage Ve across the

capacitar i zero al + =0 A siep inpul voltuge of vy =—1V is applied at /1 =10.

Determine the time constant required such that the output reaches +10V at 1= | ms.

Solution: From Equation €9.70), we have

v, = 7 th Ddt' = ! I r-* Lo

" RGO ) TRG |, RG

ALy = 1ms. we want v, = 10V, Theretore,
19!
19 = s

which means the time constant s R G =01 ms,

Comment: As an example. for a time constant of 0.1 ms, we could have Ry = 10k
and C; = 0.01uF. which are reasonable values of resistance and capacitance,

Test Your Understanding

9.21  An integrator with input and output vollages that are zero at ¢ = 0 s driven by
the input signal shawn in Figere 9,31, The resistance and capacitance in the circuit are
R, = 10k and - = 0.1 pF. Sketch and label the resulting output waveform.

D8.22 An integrator 15 driven by the series of pulses shown in Figure 9.32. At the
end of the tenth pulse. the cutput voltage is to be vy = -5V, Assume V. = Datr =1

v (V)
1 URL AT

et
%)
Tk
-

r{ms)

—i e 05 N 7

Figure 9.31 Figure for Exercisa 921 Figure 9.32 Figure for Exercise 9.22
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Determine the time constant and vaiues of Ry and C, that will meet these specifications.
(Ans. © = 20ps; for example, let & = 0.01uF, R = 2kQ)

543

956 Nonlinear Circuit Applications

Up to this point in the chapter, we have used linear passive elements in con.
junction with the op-amp. Many useful circuits can be fabricated if nonlinear
elements, such as diodes or transistors, are used in the op-amp circuits. We will
consider three simple examples to illustrate the types of nonlinear characier-
tstics that can be generaled and 1o illustrate the general analysis technique.

Precision Hali-Wave Rectifier

An op-amp and diode are combined as shown in Figure 9.33 to form a preci-
sion hall-wave rectifier. For v > 0, the circuit behaves as a voltage follower.,
The output voltage is vy = v;, the load current iy 1s positive, and a positive
digde current is induced such that [p = i;. The feedback loop is closed through
the forward-biased diode. The output voltage of the op-amp., vy . adjusts itself
1o exactly ubsorb the forward voltage drop of the diode.

Figure 9.33  Precision half-wave rectifier circuit

For v; < 0. the output voltage tends to go negative, which tends to pro-
duce negative load and diode currents. However, u negative diode current
cannot exist, so the diode cuts off, the {eedback loap is broken, and vy, = 0.

The voltage transfer characteristics are shown in Figure 9.34. The rectifi-
cation is precise in that, even at stnall positive input voltages. v = v; and we
do not observe a diode cut-in voltage.

Yo

Slope = |

¥

Figure 9.34 Voltage transter charactenistios of pracision hall-wave reciifier
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A potential problem in this circuit exists for v; < 0. The feedback loop is
broken so that the op-amp output voltage vo; will saturate near the negative
supply voltage. When v, switches positive, it will take time for the internal
circuit to recover. so the response time of the outpui voltage may be relatively
slow. In addition, for 1y <0 and vy =0, there is now a voltage difference
applied across the input terminals of the op-amp. Most op-amps provide
inpui voltage protection so the op-amp will not be damaged in this case.
However, if the op-amp does not have input protection, the op-amp may be
damaged if the input voltage is larger than 5 or 6V,

Log Amplifier

Consider the circuit in Figure 9.35. The diode is o be forward biased, so the
input signal voltage is limited to posttive values. The dsode current is

ip = Ig{e™" " = 1) (9.73(ah)

R M
Vio—AWA -
o =0 —"
I
! V1=r'+

Figure 8.35 Simole log amplifier

If 1he diode is sufficiendy forward biascd, the (—1% term is negligible, and
ip o ;S{,Tm‘ L (9.73(b}}

The input current can be writien

L

fi = RT' (9.74)
and the output voltage. since v, is at virtual ground, is given by

¥ = —tp (9.75)
Noling that f| = iy, we can write

== iy = el (9.76)

R

If we take the natura) log of both sides of this equation, we obtain
Vi Yo
nl—s)=~-+~ (9.77an

of

P V,-ln( i ) (9.77bY
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Equation (9.77(b)) indicates that, for this circuit, the output voltage is
proportional to the log of the input voltage. One disadvantage of this circuit
is that the reverse-saturation current [ is a strong function of temperature, and
it varies substantially from one diode to another. A more sophisticated circuit
uses bipolar Lransistors to eliminate the fo parameter in the log term. This
circuit will not be considered here.

Antilog or Exponential Amplifier

The complement, or inverse function, of the log amplifier is the antilog, or
exponential, amplifier. A simple example using a diode is shown in Figure 9.36,
Since v, s at virtual ground, we can write for v; > 0

e nad (9.78)
ind

tp = —isR = =iy R (9.79(a))
or

v = — IR {9.79(b))

The output veltage is an exponential function of the input voltage. Again, there
are more sophisticated circuits that perform this lunction, but they will not be
considered here,

Figure .36 A simple antilog, or exponential, amplilier

9.6 OP-AMP CIRCUIT DESIGN

Up to this point, we have mainly been concerned with analyzing op-amp
circuits. In this section. we will design three specific circuits.

96.1 Summing Op-Amp Circuit Design

In an inverting summing op-amp. each input is connecied (o the inverting
terminal through a resistor. The summing op-amp can be designed such that
the output 1=

Y = —dy vy — Ve I+ g (9.80)

where the coefficients a, are all positive. In one design, we could apply vollages
vy and vy Lo inverler amplifiers and use the summing op-amp considered
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previousty. This design would require three such op-amps. Alternatively, we
could use the results of Exercise 9.12 to design a summing circuit that uses only
one op-amp and is more versatite.

Consider the circuit shown in Figure 9.37. Resistor R provides more
versatility in the design. When we consider nonideal effects, such as bias cur-
rents, in op-cireuits, in Chapter 14, we will impose a design constraint on the
relationship between the resistors connected to the inverting and noninverting
terminals. In this section, we will continue to use the ideal op-amp.

Figure 937 Generalized op-amp summing amplifier

To determine the output voltage of our circuit, we use superposition. The
inputs ¥, and v,» produce the usual outputs, as follows:

R
volr) = — ;’]‘ Vi (9.81(a)
and

volvp) = — % ¥y {9.81(b))

=
We then determine the output due to v, with all other inputs set egual o zero.
We can wrile

RgliRc
R4+ RgliR,

Smce v, = vp = 0, the voltage vairn) is the input 10 a nonminverting op-amp
with R| and R, in parallel.

viz = wyivys) (9.82)

l‘:{l’ﬁ{) —

Then,
_ Re g s ,( Ry ( RgliR¢ )

volrp) =1+ RIER:)H(HJ} = ;\' + R|||Rz) R, + RyRe i (983

which can be rearranged as follows:
= {14+ RENRe),

rott) = (14 25 (Zo oo o84
Here, we define

Ry = R|IR; (9.85(a)
and

Rp = R, | RallR¢ {9.85(b)}
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The output vohiage due to vy is similarly determined and is

O RARS
rolvpy) = (1 + R—:) (ﬁ) Vi (9.86)
The total cutput voliage is then the sum of the individual terms, or

R Ry Ry R R
vy == *‘,}—T Ve — —R—: it (l + ﬁ'&)[ﬁf vy + }i "14} (9.87)

This ferm of the output voltage is the same as the desired cutput given by
Equation (9.80).

557

Design Example 9.10 Objective: Design a summing op-amp to produce the
output

o= —10hy, —dvy + 5!‘;3 + 2I'.;q

The smallest resistor value allowable is 20k,

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

R . -
E B ]0' dnd Rz =

Resistor &, will be the smallest value, so we can set R = 20k£2. Then,
Rp=200k2 and Ry = 50kQ

The multiplyng factor in the noninverting terms becomes

Re \ 2-::0)_
(1 +R|ﬁR:) - (' METE

We then need

Ry Rp)
S — 1} = b — =
“'}(R‘) 3 and (IS)(RB 2

Il we take the ratio of these two expressions, we have

By 3

R, 2
i we choose R, = 80k then Ry =200k, R, =2667%0, and R becomes Ry =
S0rks2.

Comment:  We could change the number of inputs to either the inverting or noninvert-
ing terminal, depending on the desired output versus input voltage response.
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Test Your Understanding

*D9.23 Design a summing op-amp o produce the output ry = ry +
IUI';: - 25I’f.1 — 80!';4.

9.6.2 Reference Voltage Source Design

[n Chapter 2, we discussed the use of Zener diodes to provide a constant or
reference voltage source. A limitation. however, was that the reference voltage
could never be greater than the Zener voltage. Now, we can combine a Zener
diode with an op-amp to provide more flexibifity in the design of reference
voltage sources.

Consider the circuit shown in Figure 9.38. Voltage source ' and resistor
R bias the Zener diode in the breakdown region. The op-amp 15 then used us a
noninverting amplifier. The output voltage is

R

The output current (o the load circuit is supplied by the op-ump. A change n
the load current will not produce a change in the Zener diode current; conse-
quently, voltage regulation is much improved compared to the simple Zener
diode voltage source previously considered.

e

Ry R

I bl
*
*
Yz

Figure 9.38 Simple op-amp voltage reference circuid

Since the incremental Zener resistance 1s not zero, the Zener diode voltage
is a slight function of the diode current. The circuit shown in Figure 9. 39 is less
affected by variations in V', since Vg i1s used only to start up the circuit. The
Zener diode hegins to conduct when

Rq
R+ Ry

VS' = I'IZ -+ Vﬂ = I'}z +0? {989}
A1 this specific vollage. we have

R .
Vo= (1 + R—T) Vs (9.90)
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Ry Ry

and

{9.91)

If Vy decreases and diode Dy becomes reverse biased, the Zener diode
continues 1o conduct; the Zener diede current is then constant. However, if
diede Dy is conducting, the circuit can be designed such that variations in
Zener diode current will be small.

