Chapter 7 Frequency Response

corner frequency, The midband gain is found in the usual way when capaci-
tances are eliminated from the circuit.

This time constant technique yields good results when all poles are real, as
will be the case in this chapter. In addition, this technigue does not determine
the corner frequencies due to system zeros. The major benefit of using the time
constant approach is that it gives infomation about which circuit ¢lements
alfect the —3dB frequency of the circuit. A coupling capacitor produces a
high-pass network, so the form of the Bode plot will be the same as that
shown in Figure 7.5. Also, the maximum gain is determined when the coupling
capacitor acls as a short circuit, as was assumed an Chapters 4 and 6,

The time constant for the circuit is a function of the ¢quivalent resistance
seen by the capacitor. The small-signal equivalent circuit is shown in Figure
T.16(h). 17 we set the independent veltage source equal to zero. the equivakent
reststance seen by the coupling capacitor Ce- is (Ry; + R,). The time constant is
then

ry = (Ry, + R)Ce (7.33)
This is the same as Eguation (7.30), which was determined by using a current—
voltage analysis.

Output Coupling Capacitor: Common-Source Circuit

Figure 7.17{a) shows a common-source MOSFET amplifier. We assume that
the resistance of the signal generator is much less than Rg and can therefore be
neglected. In this case, the output signal is connected to (he load through a
coupling capacitor.
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Figure7.17 (a) Common-source circuil with outpul coupling capacitor and (&) small-signal
equivalent circuit

The small-signal equivalent circuit, assuming ¥, is infinite, is shown in
Figure 7.17(b). The maximum output voltage, assuming C¢ is a short circuit, Is

”’(:—)rm;lx = EZm V;er{RD " R.’,} {7“34}
and the input voltage can be writlen as
V= Vg.c +gmRs Vg.t (735)
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Therefore, the maximum small-signal gain is

_Em(RpliRy)

A o = - (736)

Even though the coupling capacitor is in the cutput portion of the circuit,
the Bade plot will still be that of a high-pass network, as shown in Figure 7.5.
Using the time constant technique to determine the corner [requency will sub-
stantially simplify the circuit analysis, since we do mot specifically need to
determine the transfer function for the frequency response.

The time constant is a function of the effective resistance seen by capacitor
C which is determined by setting all independent sources equal to zero. Since
V, =0, then ¥y = 0 and g,V =0, and the effective resistance seen by Ce is
(Rp + R;). The time constant is then

rs = (Rp + R)Ce (7.37)

and the corner [requency is f; = 1/2n7s,

Design Example 7.4 Objective: The circuit in Figure 7.17(a) is o be used as a
simple audio amplifier. Design the circuit such that the lower corner frequency 1s
fL = M Hz.

Solutlon: The cotner frequency can be written in terms of the time constant, as
follows;

i
ff_ - 23'-.'1'5
The time constant is then
1 1

=—=—— = 1.9
43 3~ 220 = 1.9Gms
Therefore, from Equation (7.37) the coupling capacitance is
7 7.96 x 107} _§
= = =47 x 107 F
Ce Rp+ R, 67x10 +10x 107 X
or
Ce = 0477 pF

Comment:  Using the time constant technique to find the corner frequency is substan-
tially easier than using the circuit analysis approach.

Tes! Your Understanding

7.7 For the circuit in Figure 7.16{a), the parameters are: Rg; = 0.1 k§2. R, = 20k%2,
Ry=22kR, R =01k, R =2kQ, Cc =41yF, and Fee = 10V, The transistor
parameters are; Fpglon) =0.7V, § =200, and ¥, = 0. {a} Determine the expression
for the time constant 75. (b} Determine the comer frequency and midband voltage gain.
(Ans. (a) Tg = (R; + Rg}Cc, (b) f = 1.76Hz, A, = ~11.2)
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D?.8 Consider the circuit shown in Figuee 7.17(a) with transistor parameters
Viy =2V, K, = ﬂ.Sm."m,"“.’z+ and A =0. The circuit paramelers are R; = 50ks2 and
R; = 10kS. (a) Determine new values of Rg and Rp such that fpp = 0.8 mA and the
quiescent drain voltage is Vpp = 0. (b) Find the required value of C- for a corner
frequency of /= 20 Hz. (Ans. (a} Ry = 2.18k2. Rp =6.25kQ, (b) Cr = 049 F)

403

Output Coupling Capacitor: Emitter-Follower Circuit An emitter follower
with a coupling capacitor in the output portion of the circuit 1s shown in
Figure 7.18(a). We assumne that coupling capacitor Cgy, which is part of the
original emitter follower, is very large, and that it acts as a short ¢ircuit to the
input signal.
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Figure 7.18 {3) Ermnitter-iofiower circult with oulput coupling capaciior and {b) small-signat
equivalont circuit

The small-signal equivalent circuit, including the small-signal transister
resistance r,,, is shown in Figure 7.18(b). The equivalent resistance seen by
the coupling capacitor Cc;y is [R, + R ], and the time constant is

g =[R, + R |Cer (7.38)

where R, is the output resistance as defined in Figure 7.18(b). As shown in
Chapter 4, the output resistance is

{ra + (RsilRg)) (1.39)
1+8

Il we combine Equations (7.39) and (7.38), the time constant expression
becomes fairly complicated. However, the current—voltage analysis of this cir-
cuit incliding C is even more cumbersome. The time constant technique
again simplifies the analysis substantially.

R, = Rsllfolll

Example 7.5 Objective: Determine the 3dB frequency of an emitter-follower
amplifier circuit with an outpul coupling capacitor.

Consider the circuit shown in Figure 7.18(2) with transistor parameters 3 = 100,
Vyplon) = 0.7V, and V4 = 120V. The output coupling capacitance is Cpz = | gF.
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Solulion: A dc analysis shows that Jpp =0.838mA. Therefore, the smali-signal pa-
rameters are: r, = LI0KE, £, = 32.2mA/V, and r, = 143k0.
From Equation (7.39), the output resistance R, of the emitter follower is

R, = Rellr,| {1.__”' +]{fs;lﬁs}]}

l[3.10+{[}.5||]00}]
101

= 10| L43) = 10 143]j0.0356 k€2

or

R, 23550

From Equation (7.38), the lime constant is

o =R, + Ry ICe = [35.5+ 109107 = 1 x 107%s
The 3 dB frequency is then

f ] |

e — = ——— =159H
fo= 5 = ooy ~ 1P

Comment Determining the 3dB or comer frequency is very direct with the time
constant technique.
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Figure 7.49  PSpice analysis results for the emitter-follower Cireuit in Figure 7.18(a)

Computer Veritication: Based on a PSpice analysis, Figure 7.19 is a Bode plot of the
voltage gain magnitude of the emiltes-follower circuit shown in Figure 7.18{a}. The
comer fTequency is essentially identical 1o that obtained by the time constant technique.
Also, the asymptotic value of the small-signal voltage gainis A, = (.988. as expected for
an emitter-follower circait,

- Problem-Solving Technique: Bode Plot of Galn Magnitude

1. For a particular capacitor in a circuit, determine whether the capacilor is
producing a low-pass or high-pass circuit. From this, sketch the general
shape of the Bode plot.
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2. The corner frequency is found from / = 1/27t where the time constant is
1 = R,,C. The equivalent resistance R, is the equivalent resistance seen by
the capacilor.

The maximum gain magnitude is the midband gain. Coupling and bypass
cupacitors act as short circuits and load capacitors act as open circuits.

T

Test Your Understanding

79  For the emitter-follower circuit shown in Figure 7.18{a), determine the required
value of €~ to vield a corner frequency of 10 Hz. (Ans. Cy = 1.3 pF)

7.3.2 Load Capacitor Effects

An amplifier output may be connected 1o a load or to the input or another
amplifier. The model of the load circuit input impedance is generally a capaci-
tance in parallel with a resistance. In addition, there is a parasitic capacitance
between ground and the line that connects the amplifier outpul to the load circuit.

Figure 7.20{a) shows a MOSFET common-source ampltfier with a load
resistance R; and a load capacitance C, connected to the output, and Figure
7.20(b) shows the small-signal equivalent circuit. The transistor small-signal
output resistance r, is assumed to be infinite. This circuit configuration is
essentially the same as that in Figure 7.3, which is a low-pass network. At
high frequencies, the impedance of C; decreases and acts as 2 shunt between
the output and ground, and the output voltage tends toward zero. The Bode
plot is similar to that shown in Figure 7.8, with an upper corner frequency and
a maximum gain asymptoie.