Design Example 911 Objective: Design a voltage reference source with an
outpul of 0.0V, Use a Zener diode with a breakdown voltage of 5.6Y. Assume the
voltage regulation will be within specifications if the Zener diode is biased between
L 1.2mA.

Solulion: Consider the circuit shown in Figure 9.39. For this example, we teed

Yo _ (. +_‘5;) _ 100
. R/~ 56

Therctore,

R\
— = I 7%
3 0. 746

We know that

Vo—V,
fp = —-RT-—-—

I we set f; equal 10 the minimum bias current, we have

| mA = .Ii}:S_f

X
which means thal Ry = 4.4kQ. If we choose R; = 30k, then R, = 3517k

Resistors By and Ry can be determined from Figure 9.40. The maximum Zener
current supplied by Vg, Ry, and R, should be no more than 0.2mA. We set the cursent
through ) equal to 0.2mA, for ¥y = 18V, We then have

Vf =V, +07=536+07=63V
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V=56V

Figure 840 Input circuit of the op-amp voltage reference circuit

Also,
Vi 63
r4 _— e T —
R, R,
and
Ve— ¥y 19-63 37
fs = o3 =

R: R R
If we set Iy = 0.2 mA, then
Hy=04mA Ry =9.25kQ R, =31.5kQ

Comment: Voltage ¥y ts used as a start-up source. Once the Zener diode is biased in
breakdown, the outpul will be maintained at 10.0V, even if Fy is reduced to zero,

Test Your Understanding

9.24 Consider the op-amp vollage refersnce circuit in Figure 9.39 wiih parameters
given in Example 9.11. Initially set Vg = 10V and then plot, using PSpice. v, and fy
versus Ve as Vg decreases from 10 10 0V, Bias the op-amp at 45V

Ry Ry(l + &)

9.6.3 Difference Ampiifier and Bridge Circuit Design

A transducer is a device that transforms one form of energy into another form.
One type of transducer uses nonelectrical inpuis to produce electrical outputs.
For example, a microphone converts acoustical energy into electrical energy. A
pressure (ransducer is a device in which, for example, a resistance is a function
of pressure, 5o that pressure can be converted 10 an electrical signal. Often, the
output characteristics of these transducers are measured with a bridge aircuit.

Figure 9.41 shows a bridge circuit. Resistance R, represents the transducer,
and parameter 3 is the deviation of R; from R, due to the mnput response of the
transducer. The output voltage vy is a measure of 4. If vy Is an open-circuit
voliage, then

R1( | + 3] R, +
s ! S, :
Yol [32{1 YO+ R R+ Rz] (e

which reduces to

it (ﬁl‘-'l) p 9.93)
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Since neither side of voltage vq, is at ground potential, we must connect
¥p) to an mstrumentation amplifier. In addition, vy, is directly proportional
to supply voltage I*; therefore, this bias should be a well-defined voltage
reference,

561

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

R, = 200[1 + (ORI~ 30} 300)] kS

300

where 7' is the absodute emperature. For Ry to vary by £1% means the temperature is
in the range 225 = T = 375°K.

Consider biasing the bridge circuit at ¥ =7.5V using a 5.6V Zener diode.
Assume £10V is available for asing the op-amp and reference voltage source, and
that R, = Ry = 200kQ.

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

]
l';)l = (Z) lr"+

For I'* = 7.5V and & = 0.01. the maximum oulput of the bridge circuit is vg =
.O1RTS V. I the output of the amphfier system 15 to be 45V, the gain of the mstru-
mentation amplifier must be 5001875 = 266.7, Consider the instrumentation amplifier
shown in Figurc 9.25. The output voliage is given by Equation (9.67), which can be
writlen

Ri'=I000k2 Ry=678B6kL

Figure 9.42 Complate amplifier system

R;=I187k02
—— A
R; =15k
A -
AW *
R; = 15 ka2
R{=187kQ
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l*—"=&(1+?R£1) = 266.7
1

We would like the ratios Ry/R; and Rj/R| 1o be the same order of magnitude. If we let
Ry =150k and Ri = IB7.0k{, then R/ Ry = 12.467 and Ry/Ry = 10.195. If we set
R} = 200.0kQ, then R = 19.62kQ.

Resistance R| can be a combination of a fixed resistance in series with a poten-
liometer, to permil adjustment of the gain.

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

Design Pointer: The design of faicly sophisticated op-amp circuits is quite straightfor-
ward when the ideal op-amp parameters are used.

Test Your Understanding

D9.28 Consider the bridge circuit in Figure 943, The resistance is R = 10k and
the maximum AR is 50 2. The bridge civcuit is Lo be biased with ¥* = 3.5 V. Design an
amplifier system such thal the output is 5.0V when AR = 508. Use reasonable resis-
tance values.

Figure 9.43 Figura for Exercise 925 Figure 9.44 Figurs for Exercise 9.26

D9.26 Consider the bridge circuit in Figure 9.44. The resistance is R = 100 k{2, and
the bridge circuit is 1o be biased with ¥ = 5.0V, Design an amplifier system such that
the output varies from 45V to —5V as § varies from +0.01 to —0.01. Use reasonable
resistance values.

97 SUMMARY

® In this chapter, we considered the ideal operational amplifier {op-amp) and various
op-amp applications. The op-amp is a three-terminat device (three signal terminats)
that ideally amplifies only the difference between two input signals. The op-amp.
then, is a high-gain differennal amplifier.

¢ The ideal op-amp model has infinite input impedance (zero iaput bias currents.
infinite differential voltage pain (zeto voltage between the twa input terminals),
and zero cutput impedance.

¢ Two basic op-amp circuits are the inverting amplifier and the noninverting amplifier.
I the ideal model of the op—amp, the voltage gain of these circuits is just a function of
ihe ratio of resistors.
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# Other amplifier configurations considered were the summing amplitier, voltage fol-
lower, current-to-voliage converter, and voltage-to-current Converter.

® [l capacitor is included as a [eedback element, the output voltage is the integral of
the input voltage. I a capacttor is included as an input element, the ouipw: voltage is
the derivalive of the input voltage. Nonlinear feedback elements, such as a diode or
transistor, produce nonlinear transfer functions such as a logarithmic function,

CHECKPOINT

After studying this chapter, the reader should have the ability 1o

v Analyze various ¢p-amp <ircnits nsing the ideal op-amp model. {Sections 9.2. 9.3,
4.4, and 9.5)

v Analyze various op-amp ¢ircuits, taking inte accounl the finite gain of the op-amp.
{Saciion 9.2)

¢ Understand and describe the characteristics and operation of various op-amp cir-
cuits, such as the difference amplifier and instrumentation amplifier, (Section 9.5)

v Design various op-amp citcuits $0 perform specific functions using the ideal op.amp
muadel. (Section 9.6)

REVIEW QUESTIONS

I. Describe the ideat op-amp model and describe the implications of this ideal model
in terms of input currents and vollages.

Deseribe the op-amp model including the effect of a finite op-amp voltage gain,
Describe 1he operation and characteristics of the inverting amplifier.
What is the concept of virtual ground?

When u bnite ep-amp gain 1s taken into account, is the magnitude of the resulting
amplifier veltage gain less than or greater than the ideal value?

What is the significance of a zero outpul resistance?

[

L

Describe the operation and characteristics of a summing amplifier,
Describe the operation and characteristics of a noninverting amplifier.

0. Describe a voltage follower.

[} What is the input resistance of an ideal current-to-voltage converter?

{1. Describe the operation and characteristics of a difference amplifier.

(2. Describe the operation and characienstics of an instrumentation amplifier.

el S
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PROBLEMS -
Section 9.2  Inverting Amplifier

9.1  Assume the op-amps in Figure P9.1 are ideal. Find the voltage gain 4. = v, /v,
and the input resistance R, of each circuit.

9.2 Consider an ideal invering op-amp with R. = [00kQ and R, = 10k,
{u) Determine the ideal voltage gain and input resistance R,. (b} Repeat part {a) for a
seconl [00K$? reststor connected in pasallel with R,. (c) Repeat part (a) for a second
1k resistance connected in series with Ry,

D93 Designaninverting op-amyp circuit with a vo]tag,e gain of 4, =vgjv; = ~12and
an input resislance of R; = 25kQ.
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200 k0 v
AP I,
WO
Vi o AAAN— -
] I-FO
() (b)
200 kLt
——AAN—
20 k42
Y1 o AANA—
] I'O
20k4}
{c) {d
Figure P9.1

D94 Design an inverting op-amp circuit with a voltage gain of 4, = vp/v; =8
When the input voltage is v; = —| V, the maximum current in R and R; must be no
larger than 15 pA. Determine the minimum values of Ry and R;.

D9.5 Design an inverting op-amp circuit with a voliage gain of 4, = vop/v; = =30 and
an input resistance that is the largest vatue possible bus under the constraint that the
larpesi resistance value is limeted to | M.

9.6 (a) [n an inverting op-amp circuit, the nominal resistance values are Ry = 300k&
and R, = 15kQ. The tolerance of each resistor is £5%, which means that each resis-
tance can deviate from its neminal value by £5%. What is the mazimem deviation in
the voltage gain from its nominal value? (b} Repeat part {(a} if the resistor telerance 13
reduced o £1%.