The equivalent resistance seen by the load capacitor Cy is RpllR;. Since we
set ¥; = 0. then g, F,, =0, which means that the dependent current source
does not affect the equivalent resistance.

The time constant for this circuit is

Tp = (RpllRL)C, (7.40)
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Figure7.20 {a) MOSFET common-source circuit with a load capacitor and (b) small-signal
equivatent circuit .
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The maximum gain asymptote, which is found by assuming C; is an open
circuit, is
_ElRpliRy)

IA\-Imax— ]+g Rn_.; (741}

[Ay]

1

a0l

i

Example 7.6 oObjectives Determine the corner frequency and maximum gain
asymptote of a MOSFET amyplifier.

For the circuit in Figure 7.20a), the parameters are: Ry = 3.2k, Rp = 10kQ
Ry = W0kQ, and C; = |0pF. The transistor parameters are: Frp=-2V, K, =
0.25mA/V?, and A = 0.

Solutton: From the dc analysis, we find that /o = 0.5mA, Vgp == 341V, and
Vspe = 341V, The transconductance is therefore

8 = 2K,V s + Vip) = 20.25K3.41 — 2) = 0.705mA/V
From Equation (7.40), the time constant is

tp = {RpIRC; = (10 x 10720 x 10710 x 1071 = 6.67 « 1078
ar

Tp =667 ns

Therelore, the corner frequency is

fy = L 1
= mre 2667 % 107%)
Finally, from Equation (7.41), the maximum gain asymptole is
Aoy = gm(Rpl Ry} 2 (6. 705110} 20)
14+8.Rs L +{0.705)3.2)

= 2.39MHz

=14

Comment: The Bode plot for this circuit 1$ similar to that an Figure 7.8, and 1 repre-
sents a low-pass nelwork. The relatively large value of Ry resulis in a low voltage gain,

Computer Simulation: Figure 7.21 shows the results of a PSpice analysis of the circuit
given in Figure 7.20(a). Figure 7.21(a) 1s 4« Bode plot of the voltage gain magnitude. The
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Flgurs 7.21 PSpice analysis results for tha circut in Figure 7.20(a): (a} voltage gain
magnitude respcnse, and (b) phiase resporse
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midband gain is 1.44 and the cotner frequency is 2.4 MHz, which agrees extremely well
with the hand analysis results. The phase of the voltage gain is shown in Figare 7.21(b).
The midband phase is — |80 degrees, as expected. Also., as the frequency increases, the
phase approaches —270 degrees. As was shown in Figure 7.9, a phase change of =90
degrees is expected for a load capacitor.

Tes! Your Undersianding

D7.10 The PMOS common-source circuil shown in Figure 7.20(a) has a load resis-
tance Ry = [0kS2. The transistor parameters are: Vry = =2V, K, = 0.5 mA /v, and
A ={. (a) Design the circuit such that fpg = 1mA and Fgpy = Vgp- (b) Determine the
value of C; such that the corner frequency is f = | MHz (Ans. (a) R; = |.59k%,
Bp =5k, ibi ¢ =47.7pF)

73.3 Coupling and Load Capacitors

A circuit with both a coupling capacitor and & load capacitor is shown in
Figure 7.22(a). Since the values of the coupling capacitance and load capaci-
tance differ by orders of magnitude, the corner frequencies are far apart and
can be treated separately as discussed previously. The small-signal equivalent
circuil is shown 1 Figure 7.22(b), assuming the transistor small-signzl resis-
tance r, is infinite.

The Bode plot of the voltage gain magnitude is similar to that shown in
Figure 7.11. The lower corner frequency f; is given by

2mrg

It = (7.42)

where 15 is the time constanl associated with the coupling capacitor Ce, and
the upper corner lrequency fj; is given by

(7.43)

fur = Intp
where 1p is the time constant associated with the load capacitor C;. It should
be emphasized that Equations (7.42) and (7.43) are valid only as long as the
two corner frequencies are far apart.

Using the small-signal equivalent circuit in Figure 7.22(b), we set the signal
source equal to zero to find the equivalent resistance associaled with the
coupling capacitor. The related time constant is

s = [Ry +H{RIIRUHRIC - (7.4%)
where
R=r.+{l + iR, {7.45)

Similarly, the time constant related to C; 15
Tp = (Rl R C (7.46)
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43V

Rs=0.1k2

B[Ry =
S ki

Figure 7.22 () Circuil with hoth a coupling and a load capaciior and {b) small-signal
equivalent circull

Since Lhe two corner frequencies are far apart. the gain will reach a max-
imum value in the frequency range between f; and fy. which 15 the midband.
We can calculate the midband gain by assuming that the coupling capacitor is a
short circuit and the load capacitor 1s an open circuit.

From Figure 7.22(b}, we see that in midband we have

Iy = ———V"—‘ {747
Rs + R IR K;
and
b (o))" o
Also,
Ve=hr, (7.49)

and the ouiput voltage 1s
Vo= VRclR) (7.50)
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Fmally, combiming Equations (7.47) through {7.50), we find the magnitude of
the midband gain, as follows:

¥,

RiIR; )( ! )
=E&mtn RelRy)
2..r { g II L ((RI“RE) + R[. [RS + {.RI,HR?“RJ]

f4,f =

(7.51)

Example 7.7 Objective: Determine the midband gain, corner frequencies, and
bandwidth of a circuit contaming both a coupling capacitor and a load capacitor.

Consider the circuit shown in Figure 7.22{a} with transistor parameters ¥ zglon) =
07V, =100, and V,; = 20,

Solution: The dc analysis of this circuit yields a quiescent collector cutrent of Jop =
0.9 mA. The transconductance is
fep 099

b = T 0026
and the base diffusion resistance is
¥ (100X0.026)

T ke 0.99

The input resistance R; is therefore
R =r,+ (1 + ARp =263+ (10IH0.5) = 321 kQ
From Equation (7.51), the midband gain is

= B.ImA/V

=263k

v, RIR; ) ( 1 )

Ao = F2| = garst BCIR

l Ima r’a’ max R { C" L)({-RI IIR2)+ Rl’ [RS % {RI HRlllRi)]

40(15.7 i
= (33"’(2‘63’(5'“0)((4011531+53.1)([0.1 ¥ (mr.s.?nsa.nJ

fald

| A = 6.16

The time constant 1 15

ts = (Rs + R|| Rl RYC-

= (0.1 x 10° + (5.7 x 10"01(40 x 10%)[(53.1 % 1010 x 107%) = 4.66 x 1075

or

Ty = 466 ms
and the time constant 7 18

tr = (RARDC, = (5 x 1010 = 109015 x 107 7) = 5% 107%s

Tp = s

The lower corner frequency is

B d ’

T T oD e ——— .4 H
Tt ImabE X 10~ 2Hz
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and the upper corner frequency is

£ = L j
= 2mp 2a(50 x 10—)

Finally, the bandwidih is
Jew =fu —fi =3.18MHz — 34Hz = 3.]18MHz

= 318 MHz

Comment: The two corner frequencies differ by approximately six orders of magni-
tude; therefore, considering one capacitor at a time is a valid approach.

A figure of merit for an amplificr is the gain—bandwidth product. Assuming
the corner frequencies are far apart, the bandwidth is

Jow =Ty =0 =y (75D
and the maximum gain is |4,|p,,. The gain-bandwidth product is therefore
GB = {Amun [ (7.53)

Later we will show that, for a given load capacitance, this product is essentially
a constant. We will also describe how trade-offs must be made between gain
and bandwidth in amplifier design.

7.3.4  Bypass Capacitor Effects

In bipolar and FET discrete amplifiers, emitter and source bypass capacilors
are often included so that emitter and source resistors can be used to stabilize
the @-point without sacrificing the small-signal gain. The bypass capacitors are
assumed to act as short circuits at the signal frequency. However, to guide usin
choosing a bypass capacitor, we must determine the circuit response in ihe
frequency range where these capacitors are neither open nor short aircuits,
Figure 7.23{a) shows a common-emitter circuit with an emitter bypass
capacitor. The small-signal equivalent circuit is shown in Figure 7.23(b). We

(a) {b)
Figure 7.23 (a) Circuit with amitier bypass capacitor and {U) small-signal equivalent circult
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can find the small-signal voltage gain as a function of frequency. Using the
impedance reflection rule, the small-signal mput carrent is
Vi
i = i (7.54)
Re+r+(1+ ,fiib(.'-‘.:E )

sCg

The wo1al impedance in the emitter is multiplied by the factor (14 8). The
control voltage 1

Ve = Lot (1.55)
and the output veltage is

Vn = —Em V?: R(' (156)
Combining equations produces the small-signal voltage gain, as follows:

V: s = zR 8
2l = V::: e s (1.57)
. R5+r,+(1+,8)(R£H—)
SCE

Expanding the paralle]l combination of R and 1/sCg and rearranging terms,
we find

—Emtz R (1 +SRECE}
A = : ® 7.58
TR AR SRl e
(Re + rp + (1 + B)Rel
Equation (7.58) can be written in terms of time constants as
_gmrrrR{“ I+ STy i
j = 7.59
4 [Rs + ¥, +A{1 + BIR:] |1 + 514 ( )

The form of this transfer function is somewhat different from what we
have previously encountered in that we have both a zero and a pole.