9.7 The input to the circuit in Figure P9.7is v, = 10sinwrmV. (a) What is the output
voltage v,? (b) Determine the currents i, i, and ip.
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D9.8 Design an inverting amplifier to provide a nominal closed-loop voltage gain of
A, = —~30. The maximum input voliags signal is 25mV with a source resistance in the
range 1 k2 < R¢ < 2kQ. The variable source resistance should introduce no more than
a 5 percent difference in the gain factor. What is the range in owiput voltage?

9.8 Consider two inverting op-amp circuits connected in cascade, as shown in Figure
P99 Let R, = 10XQ, R; = S0k, Ry = 25kQ, and R, = 150k, If v, =0.15V, caleu-
late vo,, vo, iy, iz, iy, and #. Discuss the current sum and the current directions at the
node Var.

R =22k0
Ay
‘Ri =] kﬂ
¥i Om AN ———] -
Yo +
Figure P9.9 Flgure P8.10

“9.10 Consider ihe circuit shown in Figure P9, 10. (a) Determine the ideal voltage gain.
(b} Find the actual voltage gain if the open-loop gain 15 A,y = 150,000. {c) Determine
the required valued of A, in order that the actual voltage gain be within 1 percent of the
ideal value.

9.11 For the ideal noninverting op-amp with T-network, shown in Figure 9.11, the

circuit parameters are B, = Ry = R, = 100k@Q. Determine R; such that: (a) 4, = v /¥

=10, and (b) 4, = vo/v; = —100.

D9.12 Consider the ideal inverting op-amp circuit with T-network in Figure 9.11.
(a) Design the circuit such that the input resistance is 500kl and the gain is

A, = —80. Do not use resistor values greater than 500 k. (b) For the design in part

(a), determine the current in each resistor if v; = —-0.05V.

9.13 For the op-amp circuit shown in Figure P9.i3, determine the gain 4, = vp /v
Compare this result to the gain of the circuit shown in Figure 9.11, assuming all resistor
values are equal.

R R R ; "g,

WY ‘g@i* "s;}
R R i

R
vy - = 2
o Vo ;
- 3., .%w %
Figure P9.13 ' 2

*g.14 The inverting op-amp circuit in Figure 9.8 has parameters &, = 10kf2, Ry =
50k$2, and 4,4 = 2 x 10°. The input voltage is from an ideal voltage source whose vaiue
is v, = 100mV. (a) Calculate the closed-loop voltage gain, (b) the output voltage, and
{c) the exror in the output voltage due to the finite open-loop gaiv.
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—

™=
>
-3

ey
—_— 10k
1 FW—
i) VD
100k ] g
¥y
" 100k
- —
(a) )
Figurs P9.13

*9.15 Consider the two op-amp circuits in Figure P9.15. If the open-loop differential
gain for each op-amp is A,y = 107, determine the output voltage vy when vy =2 V.

*316 The circuitin Figure P9.16 is similar to the inverting amplifier except the resistor
Ry has been added. (a) Derive the expression for vp in terms of v; and the resistors.
(b) Derive the expression for & in terms of v, and the resistors.

0 Vo

Flgure P9.16

*D9.97 Design the amplifier in Figure P9.17 such that the output voltage varies
between £10V as the wiper arm of the potentiometer changes from 10V to +10V.
What is the purpose of including R; and R, instead of connecting Ry directly to the
wiper arm?

+10Y

pnanntd) ¥y
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9.18 Assume an op-amp is ideal, except for having a finite open-loop differential
gain. Measurements were made with the op-amp in the open-loop mode, Determine
the open-loop gain and complete the following table, which shows the results of those
MEBIUrements,

4| " o

—-1mV +1mV 1v

+Im¥ Y
1V Y

-1V —-1¥

~(.5¥ -3V

Section9.3  Summing Amplifier

9.19 Consider the ideal inveriing summing amplifier in Figure 9.13(a). Let &, = 20k<,
Ry =40kQ. Ry =60k, and Ry = BOKQ. (a} Determine vp it vy = 03Y. vp = -1V,
and v = 2V. (b) Determine vy if vy = 1V, v =025V, and vp = -52V.

D9.20 Design an ideal inverting summing amplifier to produce an output voltage of
Vo = —2dvyy + vy + 2.5v53). Design the circoit to produce the largest possibie input
resistance, assurning the largest usable resistance value is 500 kQ.

D9.2% Design an ideal inverting summing amplifier to produce an output voitage of
vg = —4dv;; — 0.5v;;. The input voitages are limited (o the range -2 < v, < 2V, and the
current in any resistor is jimited to 2 maximum value of pA.

9.22 Consider the summing amplifier in Figure %.13 with & = 10kQ, R, = 1k,
R, =5k, and Ry = 10k If vy is a | kHz sine wave with an mms value of 5¢mV,
if ¥;; 1s a 100 Hz square wave with an amplitude of £1V, and if v;; =0, sketch the
output voltage vp.

9.23 The parameters for the summing amplifier in Figore 913are R =20k2, R, =
i0kS, R; = 5kQ, and R = 2kRQ. Determine the voitage vy o énsure the output
voltage is symmetrical about 0V for vy, = 2 + L00sinwr mV and v;3 = 0.

9,24 A summing amplificr can be used as a digital-to-analog converter (DAC). An
example of 2 4-bit DAC is shown in Figure P9.24. When switch §; is connected 1o the
—5V supply, the most significant bitis a; = 1; when S, is connected o ground. the most

OV,;-:-SV RF
— AN ——
—o Ry=20K0
8y ——hAA——
_L —o Vo

Flgure P9.24
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significant bit is 2; = 0. The same condition applies to the other switches 55, 5, and §,,
cotresponding to bits 4;, ay, and a,, where &, is the least significant bit. (a) Show that
the output voltage is given by

_Rpray @ o a,,],

=13+ FH5 )

where Rp isin k€. (b} Find the value of Rp such that vy = 2.5V when the digital input
is myeaa, = 1000, () Using the results of pare (b), find v, for: () mazr g, = 0001, and
(]i) qid,aa, = 1111,

8.25 For the circuit in Figure P9.23, (a) derive the expression for vy in terms of vy and
¥;2, and (b) find vy if vy = | + 2sincwrmV and vy = —16mV,

20k

—

Figure P9.25

*9.26 Consider the summing amplifier in Figure 9.13(a). Assume the pp-amp has a
finite open-loop dilferential gain A, Using the principle of superposition, show that
the owput voltage is given by

-1 Re Rr R
o= TR R TR TR
S

where Rp = R, | R;lIRy. Demonstrate how the expression will change if more or fewer
inputs are included,

Section 9.4  Noninverting Amplifier

09,27 Design an ideal noninverting op-amp with a closed-locp voltage gain of 4, =
10. When v; = 0.8 V, the current in any resistor is limited to a maximum of 100pA.

9.28 For the circuit in Figure P9 28, the input voltage is v, = 5V. (a) f vo =25V,
determine the finite open-loop differential gain of the op-amp. (b) If the open-loop
differential gain of the op-amp is 3004, determine vp.

50 kQ
k2
= Yo
11 o-—AAM—
20 k02
L]
40 k2

Figure P2.29
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9.29 Determine vy as a function of vy and vj for the ideal nomnvesting op-amp
ciecuit in Figure P9.29,

9,30 Consider the ideal noninverting op-amp in Figure P3.30. Determine vg as a
function of v;, and vp.

50 k52
= Ver

¥y 0N
20k0

L7 D_M_—"

40 kLY
flﬂkﬂ

Figure P9.30 Figure P8.31

9.31 Determine the gain A, = vp/v; Tot the ideal op-amp circuit in Figure P9.31.

9.32 For the amplifier in Figure P$.32, determine (a) the ideal closed-loop voliage
gain, (b} the actual closed-loop voltage gain if the open-loop gain is A, = 150,000,
and (c) the open-loop gain such that the actual closed-loop gain is within 1 petcent of
the ideal.

9.33 For the voltage follower in Figure 9.16, determine the closed-loop gain if the
open-loop differential gain is 4., = 104, 10%, 10°, and 10.

o]

R,_= 1 mij i

Flgure P9.32 Figure P9.34

9.34 Consider the ideal op-amp circuit shown in Figure P9.34. Determine the voltage
gains A, = vg /v and A,; = voy/v;. What is the relationship between vp and vga?

9.35 (4) Assume the op-amp in the circuit in Figure P9.35 is ideal. Determine i as a
function of v;. (b) Let R, = 9k and R, = 1 k2. If the op-amp is biased at 10V,
determine the maximum value of v; and i; before the op-amp saturates,

936 The input voltage is v; = 6V for cach ideal op-amp circuit shown in Figure P9.36.
Determine each output voltage.
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R
l'} —TL-—
iﬁ
Flgure F8.25
40 kG —C v, 40 15} [ ——C vy
¥ i) +
10 482
W0kQ 20 k02
{(a) (b)
10kQ
0k
= 48k0 —vo
¥ AR +
k0
6kQ
(c)
Flgure P3.36

Section95 Op-Amp Applications

*8.37 A current-to-voliage converter is shown in Figure P9.37. The current source has

4 finite output resistance Ry, and the op-amp has a finite open-loop differential gain
Ay (a) Show that the input resistance is given by

Ry
e
T Ay

(b} If Ry = LOKE and A,; = 1000, determine the range of Ry such that the output
voltage deviates from its ideal value by less than | percent.

Re

FYY Y]
LR

—0Vn
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*D8,38 Figure PY.38 shows a phototransistor that converts light imensity into an
output current. The transistor must be biased as shown. The transistor output versus
input characteristics are shown. Design a curreni-to-voltage converter to produce an
output voltage between 0 and 8V for an input light intensity between 0 and 20mW/cm?,
Power supplies of 410V and — 10V are available.

ic (mA)
A
|
— Bt i 20
+
I
( |
6 [ ! 15
Light % hiy ¢ I (mWicm?)
inkenaity, —— i1 1 {1]
H (mWiam) |
1
¢ I'CEM
Figure P9.38

09.39 The circuit in Figure P9.3% is an analog voltmeter in which the meter reading is
directly proportional 1o the input voltage ¥;. Design the circuit such that a | mA full-
scale reading corresponds to v = 10V, Resisiance R» corresponds to the meter resis-
tance, and R, corresponds to the source resistance. How do these resistances influence
the design?

DB.40 Consider the voltage-to-current converter in Figure 9.21. Design the circuit such
that the current in a 10052 load can be varied between 0 and 10mA with an input
voltage between (¢ and — 10V, Assume the op-amp is biased at =15V,

DB.81 The circuit in Figure P9.41 is used to drive an LED with a voltage scurce. The
circuit can also be thought of as a current amplifier in that, with the proper design,
ip > i) {a) Derive the expression for ip in terms of i, and the resistors. (b} Design the
circuit such that iy = 12mA and | = 1mA for v =5V,

Re
]
Ay 2
_[-AN j —C 'b'o
= +
£y
Rr% - t'zo
L L
Figure P41 Figure P9.42

*9.42 Figure P9.42 is used to calculate the resistance seen by the load in the voltage-to-
current converier given in Figure 9.21. (a) Show that the outpul resistance is given by
__RiRRy
e R. R} e Rz RF

m

]

Figure P9.38
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value of R,?

Y

written as

Yo = AJPI‘ + Amvcm

5
g Ry R

T (L4 RyfRy)

BRI
ARl
Ere bl
5
wha

b Ak
e -}

determine the maximum value of |4 .l

Vi3, I8 given by

IR, R
Vo= .R; (1 +R—i)(".'z - )

(b} Using the parameters given in Example 9.5, determine R,. Is this result unexpected?
(c) Consider the design specification given by Equation (9.44). What is the expected

$.43 For the op-amp difference amplifier in Figure 9.23(a), let R, = R and &; = R,
A load resistor Ry = 5k is connected betwesn vg and ground. The circuit has a
differential voitage gain of 4; = 5, and the minimum resistance scen by the signhal
sources vy and v is 25k$2. If the load current is i; = 0.5mA when vy, = 2V, determine

“9.44 The circuit in Figure P9.44 is a representation of the common-mode and
differential-mode mput signals (o a difference amphfier. The ontput voltage can be

where A, is the differential-mode gain and A, is the common-mode gain. (a) Setting
vy =0, show that the comtnon-mode gain is given by

(b) If Ry = 10k £ 5%, R, = 10k 5%, R, = SOLQ + 5%. and R, = 50k0 + 5%,

*3.45 Consider the adjustable gain difference amplifier in Figure P9.45. Variable resis-
tor Ry s used to vary the gain. Show that the output voltage v, asa function of v, and
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9.46 Consider the instrumentation amplifier in Figure 9. 25. The circuit parameters are:
Ry =10k, R, = 50k, Ry =20k, and Ry =30kR. Let vy = 25sinwrmV and
vy = —25sinwt m¥Y. Find g, v, 7o, and the current in each resistor.

9.47 The instrumentation amplifier in Figuee 9.25 has the same circuit parameters and
inpat voltages as given in Problem 9.46, except that R 15 replaced by a fixed resistance
Ry; in series with a potentiometer, as shown in Figure 9.27. Determine the values of Ry,
and the potentiometer resisiance if the magnitude of the output has a minimum value of
I¥gl = 0.1 V and a maximum value of lvgl =53V,

D9.48 Design the instrumentation amplifier in Figure 9.25 to have a variable differ-
ential gain in the range 0.5-200, Ust a 30kQ potentiometer.

*

9.49 All parameters associated with the insttumentation amplifier in Figure 9.23 are
the same as given in Exercize 9.18, except that resistor R,, which is connected 10 the
inverting terminal of A3, is Ry = 20 k2 £ 5%. Determine the maximum common-mode
gain,

8.50 For the integrator in Figure 9.29, the circuit parameters are R, = 50k} and
C, =01 pF. The input signal is v; = 0.5sinex V. (1) At what frequency will the input
and output signals have equal amplitudes? At this frequency, what is the phase of the
output signal with respect to the input? (b) At what frequency will the output signal
amplitude be: (i} {vol = 1 V. and (ii) [vol = 0.1 V?

8.51 For the ideal integrator, the RC time constant is RC = 200 ms. Assume that the
capacitor is inilially uncharged. () Determine the output voiiage 2 seconds after apply-
ing a voltage of 0.5V to the input. (b) How long will it take to reach —15V?

8.52 The circuit in Figure P9.52 is a first-order low-pass active filter. (a) Derive the
voltage transfer function A, = vo/v; asa function of frequency. (b) What is the voltage
pain at de (@ = 0)? (c) At what frequency is the magnitude of the gdin a factor of /I kess
than the dc value? (This is the —=34dB frequency.)

Lo
L
14 £,
R, R, _ R G
¥} oA ¥t o—AAAN— v
e} ?G
Flgure P9.52 Figure P9.53

9.53 The circuit shown in Figure P9.53 iz a first-order high-pass active filter. (a) Denive
the voltage transfer function A, = vo/v; as a function of frequency. (b) What is the
voltage gain as the frequency becomes large? (c} At what [requency is the magnitude of
the gain a factor of +/2 less than the high-frequency limiting value?

9.54 Consider the voltage reference circuit shown in Figure P9.34. Determing vy, i,
and f7.

9.55 Consider the circuit in Figure 9.35. The diode parameter is /s = 107" A and the
resistance is By = M0kSL Plot v versus v over the range 20mV < vp < 2V. (Plot vy on
a log scale.)

57
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i T 333k

Rp=36kQ

Figure P9.54 Figure P9.56

*8.56 In the circuit in Figure P9.36, assume that & and @2 are identical transistors. [f
T = 100 °K.. show that the output voltage iy

v R
= l.talogm(fﬁf)

9.57 Consider the circuit in Figure .36, The diode parameter is Iy = 107 A and the
resistance is R, = [0k§) Plot v, versus v for 0.30 <y < 060 V. (Plol v, or a log
scale.]

Section9.6  Op-Amp Circuit Design

*D9.58 Design an op-amp summer (o produce the output volluge vy = 2vy—
10072 + drp3 — vpy. Assume the dargest resistor value is 300 k€2, and the input impedance
seen by each source is Lhe largest value possible.

*9.89 Design an op-amp summer to preduce the output voltage vp = 61+
Yvp + Svpy — vy — 2vps. The largest resistor value is 250 k(2.

*9.60 Design a vollage reference source as shown i Figure 9.39. with an ouiput of
9.0V, using a Zener diode with a breakdown voltage o 56V, Assume the volape
regulation will be within specifications il the Zener diode is biased between 0.8 and
0.9mA.

*D9.61 Consider the voltage reference circuit in Figure P9.61. Using a Zener diode
with a breakdown voltage of 5.6V, design the circuit to produce an output voltage of
10V, Assume the input voliage is 12V and the Zener diode current is I = 1 mA,

*D9.62 Consider the bridge circuit in Figure P9.62. The resistor R is 4 thermistor with
values of 10k at ¥ =300 K and 12k at T = 250 °K. Assume that the thermistor
resistance is linear with temperature, and that the bridge is biased at ™ = 10V. Design
an amplifier system with an output of 0V at 7 = 230K und 5V at T =300 'K.

*D9.83 Consider the bridge circuit in Figure 9.43. Resistance R is R = 50kQ and the
bias iz #* = 10V, Design an amplifier system such that the output varies from 0V to
5V as § vanes from { to +0.02.
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Vi
—a
Figurs P9.61 Figure P9.62
COMPUTER SIMULATION PROBLEMS l '

9.64 Assume the input signal to the op-amp integrator is 2 500 Hz square wave with
amplitudes of 0.5 V. Design the integrator such that the steady-state output signal is a
triangular wave with peak values of 0 and —35V. Verify the design with a computer
analysis. .
9.85 The parameters of the filter circuit in Figure P9.52 are R, = Sk{l, R, = S0k42,
and (> = 0.03pF. Using a computer simulation plot v, versus frequency over the range
i Hz = f = 10kHz. Determine the corner frequency.

9.66 The parameters ol the Alter circuit shown in Figure P9.53 ure R, = 50k,
Ry =500 kR, and |, = 50pF. Using a computer simulation, plot vy versus frequency
over the range 10kHz < f < 10MHz. Detcrmine the corner frequency.

9.67 Verify thal the design given in Example 9.12 meets the specifications.
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Integrated Circuit Biasing and Active
Loads

10.0 PREVIEW

The biasing techniques in Chapters 3 through 6 for BJT and FET amplifiers for
the most part used voltage-divider resistor networks. While this technique can
be used for discrete circuits, it i1s not suitable for integrated circuits. Resistors
require relatively large areas on an 1C ¢ompared to transistors; therefore, a
resistor-intensive circuil would necessilate a large chip area. Also, the resistor
biasing technigue uses coupling and bypass capacitors extensivety. On an IC, it
is almost impossible to fabricate capacitors in the microfarad range, as would
be required for the coupling capacitors.