The Bode plot of the voltage gain magnitude has two limiting horizontal
asymptotes. If we set s = jw, we can then consider the limit as w — 0 and the
fimit as @ — 0o. For w — 0, Cg acts 25 an open circuls; for & — oo, Cp acts as
a short circait. From Equation (7.58), we have

s Em'n R('
At = GE T F (0 4+ BRG] sl
and
% Emra Re (7.60(b))

Rg-l"."w

From these results, we see that for @ — 0, Re is included in the gain expres-
sion, and lor @ — o0, Ry is not part of the gain expression, since it has been
effectively shorted out by Cg.

If we assume that the time constants t, and 7z in Equation (7.59) differ
substantially in magnitude, then the corner frequency due to 1515

L

2?{?3

Iy = (7.61(2))

41l
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and the corner frequency due io 74 1s

Ja= 1 (7.61())

2nt,

The resulting Bode plot of the voltage gain magnitede is shown in Figure

1.24.
|4y
IAVIﬂ—p e —————————
]
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lAyle o ]
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l |
ia fa ki
Figure 7.24 Bode plot of the voltage gain magnilude for the circuil with an emittor bypass
capacitor

Example 7.8 Objecive: Determine the corner frequencies and himiting horizontal
asymptotes of a common-emiltter circuil with an emitter bypass capacitor.

Consider the circuit in Figure 7.23(a) with parameters Rp =4k, Re = 2k,
Re=05kS, Cgp=1uF, ¥* =5V, and V™ = -5V. The transistor parameters are:
B =100, Vge(on} = 0.7V, and r, = 00.

Solution: From the dc analysis, we find the quiescent collector current as feg =
1.06 mA. The transconductance is
Ieg 106

and the input base resistance s

_ BVr _ (100)(0.026}

fitp LB e S RAT

The time constani t s
1y = ReCe=(4x 1PN x 108 =4x107"s
and the time constant ty i
_ RelRs+r)Cp
87 [Rg +r, + (1 + NR;z)

{4 x 10705 % 107 +2.45 % 10°K1 x 107%)
T 105 x 10° +2.45 x 107 +(101)(4 x 10°)]

T

or
rg =290 x 107%s
The corner frequencies are then

o | i
47 vy, 24 x 107Y)

=398Hz
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and

1

= st = 2”(2‘9 . Io_s} = 5.49kH2

1z

The limiting low-frequency horizontal asympiote, given by Equation (7.6a)) is

Emtn e _ (40.8)(2.45)2)
[Rs+7g +{l +BIRe]  [0.5 +2.45 + (101 )4)]

IAvlug—'-D=

or
| Ay = 0.49
The limiting high-Trequency horizontat asymptote, given by Equation (7.60¢b)) is

A _EaaRe 08)(2.45)(2) _ 678
Moo =R e T T 05+ 245 :

Comment: Comparing the two limiting values of voltage gain, we see that including a
bypass capacitor produces a large high-ftequency gain.

Computer Verilication: The resulis of a PSpice analysis are given in Figure 7.25. The
magnitude of the small-signal voltage gain is shown in Figure 7.25(a). The two corner
frequencies are approximately 39 Hz and 5600 Hz, which agree very well with the resulis

iy
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Phase
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Flgure 7.25  PSpice analysis nasults for the circult with an emitter bypass capacitor:
(&} vettage gain magnitude responss and (b) phase response
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from the time constant analysis, The two limiting magnitudes of 0.49 and 68 also
correlate extremely well with the hand analysis resulls.

Figure 7.25(b) is a plot of the phase response versus frequency. At very low and
very high frequencies. where the capacitor acts as either an open citeuit or shotl circuil.
the phase is — 80 degrees, as expected for a common-emitter circuit. Between (he two
corner frequencies, the phase changes substantially, approaching —90 degrees.

The analysis of an FET amplifier with a source bypass capacilor is essen-
tially the same as {or the bipotar circuit. The general form of the voltage gain
expression is the same as Equation (7.39), and the Bode plot of the gain s
essentially the same as that shown in Figure 7.24.

Test Your Understanding

*7.41 The circuit shown in Figure 7.23(a) has parameters ¥* =10V, ¥~ = — 10V,
Re =05k, Rp=4kQ, and R =2kQ. The transistor parameters are: Vyp(on} =
0.7V, ¥, =0, and § = 100. {a) Determine the value of Cg such that the low-frequency
1dB point is fz = 200 Hz. (k) Using the resulis from part (a), determine /. (Ans.
(a) Cp = 495 F. (b £, =080 Hz)

7.3.5 Combined Effects: Coupling and Bypass Capacitors

When a circuit contains multiple capacitors, the frequency response analysis
becomes mote complex. In many amplifier applications. the circuit is to
amplify an input signal whose frequency is confined to the midband range.
In this casz, the actual frequency response cutside the midband range 1s not of
interest. The end peints of the midband range are defined to be those frequen-
cies at which the gain decreases by 3dB from the maximum midband value.
These endpoint frequencies are a function of the high- and low-frequency
capacitors. These capacitors introduce a pole to the amplifier transfer function.

Il multiple coupling capacitors, [or example, exist i a circutl, one ca-
pacitor may introduce the pole that produces the 3dB reduction i the max-
imum gain at the low frequency. This pole is referred to as the dominant pole. A
more detailed discussion of dominant poles is given in Chapter 12. At this
point in the text, we will determine the frequency response of circuits contain-
ing multiple capacitors with a computer simulation.

As an example, Figure 726 shows a circuit with two coupling capacitors
and an emitter bypass capacitor, all of which affect the circuit response at low
frequencies. We could develop a transfer function that includes all the capaci-
tors, but the analysis of such circuits is most easily handled by computer.

Figure 7.27 is the Bode plot of the voltage gain magnitude for the example
circuit, taking into account the effects of the two coupling capaciters. In this
case, the bypass capacitor is assumed to be a short circuit. The plots consider
¢, and ¢ individually, as well as together. As expected, with two capacitors
both acting at the same time, the slope is 40 dB/decade or 12 dBfoctave. Since
the poies are not far apart, in the actual circuit, we cannot consider the effect of
each capacitor individually.



Chapter 7 Frequency Response
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Figure7.26 Circuit with two coupling capacitors Figure 1.27 P3pice sesults for each coupling capacilor, and the
and an emitter bypass capacitor comhbinad effect for the circuit in Figura 7.26 (Cg — nod

Figure 7.28 is the Bode plot of the voltage gain magnitude, taking into
account the emitter bypass capacitor and the two coupling capacitors, The plot
shows the effect of the bypass capacitor, the effect of the wwo coupling ca-
pacitors, and the net effect of the three capacitors together. When all three
capacitors are taken into account, the slope is continually changing; there 13 no
definitive corner frequency. However, at approximately /' = 150 Hz, the curve
is 3dB below the maximum asymptotic value, and this frequency is defined as
the lower corner frequency. or lower cutoff frequency.

(M|
10

T T TTIET

01 -
0.1 1 i0 10? 10 10* f(HD

Figure 7.28 FPSpice results for the two coupling capacitors, the bypass capacitor, and the
combined atects

Test Your Understanding

*7.12 Consider the common-base circuit shown in Figure 7.29. Can the two coupling
capacitors be treated separately? (a) From a computer analysis, determine the cutofl
frequency. Assume the parameter values are § = 100 and Jg =2 x 107 * A. (b} Deter-
mine the midband small-signal voltage gain. (Ans. (2) 148 = 1.2kHz, (b} A, = 118)
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C‘“-dTuF C@-d'pr
N/ R

Re =10k R-=5k§t R =
11 %]

;;VEE-IO‘V :LC-‘IDV

i T+
A
Figure 7.29 Figure for Exercise T.12 Figure 1.30 Figure for Exercise 7.13

*7-13 The common-emitter circuit shown in Figure 7.30 contains both a coupling
capacitor and an emitter bypass capacitor. (a) From a computer analysis, determine the
3dB frequency. Assume the parameter values are = 100 and Js =2 % 107" A, (b)
Determine the midband small-signal voltage gain. (Ans. (a) frgp = S7T5Hz (b Al pas =
74 4}

7.4 FREQUENCY RESPONSE: BIPOLAR TRANSISTOR

Thus far, we have considered the frequency response of circuits as a function of
external resistors and capacitors, and we have assumed the transistor to be
ideal. However, both bipolar transistors and FETs have internal capacitances
that influencs the high-frequency response of circuits. In this section, we will
first develop an expanded small-signal hybrid-r modet of the bipolar transistor,
taking these capacitances into account. We will then use this mode) to analyze
the frequency characteristics of the bipolar transistor.