Biasing transjstors and transistor circuits in ICs 1s considerably different
from that in discrete transistor designs. Essentially. biasing integrated circuit
amplifiers involves the use of constant-current sources. In this chapter, we will
analyze and design both bipolar and FET circuits that form these constant-
current sources. We will begin to see for the first time in this chapter the use of
matched or identical transistor characteristics as a specific design parameter.
Transistors can casily be fabricated in [{Cs with maiched or identical pa-
rameters. A principal goal of this ¢hapier is to help the reader understand
how matched transistor characteristics are used in design and to be able to
design BIT and MOSFET current source circuits.

Transistors are also used as Joad devices in amplifier circuits, These tran-
ststors, called active loads, replace the discrete collector and drain resistors in
BJT and FET circuits. Using an active load eliminates resistors from the JC
and achieves a higher small-signal voltage gain. The active load is essentially an
“upside down™ censtant-current source, so an initial discussion of active loads
is entirely appropriate in this chapter.

10.1  BIPOLAR TRANSISTOR CURRENT SOURCES

As we saw in previous chapters, when the bipolar transistor is used as a
linear amplifying device, it must be biased tn the forward-active mode. The
bias may be a current source that establishes the quiesceni cotlector current
as shown in Figure 10.1. We now need to consider the types of circuits that
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Figure 10.¥ Eipclar circuit with current-source biasing

can be designed to establish the bias current /;. We will discuss a simple two-
transistor current-source circuit and then two improved versions of the con-
stant-current source. We will then analyze another current-source circuit,
known as the Widlar current source. Finally, we will discuss 2 multitransistor
current S0uUrce,

10.1.1  Two-Transistor Current Source

The two-tramsistor current source, also called a current mirror, is the basic
building block in the design of integrated circuit current sources. Figure
10.2{a) shows the basic current-source circuit, which consisis of two marched
or idenrical transistors. Q) and -, operating at the same temperature, with
their base terminals and emitier termitails connected together. The B-E voltage
is therefore the same in the two transistors. Transistor ) 15 connected as a
diode; consequently, when the supply voltages are applied, the B-E junction of
Q, is forward biased and a reference current freg is established. Although there

Figure10.2 (a} Basic iwo-transistor curmeni source; (b) wo-transistor current source with
refamenca registor A,
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is a specific relationship between Ippr and ¥z, we can think of Vg as being
the result of g Once Vg 15 established, it is applied to the B-E junction of
;. The applied Vg turns > on and generates the load current [, which 1s
used to bias a transistor of transistor circuit.

The reference current in the two-transistor current source can be estab-
lished by connecting a resistor to the posttive vollage source, as shown in
Figure 10.2{b}. The reference current is then

l”.{ 55 V’BE e I.;—

R, {10.1)

Trpr =
where Vg 18 the B-E voltage corresponding to the collector current, which is
essentiatly equal to fpgp.

Connecting the base and collector terminals of a bipolar transistor effec-
tively produces # two-terminal device with J—F characteristics that are 1den-
tical to the i versus vge characteristic of the BIT. For vp = 0, the transisior i3

cstill biased in the forward-aclive mode, and the base, collector, and emitter
currents are related through the current gain 8. In constant-current source
circuits. # is a dc terma that is the ratio of the de collector current to the de
base curreni. However, as discussed in Chapter 4. we assume the dc leakage
currents are negligible; therefore, the de beta and ac beta are essentially the
same. We do not distinguish between the two values.

Current Relationships

Figure 18.2(a) shows the currents in the two-transistor curreni source, Since
I g ts the same in both devices, and the transistors are identical, then /g = I

and /.y = {¢». Transistor @ is assumed to be biased n the forward-active
region. If we sum the currents at the collector node of @, we have
fepr =y Hig +igp =iy + 2 g (10.2)
Replacing i by f-+ und noting that Iy = f¢2/8. Equation {10.2) becomes
I 2
f:;=fw+2(‘=fq(]+n) (10.3)
RET (¢! F; fa F:
The output current is then
y
leo=dy= —REE (10.4)
1+ -
B

Equation (10.4) gives the ideal cutput current of the two-transistor current
source, taking inlo account the finite current gain of the transistors. Implicit tn
Equation ([(.4) is that Q; is biased in the forward-active region (the base-
collector junction is zero or reverse biased, meaning Vg > Viggs') and the
Early voltage is infinite, or ¥, = 0o. We will consider the effects ol & finite
Early voltage later in this chapter.

"1n nctua! circuits, the collector—emitter voltage may decrease 1o values as low as 0.2 or 0.3V, and
the cireuil will still behave as a constant-currenl source.

7%
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Design Example 10.1 Objective: Design a two-fransistor current source (o
provide a specific oulput current.

Consider the circuis shown in Figure 10.2(b). The transistor parameters are:

Feelon) =06V, =100, and V4 = o, The sutpul current is to be 200 pA with
Pt =—SVand ' =0

Solution: The reference current ¢can be wiitten as

2 2

From Equation (10.1}, resistor R, is found to be

V+ = VBE iy 5"‘06

R, = =
k TREF 0.204

=21.6k82

Comment:  In this example, we assumed a B-E voltage of 0.6V, This approximation is
satisfactory for many cases in which the B-E voltage is 1the same for ali transistors in the
current source. In other cases, we need to determine the B-E voltage corresponding 1o a
particular coilector current.

Deslgn Pointer: We see in this example that, for 8= 100, the reference and load
currents are within 2 percent of each other in this two-transistor current source. In
most circut applications, we can use the approximation that fp = fper.

Test Your Understanding

40.1 Consider the two-transistor ¢urrent source shown in Figare 13.2(b). The circuit
paramelers are: F* = 10V, 7 = 0.and B = 15k2, and the transistor pacameters arc:
Vaelony = 07V, f = T3 and V, = oo. Determine fppp and fo. (Ans. fpge = 0.62mA,
fo = 0604 mA)

D10.2 For the current sowrce shown in Figure 10.2(b), the circuit parameders are
VY =5and ¥~ = -5V, and the transistor parameters aee: Faplon) = 0.7V, = 100,

and ¥V, = o¢. Design the circuit such that £, = 0.75mA. What is the value of Ipge? (Ans.
frer = 0765 mA, Ry =122 k82)

Output Rasistance

In our previous analysis, we assumed the Early voltage was infinite. so that
ro = o<. In actua! transistors, the Early voltage is finite, which means that the
collector current is a function of the ¢ollector—emitter voliage. The stability of a
load current generated in a constani-current source is @ Junction of the outpu!
resistance looking back into the output iransistor.

Figure 10.3 shows the dc equivalent circuit of a simple transistor circuit
biased with a Iwo-transistor current source. The voltage V; applied to the
base of @, is a dc vollage. If the value of ¥; changes, the collector-emitter
voltage ¥ changes since the B-E voltage of {, is essentialiy a constant. A
variation in Vcgy in turn changes the output current fo, because of the Early
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Figure 10.2 The de aquivalen circut ol simple amplifier biased with wo-transistor Gument
Satirce

v, 0 [

Figure 10.4 Output curent versus coflector—emitter voliage, showing the Early vollage

effect. Figure 10.4 shows that f, versus ¥ gy characteristic at a constant B-E
vollage.

The ratio of load current to reference current, taking the Early effect into
account, is

Vcﬂ
14 -CE2
fp 1 (+V.4)

= ¥
Irer ( 2) ( Vcsl)
[ | 4
B Vs
where V , is the Early voltage and the factor {1 + 2/8) accounts for the finite
gain. From the circuit configuration, we see that ¥y = Ve, which is essen.

tially a constant.
From Figure 10.3, the collector-emitter voltage of (; can be writlen

(10.5)

Veps =V — Vg, — V7™ {10.6}

If the dc voltage Vy at the base of {0, changes, then Vg, changes. A change
in the dc bias conditions in the load circuit affects the collector-emitter
voltage of Q5.
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The differential change in [, with respect to a change in Vg, 15, from
Equation (10.5),

= Koom M ——— 10.7
dVera (] _2) Ve (l +E‘E) (10.7)
. B Va
If we assume Vygz <« V4, then Equation (10.7) becomes
dip _do 1
Wen Vit L

where 7, is the small-signak output resistance looking into the collector of 0.

Example 10.2 Objective: Determine the change in load current produced by a
change in collector-emitter voltage in a two-transistor current source,

Consiger the circuit shown in Figure 10.3. The circuit parameters are: V' =5V,
V- = =5V,and R, =9.3kQ. Assume the transistor parameters are: § = 50, Fyel(on) =
0.7V, and ¥, = 80Y. Determine the change in /p as Vg thangss from 0.7V o 3 V.

Solutlon: The reference current is

V+ = Vﬂf(Dl’l) - ¥ _ S‘ —07 — {_5)

Teer = R, = o = 1.0mA

For Vegy = 0.7V, transistors () and ; are ideatically biased. From Equation (10.5),
we then have

IREF 1.
Ip = "E“z = 02 = 0.962mA
il e
+ F + 30
From Equation (10.8), the small-signal output resistance is

PR, SO

or

Al rldvm = 8%{5 ~0.7)=0.052mA

‘The percent change in output current is therefore

dlo 0052
VT = 0.0% 4%
T, ~ 0961 LOs= A%

Comment: Although in many circuits a 5 percent change in bias carrent 1s insigoif-
icant, there ate cases, such as digital-to-analog converters, in which the bias curremt
must be held to very tight tolerances, The stability of the load urrent can be signifi-
cantly affected by a change in collector-emitier voltage. The stability is a function of the
output impedance of the current source.
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Test Your Understanding

10.3 Consider the cireuit shown in Figure 10.3. The circuit parameters are; F* =
5V, ¥V~ =-5¥, and R =12kQ. The transistor parameters are f=75 and
Fielon) = 0.7V. The percentage change in load current Afp/l, must be no more
than 2 percent for a change in Vg frem 1V to 5V, Determing the minimum required
value of Early voltage. (Ans. V, = 200 V)

Mismatched Transistors

In practice, transistors @y and ; may not be exactly identical. If 85 1, we
can neglect base currents. The current—voltage relationship for the circuit in
Figure 10.2(b) is then

Inegp = Iy = I e’ /77 (10.9{2))

and

fo = ler = Ispe" " (10.9(b)

Here, we are neglecting the Early effect. The parameters 5, and [ contain
both the electrical and geometric parameters of @) and Oy, If Q, and @, are
not identical, then fg; # /5.