741  Expanded Hybrid-m Equivalent Circuit

When a bipolar transistor is used m a linear amphfier circuit, the teansistor is
biased in the forward-active region, and small sinusoidal voltages and currents
are superimposed on the de voltages and currents. Figure 7.31(a) shows an npn
bipolar transistor in a common-emitter configuration, along with the small-
signal voltages and currents. Figure 7.31(b) is a cross section of the npn tran-
sistor in 4 classic integrated circuit configuration. The C, B, and E terminals are
the external connections to the transistor, and the C’, B, and E’ points are the
idealized internal collector, base, and emitter regions.

To censtruct the equivalent circuit of the wransistor, we will first consider
various pairs of terminals. Figure 7.32(a} shows the equivalent circuit for the
connection between the external base input terminal and the external emitter
terminal. Resistance r,, is the base series resistance between the external base
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C]] (b)

Figure 7.31 (a} Common-emitier npn bipokar transistor with smail-signal currents and
valtages and (b) cross section of an npn bipolar transistor, for the hybrid-r model

Em¥y

Cu
(s) {b) ()

Figure 7.32 Componaents ol the hybrid- equivalent circuit: {a) base to emitier, (b) collector
to emitter, and (¢) base to collacior

terminal B and the internal base region B’ the B'-E’ junction is {orward
biased; therefore, C, is the forward-biased junction capacitance and r, 15 the
forward-biased junction diffusion resistance. Both parameters are functions of
the junction current. Finally, r,, is the emitter series resistance between the
external emitter terminal and the internal emitter region. This resistance is
usually very small, on the order of 1 to 242

Figure 7.32(b) shows the equivalent circuit looking into the collector ter-
minal. Resistance r is the collector series resistance between the external and
internal collector connections, and capacitance C; 15 the junciion capacitance
of the reverse-biased cellector-substrate junction. The dependent current
source, g, V.. is the transistor collecior current controlled by the internal
base-emitter voltage. Resistance r, is the inverse of the output conductance
g, and is due primarily to the Early effect.

Finalty, Figure 7.32(c) shows the equivalent circuit of the reverse-biased
B'—C " junction. Capacitance C,, is the reverse-biased junciion capacitance, and
r,. is the reverse-biased diffusion resistance. Normally, r, is on the order of
megohms and can be neglected. The value of C,, is usvally much smaller than
C'.: however, because of a phenomenon known as the Miller effect, C,, usually
cannot be neglected, (We will consider the Miller effect later in this chapier.)

The complete hybrid-m equivalent circuit for the bipolar transistor is shown
in Figure 7.33. The capacitances lead to frequency effects in the transistor. One

417
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r,, B.
B o—WW\—y

V_; r; C' -

Figure7.33 Hybrd-r equivatent circuit

result is that the gain is a function of the input signal frequency. Because of the
large number of clements, a computer simulation of this complete model is
easier than a hand analvsis. However, we can make some simplifications in
order to evaluate some fundamental frequency effects of bipolar transistors.

7.4.2  Short-Circuit Current Gain

We can begin to understand the frequency effects of the bipolar transistor by
first determining the short-circuit current gain, after simplifying the hybrid-»
model. Figure 7,34 shows a simplified equivalent circuit for the transistor, 1n
which we neglect the parasilic resistances ry, r., and r,,. the B-C diffusion
resistance r,., and the substrate capacitance C;. Also, the collector is connected
to signal ground. Keep in mind that the transistor must still be biased in the
forward-active region. We will determine the small-signal cutrrent gain A, =
L/,
Writing 2 KCL equation at the input node, we find that

V V V 1
ptryte ey, [r_ +jedCy+ c;)] (7.62)
n

joCyr  Jowl,

We see that ¥, is no longer equal to [,r,, since a portion of J;, is now shunted
through C, and C,,.
From a KCL equation at the output node, we obtain

V
Et 1, = gV (7.63(2))
Je

Figure?.3¢ Simphfed hybrickx equivalent circult for determining the short-circuit currant gain
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or

I, = Volgm — jwC,) (7.63(b))

The input voltage V, can then be written as
i

Vp=m —t—— 7.63(c]
T (7.63(ch)
Substituting this expression for V' into Equation {7.62) yields
i
|:;_" +.fw{crr + C.H}]

=1 -2 - - T1.64

T (g - joCy) L

The small-signal current gain usually designated as #y,, becomes

A= j_ = e =7 (& —jly) (7.65)

¥ [— + jax C + Cn]
r-h'.

1fwe assume typicalcircuit parameter values of C, = 0.2 pF. g, = 50mA/V,
and a maximum frequency of /' = 100MHz, then we see that ol « ga.
Therefore, to a good approximation, the small-signal current gain is

Em = Em'n
| | ) Co+C
[;—+,fw[c,,+c,‘)] HhordCa+C)
b

by (7.66)

Since g, = B, then the low frequency current gam is just 8, as we pre-
viously assumed. Equation (7.66) shows that, in a bipolar transistor, the mag-
nitude and phase of the current gain are both functions of the frequency.

Figure 7.35(a) is a Bode plot of the short-circuit current gain magnitude.
The corner frequency, which is also the beta cutofl frequency f; in this case, is
given by

Figure 7.35(b} shows the phase of the current gain. As the frequency
increases, the small-signal collector current is no longer in phase with the

Vg |
B8,

(&) (2}
Figure7.35 Bode plots for the short-circui cument gain: {a) magnitude and (b) phase
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small-signal base current. At high frequencies, the collector current lags the
input current by %0 degrees.

Example 7.9 Objective: Determine the 3 dB frequency of the short-circuit cusrent
gain of a bipolat transistor,

Consider a bipolar transistor with parameters r, = 2.6kQ, C, = ZpF, and C,, =
0.1 pF.

Solution: From Equatien (7.67), we have

| 1
fe= 20 C, + € 2x(2.6 x 10PN + 0141071

ar

fp=29.1 MHz

Comment: High-frequency transistors must have smali capacitaﬁces; therefore, small
devices must be used.

Test Your Understanding

7.94 A bipolar transistor has parameters §, = 130, C; =2pF, and C, =0.3pF.
and ig biased at /op = 0.5mA. Determine the beta cutoff frequency. (Ans. fs=
237MHz)

7.18 A BIT is biased at /;p = 0.25mA, and its parameters are §, = 100 and
C, = 0.1 pF’. The beta cutofl frequency is f = 11.5MHz. Determine the capagitance
.. (Ans. C, = 1.23pF)

743  Cutolf Frequency

Figure 7.35(a} shows that the magnitude of the small-signal current gain
decreases with increasing frequency. At frequency fr. which is the cutoff
frequency, this gain goes to 1. The cutoff frequency is a figure of merit for
transistors.

From Equation (7.66), we can write the small-signal current gain in the
form

B,

()

where f; is the beta cutoff frequency defined by Equation (7.67). The magni-
tude of #y, is

he = (768)

!hjpl = _"‘6" — {7.69}
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At the cutoff frequency fr, i4,| = I, and Equation (7.69} becomes

ol =1 = —/% (1.76)
] iz
y +(ﬁ)

Normally, 8, > 1, winch imphes that f7 » . Then Equation {7.70) can be
writlen as

1o_bo 1:ﬁ;fﬂ (1.71a))
Ol
7
or
fr = B4y (1:71(8)

Frequency /3 is also called the bandwidth of the transistor. Therefore, from
Equation (7.71(b)), the cutofl frequency fr is the gain-bandwidth product of
the transistor, or more commonly the unity-gain bandwidth. From Equation
(7.67), the unity-gain bandwidth is

I &m

fr= ﬁ“[zm,,{a, St )] = G, + Gy .72
Since the capacitances are a function of the size of the transistor, we see again
that high frequency transistors imply small device sizes.

The cutoff irequency fr is also a function of the dc collector current I,
and the general characteristic of fr versus f. 1§ shown in Figure 7.36. The
transconductance g, is directly proportional 10 I, but only a portion of C,
is refated 10 /-, The cutofT frequency s therefore lower at low collector current
levels. However, the cutofl frequency also decreases ai high current levels, in
the same way that £ decreases at large currents.

The cutoff frequency or unity-gain bandwidih of a transistor is usually
specified on the device data sheets, Since the low-frequency current gain is also
given, the beta cutoff frequency, or bandwidth, of the transistor ¢an be deter-
mined from

:'f—T
ﬂl}

The cutoff frequency of the gemeral-purpose 2N2222A discrete bipolar
transistor 1s fr = 300 MHz. For the MSC3130 discrete bipolar transistor,
which has a special surface mount package, the cutoff frequency is fr =
1.4 GHz. This tells us that very small transistors fabricated in iniegrated cir-
cuits can have cutoff frequencies in the low GHz range.

Iy (71.73)

421
fr
i
Flgure7.36 Cutoff
frequency versus collector

current

Example 7.10 Objective: Calculate the bandwidth f, and capacitance C,, of a
bipolar lransistor.

Consider a transistor that has parameters fr = S00 MHz at I = [ mA, §, = 100,
and C, =0.3pF. .
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Solution: From Equation (7.73), the bandwidth is

_fr 500 _
fy =7 = o = S MHz

The transconductance is

e 1

o i T e 25 4
V- = 00% IBSmALY

The C; ¢apacitance is determined from Equation (7.72). We have

= 8»
Ir 27(Cy + C,)

or

38,5 % 1077
500 x 10° =
. TG, £ 0.3 x 1077

which yields €, = 12.0pF.

Comment:  Although the value of C; may be much larger than that of C,,. C, cannot
be neglected in circuit applications as we will see in the nexl section.

The hybrid-r equivalent circuit for the bipolar transistor uses discrete or
lumped elements. However, when cutoff frequencies are on the order of
fr= 1 GHz and the transistor is operated at microwave frequencies, other
parasitic elements and distributed parameters must be included in the transistor
model. For simplicity, we will assume in this text that the hybrid-z model is
sufficient to model the transistor characteristics up through the beta cutoff
frequency.

Test Your Understanding

*.46& For the transistor described in Example 7.10 and biased at the sarme O-point,
determine |h,| and the phase at / = S0MHz. (Ans. || = 9.95, Phase = —84.3%)
7.17 The parameters of a transistor are: §, = 120, /5 =500 MHz, r, = 5%42, and
C, = 0.2pF. Determine C, and f3. {Ans. fz = 4.17MHz, C, =743 pF)

7,18 A BIT isbiased at /- = | mA, and its parumeters are: B, = 150, C, = 4pF, and
C, =0.5pF. Determine f, and fr. (Ans. fy = 9.07MHz, f; = 1.36 GHz)

744  Miller Effect and Miller Capacitance

As previously mentioned, the C,, capacitance cannot in reality be ignored. The
Miller effect, or feedback effect, is a multiplication effect of C, in circuit
appliations.

Figure 7.3%a) is a common-emitter circuit with a signal current source at
the input. We will determine the small-signal current gain 4; = i,/i, of the
circuit. Figure 7.37(b) is the small-signal equivalent circuit, assuming the fre-
quency is sufficiently high for the coupling and bypass capacitors (o act as
short circuits. The transister model is the simplified hybrid-w circuit in
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Figure 7.37 {a) Common-emitter circult with curren| source inpul; (b} small-signal
aquivalant circuit with simplified hybrid-r model

Figure 7.34 (assuming r, = oo). Capacitor C,, is a feedback element that con-
nects the output back o the inpul. The output voltage and current will there-
fore influence the input characteristics.

We can determine the effect of C, on the input characteristics by finding
an equivalent impedance Z , across the plane A-A in Figure 7.38(a), producing
the equivalent circuit shown in Figure 7.38(b). The current f, from Figure
7.38(a) can be written as

v, - ¥ ,
=——" = - 1.74
J’1. (l!’fﬂ)(-‘ﬂ) {Vn V.‘J)(J&"Cu} l )
Summing the currents at the output gives
V
L=V, — V)jaC,) =g, Ve + — C(7.75(8))
i = Wiely) = 8nVe RR,

or combining lerms, we have

i
Vet = ) = Vol g 16, (:75b)
® .
§ 13
_F!T;’J}__H_ —o F, _.",:
'i{ ke R ¥ 7
: Emly
| e ]
el —+ l
® T ®)

Figure 7.38 (a) Quiput portion of smell-signal equivalent tircuit; (D) equivalent impedancs
of thig porion of the Gircult
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From our previous discussion of Equation (7.65), we noted that | joC,| «
£, for typical transistor parameters, so the left side of Equation (7.75(b)) is just
—ZmV e IL, for example, R = R; =4kQ and C, = 0.2pF, then | juC,| <« 1/
(RclR;) for £« 400MHz. If this condition is valid, then Equation (7.75(b))
becomes

atee (i) a)
T UPARCAR, ]

or

Vo = —gm{ RcARIV (7.76(b))
Substituting this expression for V, into Equation (7.74) yields

Iy = (Ve = [—2nlRcll RV I wC, (1.77(a)}
or

Io= Vg jwC,[l + gn(RcRy)] 777000

From Equation (7.77(b)), we see that the equivalent impedance Z, in Figure
7.38(b) then corresponds to a capacitance whose valug is

Cyr = Cull +gnlRcll R )l {7.78)

The small-signal equivalent circuit in Figure 7.37(b) can be redrawn as
shown in Figure 7.39. Capacitance (y, is called the Miller capacitance and
the multiplication effect of C, is called the Miller effect. (Note: If the condition
|jwC, | < 1/(RcIIR) is mot valid, ther the C, capacitance is also reflected in
the output dreuit.

Figure 7.39 Small-signat equivalent circuit, including the equivalent Miller capacitance

From the equivalent circuit in Figure 7.39, the input capacitance 15 now
C, + Cyy, rather than just G, if C, had been ignored.

Example 7.11 Objective: Determine the 3dB frequency of the currenl gam for
the cireuit shown in Figure 7.39, both with and withour the effect of Cyy.

The circuit parameters are: Rp= R, =4k, r, = 26kQ, Ry =200k, C, =
4pF, C, = 02pF, and g,, = 38.5mA/Y.

Solution: The oulput current can be written as
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Also, the input voltage 15

1 i
v = I| Rollro]| ——f —e—
g JI: L ‘I}'@Cxﬂfwcu]

. I[ Ryliry ]
LU el Rglir HCy + Cpy)
Therefore, the current gain is
A ={£=—g ( Re )[ Rgliry ]
! f_., e RC + ‘RL 1 +le(RB“-"HIC" +CM)
The 3dB frequency is
1
Ir(Rplr NGy + Cu)
Neglecting the effect of C,(Cy = 0), we find that
1
2a[(200 x 10%)]1(2.6 x 107)])(4 x 10713
The Miller capacitance is

Cor = Cull +2m(RellRL) = (0.2f1 + (38.5)4}4)] = 15.6pF

fup=

Siap= = 15.5MHz

Taking into account the Miller capacitance, the 3dB frequency is

L
2t Rpllra W Cr + Coy)
|
™ 271200 % 10|26 x 10P)][4 + 15.6)10°')

deB =

ar

fid]‘l = 3 16 MHz

Comment: The Miller effect, or multiplication factor of C,, is 78, giving 2 Miller
capacitance of Cy = 15.6pF. The Miller capacitance, in this case, is approximately 2
factor of four larger than C,. This means that the actual transistor bandwidth is
approximately five times less than the bandwidth expected if €, is neglected.

The Miller capacitance, from Equation (7.78), can be written in the form

Cu = Cufl +1AD (7.1

where A, is the internal base-to-collector voltage gain. The physical origin of the Miller
effect is in the voltage gain factor appearing across the feedback element C,. A small
input voltage V', produces a Jarge output voltage F, = —{4,| - ¥ of the opposite polar-
ity at the output of C,,. Thus the voltage across C,, is (1 + |4,1)¥;, which induces a large
current through C,,. For this reason, the effect of C, on the input portion of the circuit
is significant.

We can now see ope of the trade-offs that can be made in an amplifier design. The
tradeof¥ is between amplifier gain and bandwidth. If the gain is reduced, then the Miller
capacitance will be reduced and the bandwidth will be increased. We will consider this
tradeoff again when we consider the cascode amplifier later in the chapler.