Combining Equations (10.9(a}} and (10.9(b)), we obtain the relationship
between the bias and reference ¢urrents, neglecting base currents, as follows:

lo = Ingr (%) (10.10)

Any deviation in bias current from the ideal, as a function of mismatch
between @, and ¢, is directly related to the ratio of the reverse-saturation
currents fgy and ;. The parameter {5 is a strong function of emperature. The
temperatures of @) and Q, must be the same in order for the circuit to operate
properly. Therefore, Q| and @, must be close to one another on the semicon-
ductor chip. If 0, and @, are not maintained at the same temperature, then the
relationship between I, and fper is 2 function of temperature, which is
undasirable.

Also, the parameters I, and [, are functions of the cross-sectional area of
the B-E junctions. Therefore, we can use Equation (10.10} to our advantage.
By using different sizes of transistors, we can design the circuit such that
Ig # Izgr. This is discussed further later in this chapter.

10.1.2  Improved Current-Source Circuits

In many 1C designs, critical current-source characteristics are the changes in
bias current with variations in 8 and with changes in the output transistor
collector voltage. In this section, we will look at two constant-current circuits
that have improved load current stability against changes in- 8 and changes in
output collector voltage.
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Basic Three-Transistor Current Source

A basic three-transistor current source is shown in Figure 10.5. We again
assume that all transistors are identical; therefore, since the B-E voltage is
the same for @, and @y, Jg = Ip; and Iy = Icy. Transistor @ supplies the
base currents to &, and {4, so these base currents should be less dependent cn
the reference current. Also, since the current in (; is substantially smaller than
that in either 0, or {J;, we expect the current gain of ' to be less than those of
0, and Q5. We define the current gains of @, and @, as f, = B, = §, and the
current gain of @5 as #y. Summing the currents at the collector node of Q, we
obtain

fppp = Ios + 13 (10.11)
Since

I =ip=2p = It (10.12)
and

Iy = (1 + B3)Ipm (10.13)

then combining Equations (10.11), (10.12), and {10.13) produces

1 =1 —_— =+ ———— 10.14
ReF = ¢ Ji'(i WS IRy ( )

Figure10.5 Bassic three-ransisior current source

Replacing I by /c; and noting that [y = I, /8, we can rewrite Equation
(10.14) as

gy TG C
Ingr = Iea + 572 = :Q[l oA ,63)] (10.15)

The output or bias current is then

2

fea=lp= Irer (10.16)
[‘ YR+ B
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The referenice current is given by

V' —Vapr—~ Ve — V- VT =2V =¥~
Ippr = BESRI 2E & RTE (10.17)

As a first approximation, we usually assume that the B-E voliage of 05 and Q,
are equal, as indicated in Equation (10.17).

A comparison of Equation (10.16) for the three-transisior current source
and Equation (10.4) for the two-transistor current source shows that the
approximation of fp & Ipgr is better for the three-transistor circnit. In addi-
tion, as we will see in the following example, the change in load current with a
change in # is much smaller in the three-transisior current source.

Example 10.3 Objective: Compare the variation in bias current between the two-
and three-transistor current-source circuils as a result of variations in 8. A PSpice
analysis is used.

Figure 10.6¢a) shows the two-Lransistor PSpice circuit schematic and Figure 10.6(4)
shows the three-transistor PSpice circuit schematic used in this analysis.

Solution: In both circuits, the current gain 8 of all transistors was assumed to be
equal, but the actual value was varied between 20 and 200. Since the change in § is
very large, we cannot use derivatives 10 determine the changes in bias currents. Standard
2N3904 transistors were used, which means that the Early voitage is 74V, and not
infinite as in the ideal circuit. The Early voltage will influence (he actual value of bias
current, but has very little effect in terms of the change in bias current with a change in
current gain. '

Figure 10.6{c) shows the bias current versus current gain for both the two-
transistor and three-ransistor current-Source circuits,

Comment: There is a significant decrease in the variation in bias current for the three-
transistor circuit compared to that of the 1wo-transistor circuit. For values of § greater
than approximately 50, there is no perceptible change i bias current for the three-
transistor current mirror

The output resistance looking into the collector of the output transistor @,
of the basic three-transistor current scutce shown in Figure 10.5 is the same as
that of the two-transistor current source; that is,

dig 1
—_—— 10-
Ve to (EHR)

This means that, in the three-transistor current source, the change in bias
current o With a change in Vg is the same as that in the two-transistor
current-source circuit. In addition, any mismatch between Oy and Q; produces
a deviation in the bias current from the ideal, as given by Equation (10.10).
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Flgure 10.8 (a) Two-transistor current mirtor; (b) three-transistor current mirror;
{¢) variation in bias currants with a change in g

Test Your Understanding

10.4 The parameters for the circuit shown in Figure 10.5 are: ¥+ =9V, V™ =0,
and R; = 12kS. The transistor parameters, for all transistors, are: Vpelon) =0.7V,
g=15, and V, = co. Calkulate the value of each current shown in the figure. (Ans.
IREF = 06333“‘[!’!., fg = 0633: mA = ffl'! [3[ = t’m = 84‘4“A, ig] = 16.88 M, !53 =
0.222pA)

10,8 The current source shown in Figure 10.5 usilizes BITs, with parameters
A=100, Vgelon} =07V, and V, = 100V. The circuit parameters are: F* =10V,
¥~ =0, and Ry = 12k§2. Determine the output resistance and the change in load

current if the collector voliage at (J; changes from | Vo 5 V. (Ans. r, = 139k, AJy =
0.0288 mA)
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Cascode Current Source

Current-source circuits can be designed such that the output resistance is much
greater than that of the two-transistor circuit. One example is the cascode
circuit shown in Figure 10.7(a). In this case, if the transistors are matched,
then the load and reference curtents are essentially equal.

Figure10.7 (a) Bipolar cascode current mirror: (b) small-signal equivalent circud

We may calculate the output resistance R, by considering the small-signal
equivalent transistor circuits. For a constant reference current, the base
voltages of O, and Q, are constant, which implies these terminals are at signal
ground. The equivalent circuit is then shown in Figure 10.7(b). Since

g Vi = 0, then Vg = =1 {rallr,4). Summing currents at the output node
yields
Ve-=1{
Ie = gmiVhea + (——-——ﬂ-—-“" ii:‘”;'r”“))
(10.19)
Vi = Lelro21Ir )
= ~Zoal (o2 llrea) + (———Li)
o4
Combining terms, we find
K, .
R, = T= rod[] + B+ res ¥ Proa (10'20)

X

The output resistance has increased by a factor of g compared 10 the two-
transistor current source, which increases the stability of the current source
with changes in output voltage.

Wilson Current Sourcse

Another configuration of a three-transistor current source, called a Wilsen
current source, is shown in Figure 10.8. This circuit alse has a large output
resistance. Our analysis again assumes identical transistors, with fg; = {5, apd
Iey = 1. The current levels in ali three transistors are nearly the same;
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Figure10.3 Wilson current source

therefore, we can assume that the current gains of the three transistors are
equal, Nodal equations at the collector of @, and the emitter of Q5 yield

Igp=Ic +ipn (10.21)

and

B

Using the relationships between the base, collector, and emitter currents in Oy,
we can write the collector current -5, from Equation (10.22), as follows:

2
f;; = fc] + 2!31 = f.—:z(] +"') {1022)

i ] i |
I = = x ( i )fcs = (—*f)fcs (10.23)
(|+—‘-) (H—l—’) P ek
B B
If we replace I by I, in Equation (10.21}, the reference current becomes
1+ 8 I

hep=la+in= (m)f{j +-§£ {1024)
Rearranging terms, we can solve for the output current,

Icy = Ip = Ipgr % ;2 (10.25)

5+ h

This current relationship is essentially the same as that of the previous three-
transistor current source.

The difference between the two three-transistor current-source citcuits is
the output resistance. In the Wilson current source, the output resistance look-
ing into the collector of Q4 is R, &= fir,;/2, which is approximately a factor /2
larger than that of either the two-transistor source or the basic threc-iransstor
source. This means that, in the Wilson current source, the change in bias
current: 7, with a change in output collector veltage is much smaller.
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Output Voitage Swing

If we consider the equivalent circuit in Figure 10.3, we see that the maximum
possible swing in the output voltage is a function of the mimimum possible
collector-emitter voltage of (;, For the two-transistor current source in this
figure, the minitnum value of Vg = Vg(sat), which may be on the order of
0.11003V.

For the cascode and Wilson current sources, the minimum output voltage
is Vgg + Vgl(sat) above the negative power supply voltage, which may be on
the order of 0.7 to 0.9V. For circuits biased at 53V, for example, this
increased minimum voltage may not be a serious problem. However, as the
voltages decrease in iow-power circuits, this minimum voltage effect may
become more serious.

§ Tachnigue: BJT Current Source Clrcults

1. Sum cutrents at the various nodes in the circuit to find the relation between
the reference current and the bias currrent.