Discuasion: In Equation {7.75(b)), we assumed that | jeoC,| < &, which is valid even
for frequencies in the 100 MHz range. Equation (7.75(b)) can then be written as

1 , .
—EmVs = Vo(m'R_L +J'“"C.u) (7.80)
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The right side of Equation (7.80) implies that a capacitance €, should be in parallel with
Re and Ry in the cutput portion of the equivalent ciccuit in Figure 7.39. For Ry =
R; =4k and C, = 0.2pF, we indicated that this capacitance is negligible for

f <« 400 MHz [yiclding Equation {7.74ia))]. However, in special circuits involving, for

example, active loads, the equivalent R and R; resistances may be on the order of
{00 k. This meaas that the €, capacitance in the output part of the circuit is not
negligible for frequencies even in the low-megahertz range. We will consider a few
special cases in which C,, in the cutpui circuil is not negligible.

Test Your Understanding

*7.49 For the circuit in Figure 7.3Nu), the parameters are: R, =200k®2, Ry =
220k, Re=22k$2 Ry =47k Re =1k v, = 100kQ, and ¥ = 5V, The tran-
sistor parameters are: 8, = 100, Vgelon) =07V, V=00, C, = 10pF, and C, = 2 pF.
Using the simplified hybrid-r medel shown in Figure 7.34, calculate: (a) the Miller
capacitance, and (b) the 3dB frequency. (Ans. (a) Cy = 109 pF, (b} /15 = 0.505MHz)

7.5 FREQUENCY RESPONSE: THE FET

We have considered the expanded hybrid-r equivalent circuit of the bipolar
transistor that models the high-frequency response of the transistor. We will
now develop the high-lrequency equivalent circuit of the FET that takes into
account varous capacitances in the device. We will develop the modet for a
MOSFET, but it also applies to JFETs and MESFETs.

7.5.1 High-Frequency Equivalent Circuit

We will construct the small-signal equivalent circuit of 2 MOSFET from the
basic MOSFET geometry. as described in Chapter 5. Figure 7.40 shows a
model based on the inherent capacitances and resistances in an n-channel
MOSFET, as well as the elements representing the basic device equations.

= - T Lyt ng‘: =

|
I! I—N/\rN* > M '
| + -3 i +il
=2 \{ o i =]
i //_**ngs‘__‘\- "—‘ffﬁ‘-"']
‘ p
! L.

Figure 7.40 Inherent resistances and capacitances in the n-channal MOSFET stiucture
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We make one simplifying assumption in the equivalent circuit: The source and
substrate are both tied 10 ground.

Two capacitances connected to the gate are inherent in the transistor,
These capacitances, C,, and Cpy, represent the inleraction between the gate
and the channel inversion charge near the source and drain terminals, respec-
tivety. If the device is biased in the nonsaturation region and vy is small, the
channel inversion charge is approximately uniform, which means that

Cx-t = Cm-" = (.I"!) WLC

where C, (F/cm®) = €, /1,,. The parameter «,, is the oxide permittivity, which
for silicon MOSFETS is ¢,, = 3.9¢,, whete ¢, = 8.85 x 107 F/cm is the per-
mittivity of free space. The parameter i, is the oxide thickness in cm.

However, when the transistor is biased in the saturation region, the chan-
nel is pinched off at the drain and the inversion charge is no longer uniform.
The value of C,y essentially goes to zero. and €, approximately cquals
(/DWLC,,. As an example, if a device has an oxide thickness of 300 A, a
channel length of L = 5pum, and a channel width of W = 50um, the value of
Coe 15 Cyy 2 0.12pF. The value of C,, changes as the device size changes, but
typical values are in the tenths of picofarad range.

The remaining two gate capacitances, C,., and Cy,. are parasilic or over-
lap capacitances, so called because, in actual devices, the gate oxide overlaps
the source and drain contacts, because of tolerances or other fabrication
factors. As we will see, the drain overlap capacitance Cggy lowers the band-
width of the FET. The parametet Cy is the drain-to-substrate pn junction
capacitance, and r, and 7, are the series resistances of the source and drain
terminals. The internal gate-to-source voltage controls the small-signal channel
current through the transconductance.

The small-signal equivalent circuit for the n-channel common-source
MOSFET is shown in Figure 7.4]1. Voltage V,; is the internal gate-lo-source
vollage that controls the channel current. We will assume that the gate-to-
source and gate-to-drain capacitances, C,, and C,y, contain the parasitic over-
lap capacitances. One parameter, 7,, shown in Figure 741 is not shown in
Figure 7.40. This resistance is associated with the slope of Ip versus Vpg. In
the ideal MOSFET biased in the saturation region, [, is independent of Vps.
which means that ¢, is infinite. However, r, is finite in short-channel-length

® c "« @
o AN
+ + J_

Ve Car
. L

© 1

Figure 7.4t Equivalent ciroult of the n-channel common-sorce MOSFET
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devices, because of channellength modulation, and is therefore included in the
equivalent circuit.

Source resistance r, can have a significant effect on the transistor charac-
teristics. To ittustrate, Figure 7.42 shows a simplified low-frequency equivalent
circuit including r, but not »,. For this circuit, the drain current is

It = &mVee (7.81})
and the relationship between V; and Vg is
V;.l 5 ng.i: + (8 P;:.]‘r.r = {1 +gunr) V_;J (132)

From Equation (7.81), the drain current can now be writlen as

£ ’
Iy = (l_‘-l:ir_;) Vgs = Em Vg: (7.83)

Figure 7,42 Simplified low-frequency equivalent circuit of the n-channsl CoMMOoN-source
MOSFET including source resistancs r, but not resistance r,

Equation (7.83) shows that the source resistance reduces the effective trans-
conductance, or the transistor gain.

The equivalent circuit of a p-channel MOSFET is exactly the same as that
of an n-channel device, except that all voltage polarities and current directions
are reversed. The capacitances and resistances are the same for both models.

Test Your Understanding

7.20 An n-channel MOSFET has parameters K, = 04mA/VE, Vpy =1V, and
=10 (a} Determine the maximum source resistance such that the transconduclance
is reduced by no more than 20 percent from its ideal valee when Vg =3 V. (b) Using
the valve of r, calculated in part (a), determnine how much g, is reduced from its ideal
value when Vo = SV, (Ans, (2) r, = 156, (b} 33.4%)

7.52 Unity~-Gain Bandwidth

As for the bipolar transistor, the unity-gain frequency or bandwidth is a figure
of merit for the FETs. If we neglect r,, 7,, 7,, and Cy, and connect the drain to
signal ground, the resulting equivalent small-signal circuit is shown in Figure
7.43. Since the input gate impedance is no longer infinite at high frequency, we
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Figure 7.43 Equivatent high-frequency small-signal circuit of a MOSFET, for calculating
short-circuit current gain

® “w @

can define the short-circuit current gain. From that we can define and calculate
the unity-gain bandwidth.
Writing a KCL equation at the input node, we find that

I = p;-‘ + p;" = Vo [jeACyy + Coull (7.84)
Jalo;  Jloq
From a KCL equation at the output node, we obtain
Vs

——+ 1t = &m Vi (7.85(a))

JoCy
or

Iy = Vedgin — J0Cia) (7.85(b))
Solving Equation (7.85(k)) for Vi, produces

i
Vo= G e

Substituting Equation (7.86) into (7.84) yields

=1, , 87
¢ =) ¢
Therefore, the small-signal current gain is
PRt 5 (7.88)

- T, - jw(Cg, + ng]'

Il we assumne typical values of C,q = 0.05pF and g, = ImA/V, and a
maximum frequency of f = 100MHz, we find that wC,y « g,,. The small-
signal current gain, to a good approximation, is then

fd Em
N T 789)
‘ }i J“’(Cgs + ng) (

The unity-gain frequency fr is defined as the frequency at which the mag-
nitude of the short-circuit current gain goes to 1. From Equation (7.89) we find
that

. Bm
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The unity-gain frequency or bandwidih is a parameter of the transistor and is
independent of the circuit.

Example 712 oObjective: Determine the unity-gain bandwidih of an FET,
Consider an n-channel MOSFET with parameters &, = 0.25mA/ L% =1V
A =0, Cpy = 0.04pF, and €, = 0.2pF. Assume the transistor is biased at Vg =3V,

Solution: The transconductance 13
Ew = 2K, (Vg — Ve = 200253 — 1) = I mA/Y

From Equation (7.90), the unity-gain bandwidth. or frequency, s

Ert IU--l E
= = = 6.63 ) H
1= G, + G~ vz + 004> 1o - 0 < 197 H2
o1
fr = 663 MHz

Commeni: As with bipolar transistors, high-frequency FETs require small capact-
tances and a small device size,

Typically, values of C,, for MOSFETs are in the range of 0.1 to 0.5pF and
values of C,; are typically from 0.01 10 0.04 pF.

As previously stated, the equivalent circuit is the same for MOSFETs,
JFETS, and MESFETs. For JFETs, and MESFETS, capacitances C,, and
C,q are depletion capacitances rather than oxide capacitances. Typically, for
JFETs, C,, and C,, are larger than for MOSFETs, while the vaiues for
MESFETs are smaller. Also, for MESFETs fabricated in gallium arsenide,
the unity-gain bandwidths may be in the range of tens of GHz. For this reason,
gallium arsenide MESFETs are often used in microwave amptifiers.

Test Your Undersianding

7.21 For an n-channel MOSFET, the parameters are: K, =0.1 mA/VE Ve = LV,
A =0, Coy = 0.02pF, Cpp = 0.25pF. The device is biased at /pg = 0.4mA. Determine
the unity-gain frequency. (Ans. fr = 332MHz)

7.22 A MOSFET has a unity-gain bandwidth of f7 = 500 MHz Assume overlap
capacitances of C,,, = Cpy, = 0.01pF. If the (ransisior is biased such that g, =0.5
mA/V, determing C,,. (Assume Cpy 15 equal 10 the overlap capacitance.) {Ans. Coo=
0.139pF)

7.23 For a MOSFET. assume that g, = 1 mA/V. The basic gate capacitances are
Cgs = 04pF, Cyg =0, and the overlap capacitances are Cpy = Cppp- Determine the
maximum overlap capacitance for a unity-gain bandwidth of 350 MHz2. {Ans. Cp,p =
Coup = 0.0274 pF)
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7.5.3  Miller EHect and Miller Capacitance

As for the tipolar transistor, the Miller effect and Miller capacitance are
factors in the high-frequency characteristics of FET circuits. Figure 7.44 is a
simplified high-lrequency transistor modet, with a load resistor R; connected
1 the outpul. We will determine the current gain in order 1o demonstrate the
impact of the Miller effect.

© Ced )
0 = it o 2
4 I
v RV,

Figure 7.44 Equivalent high-frequency small-signal circuit of a MOSFET with a load
resistance A,

Writing a Kirchhoff current law (KCL) equation at the input gate node,
we have

f[' :J-Cb‘Cg‘— V'“— +.fﬂ-'cmr(Vg: == V‘&) (7.9]}

where J, 15 the input current. Likewise, summing currents at the output drain
node, we have

Vito : ;

H + T Vxl +ja.>ng{ Vd_s - 1’3_‘] =0 (79’2}
We can combine Equations (7.%1) and (7.92) to eliminale voltage V.. The
input current is then

. l+gaR
f= ,u,ulcg_v + Cpy [ﬁa] } v, (1.93)

Normally, {wR;C,;) is much less than |; therefore, we can neglect { joR;
Cgq) and Equation (7.93) becomes

Ir' :."“J{Cgr + ng“ ¥ ngL)}Vgs (?94}

Figure 7.45 shows the equivalent circuit described by Equation {7.94). The
parameter C), is the Miller capacitance and is given by

Cop = Col L + gRy) (1.95)

Equation (7.93) clearly shows the effect of the parasitic drain overlap
capacitance. When the transistor is biased i the saturation region, as in an
amplifier circuit, the major contribution to the total gate-to-drain capacitance
Cpd 15 the overlap capacitance. This overlap capacitance is multiplied because
of the Miller effect and may become a significant factor in the bandwidth of an
amplifier. Minimizing the overlap capacitance is one of the challenges of fab-
rication techaology.
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Flgure7.45 MOSFET high-frequency circuit, including the aquivalent Miller capacitance

The cutoff frequency f of a MOSFET is defined as the frequency at which
the current gain magnitede is 1, or the magnitude of the input current f; is
equal to the ideal load curremt {5 From Figure 7.45, we see that

1 = Jol Cyy + Co )V, (7.96)
and the ideal load current is
‘ref = En Vgs (1.97)

The magnitude of the cusrent gain is therefore

_ "d _ Em
HI=171= Za7tc, + ) )
Setting Equation (7.98) equal to |, we find the cutofT frequency
- L o EBm
fr= (Cy + Cyy)  27Cq (2

where Cg is the equivalent input gate capacitance.

Example 7.13 Objective: Determine the Miller capacitance and cutoff frequency
of an FET circuit.

The n-channel MOSFET described in Example 7.i2 is biased at the same current.
and a 10k$ Yoad is connected 10 the output.

Solutio: From Example 7.12, the iransconductance is g, = tmA/V. The Miller
capacitance is therefors

Cu = Coull + g R) = (0.04)[} + (1){10)] = 0. 44 pF
From Equation (7.99), the cutoff frequency is

o 10’
Jr 5

- = =249 % 1°H
2m:cgg + CM') 2r(D.2 + 0.44) = TRE H z

or

Jr=249MH:z

Comment: The Miller effect and equivaient Mitler capacitance reduce the cutoff fre-
quency of an FET circuit, just as they do in a bipolar circuit.
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Test Your Undersianding

*7.24 For the circunt in Figure 7.46, the transsstor parameters are: K, =0.5 mA /Y,
Viw =2V, 4 =0, Cpy = 0.1pF, and Cp = | pF. Calculate: {a the Milier capacitance.
and (b) the 3dB frequency of the small-signal voltage gain, {Ans. (3) Oy = 0.617pF,
by fy = [0 9MHZ)

'!"DD= 0y

RD=4KQ

Ry =234 ki
1€ v

Cpa ==

R = 10ki2

Cfl_}” -

1 20 k2
v R, = 166 &t I

Figure 7.46 Figurs for Exercise 7.24

7.6  HIGH-FREQUENCY RESPONSE OF TRANSISTOR
CIRCUITS

In the last sections, we developed the high-frequency equivalent ¢ircuits for the
bipolar and field-effect transistors. We also discussed the Miller effect, which
occurs when transistors are operaling in a circuit configuration. In this section,
we will expand our analysis of the high-frequency characteristics of transistor
circuits.

Tnitially, we will look at the high-frequency response of the common-
emitter and common-source configurations. We will then examine common-
base and common-gate circuits, and a cascode circuil that is a combination of
the common-emitter and common-base circuits. Finally, we will analyze the
high-frequency characteristics of emitter-follower and source-follower circuits.
In the following examples, we will use the same basic bipolar transistor circuit
so that a pood comparison can be made between the three circuit con-
figurations.

761 Common-Emitier and Common-Source Clrcuits

The transistor capacitances and the load capacitance in the common-emitter
amptifier shown in Figure 7.47 afiect the high-frequency response of the circuit.
Initially, we will use a hand analysis to determine the effects of the transistor on
the high-frequency response. In this analysis, we will assume that Cc and Cy
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Figure 7.47 Common-emifer ampifier

are shott circuits, and C; is an open circuit. A computer analysis will then be
used to determine the effect of both the transistor and load capacitances.

The high-frequency small-signal equivalent circuit of the common-emitter
circuit is shown in Figure 7.48(a) in which C; is assumed to be an open circuit.
We replace the capacitor C, with the equivalent Miller capacitance Cy, as
shown in Figure 7.48(b). From our previous analysis of the Miller capacitance,
We can write

Car = Cull + gnRi) (7.100)

where the output resistance R; is r,|R-||R..
The upper 3dB frequency can be determined by using the time constant
technique. We can write

_ 1
N 2.71'1'};

Su (7.101)
where 7, = R,,C,. In this case, the equivalent capacitance is Cpp = G + (.
and the equivalent resistance is the effective resistance seen by the capacitance,
R., = x| RpliRs. The upper corner frequency is therefore

I . "
= 02
Ju = SRRl RsKCa T Cor) L

H
{ l ! _va ¥ . | VIF
RcS R ;
= To C L v Rg Vuarty =G =0 R
Em'x = LAL

(8} )

Figura 748 (n) l-im't-frequency equivalent circult ol common-emitter amplifter; {b) high-
faquency equivalent circuit of common-emitter amplifier, incfuding the Miber capaciiance

4]
3l
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We determine the midband voltage gain magnitude by assuming C, and 144

Cyy are open circuits. We find that 144l ——\
|
|
| Ayl = L ——-ngL[&] (7.103) |

V,- M RB! L R_g I
The Bode plot of the high-frequency voltage gain magnitude is shown in Figure oo S
7.49, Figure 7.49 Bode plot ol
the high-frequency voltage

gain magnitude {or the
commorn-ernitter amplilier

Example 7.14 Objective: Delermine the upper corner frequency and midband
gain of a common-emitter circuit.