2. To find the output resistance of the current source circuit, place a test
voltage at the output node and analyze the small-signal equivalent circuit.
Keep in mind that the reference current is a constant, which may make
some of the base voliages constari ot at ac ground.

Test Your Understanding

10.8 For the Wilson current source in Figure 10.8, the transistor parameters are:
Faglon) = 0.7V, 8=750, and V, = oc. For Jppe = 0.50mA, determine all currents
shown in the fgure. (Ans. fp = 0.4996mA, Fp =999uA, Iry =0.50%mA, I =
0.4%mA = Iy, Ip = I = 9.30 A}

101.3  Widlar Current Source

In the current-source circuits considered thus far, the load and reference cur-
rents have been nearly equal. For a two-transistor current source, such as that
shown in Figure 10.2(a), if we require a load current of fp = 10 pA, then, for
Pt =5V and ¥~ = -5V, the required resistance value is

V= Vge =V _5=07-(-5)

= =93
IREF 10 > 10‘_6 OkQ

R|=

In ICs, resistors on the order of | M require Jarge areas and are difficult to
fabricate accurately. We therefore need to limic IC resistor values 1o the low
kilohm range.

The transistor circuit in Figure 10.9, called a Widlar corrent source, meets
this objective. A voltage difference is produced across resistor Rg, 5o that the
B-E voltage of O, is less than the B-E voltage of Q). A stmaller B-E voltage
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Figure 10.8 Widlar current source

produces a smaller collector current, which in turn means that the load current
I is less than the reference current fper.

Current Relationship
If 8:» 1 for Q) and (3, and if the two transistors are identical, then
Ingr & Iy = I/t (10.26(a))
and
Ip = Iy = Ige"sad"r (10.26(b))
Solving for the B-E voliages, we have
Vo = Vr zn(iﬁf—") (10.27(s))
§
and
Ly _
yggz = VT In T (10.27(&)}
5
Combining Equations (19.27(a)) and (10.27(b}) yieids
Ve —~ Vagr = Vr 1n("§£) (10.28)
i}

From the circuit, we see that
Vaer — Vag = InnRg = loRg (10.29)

When we combine Equations (10.28) and (10.29), we obiain:

ToRg = Vrln(f?ﬁﬁ) (10.30)
a

This equation gives the relationship between the reference and bias currents.
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Dasign Example 10.4 Objective: Design a Widlar curient source 1o achieve
specified reference and load currents.

Design the Widlar current source to produce lgpr = I mA and [y = [2pA. Let
Ft=3Vand I~ = -5V, Assume Ve, = 0.7V at the reference current of 1 mA.

Solutlon: Resistance R, is

V* Vg = V™ 5—=0.7—(=5)
Txer 1

R, = =93kQ

Resistance Rg is, from Equation {10.30),

_ Vi "REF — 0.026 1 _
R; = ln( ) '“(amz) =9.58k02

o lo /] 0012

Frotn Equation (10.29), we can determine the difference between the two B-E voltages,
as follows:

Vorr — Vasz = foRs = (12 x 1075%9.58 x 100 = 0,115V

Comment. A difference of [15mY in the B-E voltages of @, and @, produces
approximately two orders of magnitude difference between the reference and load
cusrents. Therefore, we can produce a very low bias current using resistors in the low
kilohm range. These resistors can easily be fabncated in an IC. Including the resistor Rg
gives the designer additional versatility in adjusting the load to reference current ratic.

In our analysis of constant-current source circuits, we have assumed a
piecewise linear approximation for the B-E voltage, ¥Fyg(on). However, in
the Widlar current source and other current-source circuits, the piecewise linear
approximation is not adequate, since the B-E voltages are not all equal. With
the exponential relationship between collector current and base-emitter
voltage, as shown in Equaiions (10.26(a)} and {10.26(b)), a small change in
.B-E voltage produces a large change in collector current. To take this variation
into account, either the reverse-biased saturation current f; or the B-E voltage
at a particular collector current must be known.

Also in our analysis, we have assumed that the temperatures of all tran-
sistors are equal, Maintaining equal temperatures is important for proper
circuit operation.

Test Your Undersianding

RD10.7 Consider the Widlar current source in Figure 10.9. The bias voltages are
¥* =5Vand ¥ =0, Redesign the circuil such that I = 25 pA and Frgr = 0.75mA.
Assume Vgg = 0.7V, and neglect the base currents. What is the difference between the
two B-E voltages? (Ans. Ry =3.34kQ, R) = 5.73kQ, Vg — Vpp =88.5mV)

10.8 The Widlar current source in Figure 10.9 is biased at F* =5V and ¥~ =
-5V The resistor values are R, = 12kQ and Ry = 6kQ. Neglect the base currents
and assume the B-E voltage of @, is 0.7 V. Determine Jper and Jp. (Hint: You may
need to use trial and ertor to find £,.) (Ans. Jper = 0.775mA, fp % 16.6pA)
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Output Resistance

The change in load current with a change in voltage V-, of the Widlar current
source in Figure 10.9 can be expressed as

o = = (10.31)

AV R,
where R, is the output resistance looking into the collector of (5. This output
resistance can be determined by using the small-signal equivalent circuit in
Figure 10.10(a). (Again, we use the phasor notation in small-signal analyses.)
The base, collector, and emitter terminals ol each transistor are indicated on the
figure.

First, we calculate the resistance R, looking into the base of Q. Writing a
KCL equation at the base of @, we obtain

¥
!I] == + Em th +

10.32
= Pnif D=
Noting that ¥, =V, we have
1 1 ! 1
RN I e (10.33(a))
Rol V.rl Fr1 L fo ||RI

(b} {e)

Figure 10.10  (a) Smal-signal equivalent circLit for detenmining oulp resistance of Widtar
curent source, {b) simplifed aquivalant circuit for determining output rslsiancs, and
{c} eguivalent circult after a Noron transiormation
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or

Rul = Fa

L g, (10.33(b)
Eml

Next, we calculate the approximate value for R,;. If Iger = | mA, then for
B=100, ryy =2.6kQ2 and g,,;, =38.5mA/V. Assume that R =9.3kQ2 and
r, = 00, For these conditions, R, = 0.026kQ = 26 Q. For a load current of
Ip = 12 pA, we find rp» = 217 k2. Resistance B, is in series with rp, and since
R,y <& rq2, we can neglect the effect of R,,, which means that the base of Q; is
essentially at signal ground.

Now we determine the output resistance at the collector of %, using the
simplified equivalent circuit in Figure 10.10{b). The Nerton equivalent of the
current source g, Vyr and resistance r,; can be transformed into a Thevenin
equivalent circuit, as shown in Figure 10.10(c). Resistances r,» and Rg are
in parallel; therefore, we define Ry = Rgll#s. Since the current through the
parallel combination of Rz and ry; is 1, we have

Vo= —-IRg (10.34)

Writing a KVL equation, we obtain

Ve=1ILorg—gmroaVar + LRg (10.35)
Substituting Equation (10.34) inte (10.35) yields

FeR= ’oz[i +Re(emt5) | (1036

Normally, {1/ry;} & gm; therefore,

R, =ro(l + gmiRE) (1037

The output resistance of the Widlar current source is a factor (I +g,2Rg)
larger than that of the simple 1wo-transistor current source,

Example 10.5 Objective: Determine the change in load current with a change in
collector voltage in a Widlar current source. :

Consider the circuit in Figure 10.9. The parameters are: P~ =5V, V™~ = -5V,
Ry =93k, and Ry = 9.58kQ. Let ¥, =80V and 8 = 100. Determine the change in
lp 85 ¥¢a changes by 4V,

Solutien: From Example 10.4, we have Jp = 12 pA. The smail-signal collector resis-
fance is

V, 80

.l‘oz —E --O-W:bﬁﬁ?MQ
We can determine that

I, 0012
== = = (0. 462 mASY

8= = = 5026 mA/
and

L L) (D) PR R

Io 0012

The ouiput tesistance of the circuit is
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R, = rp3ll + 2 Rellrez)] = (6.67) - [L + (0.462){9.58]1217)] = M4 IMQ
From Equation (t0.31), the chanpe in load current is
A fenoe | sy
R, 349 x 10°
The percentage change in output curcent is then
9‘& _ 0113

= — = 0.0096 = 0.96%
T 2 =2 /o

Ay = x 4= 0.115 A

Comment: Thestability of the load current, asa function of a change in output voltage.
isimproved in the Widlar current source, compared to the simple two-transistor current
source,

Computer Verlficatiom: The output resistance and the change in bias current with u
change in output voltage were determined by a PSpice analysis for bath the twe-
transistor and Widlar current-source circuits. Figure 10.11¢a) shows the PSpice circuit
schematic of the two-transistor carrent source and Figure 10.11{b) shows the PSpice

(=)
1.2 12.4
12,2
L1F
201
mﬁ s io “'so ; 10
¥y (V) ¥y (v)
{c} d)

Figure10,11 (a) The two-transistor cuirent mirror; (b) the Widiar current source; ic) the
variation in bias current with output vohage for the two-transistor circuit; (d) the variation in
biag cumrent with output voltage for the Wiklar oinouit
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circuit schematic of the Widlar current source used in this analysis. The voltage source 1,
was varied in each circuit from 0 to 10V,

Figurz 10.11{c) shows the change m bias current for the two-transistor current
source and Figure 10.11{d) shows the change in bias carrent for the Widlar current
source. The output resistance is 75.8 k{2 for the two-transistor source and is 36.6 M52 for
the Widlar source. The change in bias current for the two-trapsistor circuit is 13.2
percent and for the Widlar circuit is only 2.28 percent. We, therefore, see the advaniage
of a large output resistance of a current-source circuit,

Test Your Undersianding

*40.9 A Widlar current source is shown in Figure 10.9. The parameters are: P+ =
SVLVT =0, fapr = 0.T0mA, and fp = 25pA a1t ¥ = | V. The transistor parameters
are: B = 150, Vgzi(on) =07V, and ¥, = 100 V. Determine the change in Jp when Fep
changes from |V to 4V. (Ans, dfy = 0.1T6pA)

10.1.4  Multitransistor Current Mirrors

In the previous current sources, we established a reference current and one load
current. In the two-transistor current source in Figure 10.2(a), the B-E junc-
tion of the diode-connected transistor (, is forward biased when the bias
votlages T and V'~ are applied. Once Vg, is established, the voltage is applied
to the B-E junction of @, which tums £, on and produces the load current 7.

The B-E voltage of (0, can also be applied lo additional transistors, to
generate multiple load cutrents, Consider the circuit in Figure 10.12. Transistor
Q. which is the reference transistor, is connected as a diode. The resulting B-E
voltage of Oy, established by Iggr, is applied to N output transistors, creating
N load currenis. The refationship between each load current and the reference
current, assuming all transistors are matched and V, = 00, is

IRgF
Ihn =t = - =foy = —"——onrn (10.38)
01 a2 ON g (I + N)
B
e
InEF,i Lf El!"' El"” :.lfo"‘
L
r‘ HQ& HQ:
l i
¥~

Figure 10.12 Multiransistor curtent mirror
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The collectors of multiple output transistors can be connected together,
changing the load current versus reference current relationship. As an example,
the circuit in Figure 10.13 has three output transistors with common collectors
and a load current I;. We assume that transistors Qz, @), Q;, and ¢, are all
matched. If the current gain g is very large, the base currents can be neglected,
Iy =1, = Iy = Iggr, and the load current is Jy = 3/gee. [Note: This process is
not recommended for discrete devices, since a mismatch between dewices will
generally cause one device to carry more current than the other devices.]

Connecting transistors in parallel increases the effective B-E area of the
device. In actual IC fabrication, the B-E area would be doubled or tripled to
provide a load current twice or three times the value of Jpep.

PH-

fp.EFl R, |

| |
O I)Qs
3

Figure10.13 Mulboutput transistor current source

i

Rather than drawing each set of parailel output transistors, we can use the
circuit symbols in Figure 10.14. Figure 10.14(a) is the equivalent symbol for
two transistors connected in parallel, Figure 10.14(b) is for three transistors in
parallel, and Figure 10.14{c) ts for N iransistors 1n parallel. Although the
transistors appear to be multiemitter devices, we are simply indicating devices
with different B-E junction areas.

(a) ®) ic)

Flgure 10.14  Equivalent cirquit symbols (a) two transistors in parallal, (b) thrge fransistors
in paraliel, and (c) N trangistors in parallel

A generalized corrent mirror is shown in Figure 10.15. We can use pnp
transistots 1o ¢stablish the load currents, as shown in the figure, Transistors
Qr and Qp; are connected as diodes. The reference current is established in
the branch of the ¢ircuit that has the diode-connected transistors, resisior R,
and bias voltages, and is given by

-+ ] o L I;-—
Inse = 4 Vss(Qm)Rl VgelQOr2) (10.39)
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v+

o7,
SR

1-'02
|

F

I

l Io:

Jio
el
i

———

an\l

0

I
=
Y

Flgure 10,15 Generahized cufrant miror

If g for each transistor is very large, the base current effecis can be
neglected. Then the load current [y, generated by output transistor ¢, is
equal Lo fggp. Likewise, {5 generates a load current fp; equal to [freg.
lmplicitly, all transistors are identical, all load transistors are biased in their
forward-active region, and all transistor Early voltages are infinite. Transistor
{1 is effectively two transistors in parallel; then. since all transistors are iden-
tical, fo7 = 2/ggr. Similarly, @, is effectively three transistors connected in
parallel, which means that the load current is foy = 3frgr.

In the above discussion, we neglected the effect of base currents. However,
a finite A causes the collector currents in each load transistor to be smaller than
Iper sinice the reference current supplies all base currents. This effect becomes
more severe as more Joad transistors are added.

597

Pesign Exemple 106 Objective: Design a generalized current mirror.

Consider the current mirror shown in Figure 10.15, with parameters ¥* =5V and
¥~ = —5V. Neglect base currents and assume Vge = Vg = 0.6 V. Design the circuit
such that 1y, = 400 pA. Determine Jpgr. o1, foin fos, and K.

Solution: For I = 400 pA, we have
FRL:F = faj = 3'03, - 200}1A and f.J,q = ﬂ)OuA
Resistor Ry is

VY — Vea(Qm) - Vge@Qpod) = ¥~ _ 5—-0.6-0.6-(=5
B TreF 0.2

R
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of

R = 4k

Comment: [If the foad and reference currents are to be within a factor of approxi-
mately four of each other, it is more efficient, from an 1C point of view, 1o adjust the
B-E areas of the transistors (o achieve the specified currents rather than use the Widlar
current source with its additional resistors.

Design Polnter:  This ¢example demonstrates that multiple bias currents can be gener-
ated by a single reference current that biases various stages of a compiex circuis. We will
see specific examples of this technique in Chapter 13 when we consider actual opera-
tional amplifier ¢ircuits.

Test Your Understanding

*10,10 Figure 10.12 shows the N-output current mirrer. Assuming all transistors
are malched, with a finite gaio and V', = og, derive Equation (10.38) If each load
current must be within 10 percent of Jpep, and if § = 50, determine the maximum
numbet of load iransisters that can be connected. (Ans. N = 4)

10.2 FET CURRENT SOURCES

Field-effect transisior integrated circuits are biased with current sources in
much the same way as bipolar circuits. We will examine the relationship
between the reference and load currents, and will determine the output m-
pedance of the basic two-transistor MOSFET current source. We will then
analyze multi-MOSFET current-sour¢e ¢ircuits 10 determine reference and
load current relationships and output impedance. Finaily, we will discuss
JFET constani-curyent source circuits.

10.2.1 Basic Two-Transistor MOSFET Current Source
Current Relationship

Fignre 10.16 shows a basic two-transistor NMOS current source. The drain
and source terminals of the enhancement-mode transistor M, are connected,
which means that M, is always biased in the saturation region. Asswming
A =0, we can write the reference current s

Ingr =Kl Fos =V ' (10.40)

Solving for Vs yields

! .
Vas = Vivi + ;EF (1041)

i
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Figure 10016 Basic two-transistor MOSFET current source

For the drain cutrrent to be independent of the drain-to-source voltage (for
A =0}, transistor M; should always be biased in the saturation region. The
load current is then

fo = Kool Vg — VoV (10.42)

Substituting Equation (10.41) into (10.42). we hawe
taie 2
lo =K,z [ﬂ + Vi — Vewe (10.43)
"r Ku]

If M, and M, are wdentical transistors, then Fyny = ey and K = K5, and
Equation {10.43) becotes

Io = Ingx (10.44)

Since there are no gate corrents in MOSFETSs, the induced load current is
identical to the reference current, provided the two transistors are matched.
The relationship between the load current and the reference current changes if
the width-to-length ratios, or aspect ratios, of the two transistors change.

If the transistors are matched except for the aspect ratios, we find

:q_WH.):_ N
0T L), REF

(10.45)

The ratio between the load and reference currents is directly proportional to
the aspect ratios and gives designers versatility in their circuit designs.

Output Resistance

The stability of the load current as 4 function of the drain-to-source voltage is
an imporlant consideration in many applications. The drain current versus
drain-1o-seurce voltage is similar to the bipolar charactenistic shown
Figure 10.4. Taking into account the finite cutput resistance of the transistors,
we can wrile the load and reference currents as follows:

o = Kol Vg — Va0 + MV psn) {10.46(a))
and

Terr = Ka(Vos = Vi U+ 20 Vpg) (10.46(b))
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Since transistors in the current mirror are processed on the same integrated
circuit, all physical parameters, such as Vey, i, C,., and A, are essentially
identical for both devices. Therefore, taking the ratio of Iy to Jggp, we have

) _ {W!L:!z (I + AV nesd
Tree  (W/L) (1 + Mps)

(10.47)

Equation (10.47) again shows that the ratio fp/frep is a function of the
aspect ratios, which is controlled by the designer, and it is also a function of A
and Vpgz.

As before, the stability of the load current can be described in terms of
the output resistance. Note from the circuit in Figure 10.16 that Vpg =
Vs = constant  for a pgiven reference current. Normally, Alpg =
AVes < 1, and if (W/L), = (W/L);, then the change in bias current with
respect to a change in Vg 18

e U0 gy o (10.48)
52

where r, is lhe output resistance of the transistor. As we found with bipelar
current-source cicuits, MOSFET current sources require a large output resis-
tance [or excellent stability,

Referance Current

The reference current in bipolar current-source circuits is gencrally established
by the bias voltages and a resistor. Since MOSFETSs can be configured to act
like a resistor, the reference current in MOSFET custent mirrors is usually
established by using additional transistors.

Consider the current mirror shown in Figure 10.17. Transistors M, and
M are in series; assuming A = 0, we can write,

Ki(Vast = Vil =K Voss = Vi)Y (1049

If we again assume that Fry, i, and C,, are dentical in all transistors, then
Equation (10.49) can be rewriticn

‘H
fm-l
!| l f I
. m=la
My I-i-_— 1 i
Visa
o | e
Vos1  Yam
v—

Figure 10.17 MOSFET current sourco