For the circuit in Figure 7.47, the parameters are: ¥* =5V, ™ = -3V, Ry =
O1kD Ry =40kQ Ry =572k, Rp = 0.5k, R- = 5k, and Ry = 10k The tran-
sistor paramelers are: B = 130, Fgplon} = 07V, V, = oo, Cp, = 35pF, and C, = 4pF.
Solution: From a dc analysis, we find that fp = 1.02mA_ The small-signal pa-
rameters are therefore

_BVT _(150)0.026)

Fp= e T 182kR2

and
ey 102

Em = = 0026

The Mitler capacitance is then

Cy = Cll + guBy) = Cull + gl Rell R, )]

= 39.2mA/V

or
Cy = (D1 + 39251100 = 527pF

and the upper 3dB frequency is therefore
1
- 2alr, I RgNRSHCy + Cpr
|
= In[3.82180]|5. TN IK10°K3S + 527)(10°12)

Hu

or
fiy = 296 MH:z
Finally, the midband gain is

J 0 Rgllr
e = ki e
T

_ | 40115.72)13.82

or

IAth =J23

Commaenis: This example demonstraies the importance of the Miller effect. The feed-
back capacitance €, is multiplied by a factor of 132 (from 4pF to 527 pF), and the
resubting Miller capacitance Cyy is approximately 15 times larger than C,. The actual
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corner frequency is therefore approximately (5 times smaller than it would be if C,, were
neglected.

PSploe Veritication: Figure 7.50 shows the results of a PSpice analysis of this commeon-
emitter circuil. The computer values are: C, = 35.5pF and €, = 389pF. The curve
marked “C,; only" is the circuit frequency response if C, is neglected, the curve marked
“Cr and C, only” is the response due to C,, C,, and the Miller effect. These curves
illustrate that the bandwidth of this circuit is drastically reduced by the Miller effect.

| Ayl

T TTTI

194 10t iné 16? 108 10* f£(Hz)

Figure 1.50 PSoice analysis results for common-amitter amplifier

The corner frequency is approximately 2.5 MYz and the midband gain is 125,
which agree very wetl with the hand apalysis results.

The curves marked *C; = 5pF" and *C = |50pF" show the circuil response if
the iransistor is ideal, with zero €, and C, capacitances and a load capacitance con-
nected to the cutput. These results show that, for €, = 5pF, the circuit response 15
dominated by the C, and €, capacitances of the transistor. However, if a large load
capacitance, such as C; = 150pF, is connected to the output, the circuit response 1s
dominated by the C; capacitance.

The high-frequency respomse of the common-source circuit is similar to
that of the common-emitter circuit, and the discussion and conclusions are the
same. Capacitance C, is replaced by Cp,, and ), is replaced by Cpy. The high-
frequency small-signal equivalent circuit of the FET is then essentially identical
to that of the bipolar transistor.

7.6.2 Common-Base, Common-Gate, and Cascode Circuits

As we have just seen, the bandwidth of the common-emitter and commeon-
source circuits is reduced by the Milier effect. To increase the bandwidth, the
Milier effect, or the C,, multiplication factor, must be minimized or eliminated.
The common-base and ¢ommon-gate amplifier configurations achieve this
result, We will analyze a common-base circuit; the analysis 1s the same for
the common-gate circuit.
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Common-Base Circuit

Figure 7.51 shows a commen-base circuit, The circuit configuration is the same
as the common-emitter circuit considered previously, except a bypass capacitor
is added to the base and the input is capacitively coupled to the emitter.

L.
Ry ¢

v-

Figure 7.51 Common-base amplifier

Figure 7.52(a) shows the high-frequency equivalent circuit, with the cou-
pling and bypass capacitors replaced by short circuits. Resistors R, and R; are
then effectively short circuited. Also, resistance r, is assumed to be infinite.
Capacitance C,, which led to the muliiplication effect, is no longer between the
input and output terminals. One side of capacitor C, is tied to signal ground.

Writing a KCL squation at the emitier, we find that

V V
i 4 = :
i gnln et =0 (7.104)
Since V, = —F,, Equation (7.104) becomes
L, 1 1
E—z—;;'l'gm'l'u':‘c:g (?-1“5)

where Z, is the impedance looking into the emitter. Rearranging terms, we
have

l=1+rn‘3m+sc 1+8

+5C, (7.106)

J'I'=

Z Fr Fa

The equivalent input portion of the circuit is shown in Figure 7.52(b).

Figure 7.52(c) shows the equivalent output portion of the circuit. Again,
one side of C, is tied to ground, which eliminates the feedback or Miller
multiplication effect. We then expect the upper 3dB frequency to be larger
than that observed in the common-¢mitter configuration.
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GV

¥; 9 R V.=-V¥; T8 =Cr

(a) (b)

{c)

Figure 7.52 (a) High-frequency common-base equivalent cireuit, (b) eqguivalent input circuit,
and {€) equivalent oulput circuit

For the input portion of the circuit, the upper 34B frequency is given by
1

tie = 7147
fix = 5o (1107(2))
where the time constant s
r-Jl'
Tpy = [(I +‘B)1|R£||Rs] - Cy (7.107(b))

In the hand analysis, we assume that C; is an open circuit. Capacitance C,,
will also produce an upper 3dB frequency, given by

= 71
ita = 5 (7.108(a))
where the time constant is
tp, = [RelR) - C, (7.108(b))

If C, is much smaller than C,, we would expect the 3dB frequency fy, due
1o 'y to dominate the high-frequency response. However, the factor r, /(I + 8)
in the time constant tp, is small; therefore, the two time constanis may be the
same order of magnitude.
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Example 7.15 Gbjective: Determine the upper corner frequencies and midband
gain of z common-base circuit,

Consider the circuit shown in Figure 7.5( with circwst parameters ¥* =5V, V¥~ =
-5V, Rs=01k2, R =40k, R, =572k2, R =05k, R-=5kQ, and Ry =
LOk$. (These are the same values as those used for the common-emitter circuit in
Example 7.14) The transistor parameters are: 8= 150, Vofon} =07V, V=00
Cy=35pF and C, = 4pF.

Soluflon: The dc analysis is the same as in Example 7.14; therefore, Top = 1.02mA,
Em = 39.2mA/V, and r, = 382 kL2 The tizne consiank associated with C, iy

tre= | (725 86 | .

[(m-)mo $3110. |)] x 10°035 % 107'%)

or
Tp, = 0.679 Ny

The upper 3dB frequency corresponding to Cy ts therefore

I 1
2ritpy  2m(06T9 x 107

i = = 234 MHz

The time constant associated with C, in the output portion of the circuit is
tpy = [RIRL] - €, = [SI10] x 10°(4 x 1077} = 13.3ns

The upper 3 dB frequency corresponding to C,, is therefore

| I
e = 120MH:
i = e = X 10

So in 1his case, fy, i the dominant pole frequency,
The magnitude of the midband voltage gain is

rp A
#Eu(i +ﬁ)
REH( :'.8) +Rg

3.82 7
()
={39.2)(51110) 1 =25.3
¥ Iaven

Commant: The resutlts of this example show that the bandwidth of the common-base
citcuit is limited by the capacitance €, in the output portion of the circuit. The band-
width of this particular circuit is 12MHz, which is approximately a factor of four
grealer than the bandwidth of the common-emitter circuit in Example 7.14.

tla = Bl RONR,)

Computer Verlfication: Figure 753 shows the results of a PSpice analysis of the
common-base circuit. The computer values are C, = 35.5pF and €, =3.89pF,
which are the same as those in Fxample 7.14. The curve marked “C, only” is the circuit
frequency response if C,, is neglected. The curve marked “C, and C,, only” includes the
effect of both C, and C,,. As the hand analysis predicied, C,, dominates the circuit high-
frequency response. '
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Figure7.53 P3Spice analysis resulis tor common-base circuit

The corner Frequency is approximately 11.5MHz and the midband gain is 25.5,
both of which agree very well with the hand analysis resulls.

The cueves marked *C; = 5pF” and “Cy = 150 pF™ are the circuit response if the
transistor is ideal and only a load capacitance is included. These results again show 1hat
if aload capacitance of C; = 150 pF were connected to the output, the cireuit rasponse
would be dominated by this capacitance. However, if a 5 pF load capacitor were con-
nected to the output, the circuit response would be a function of both the €, and C,,
capacitances, since the two response characteristics are almost identical.

Cascode Clrcuit

The cascode circuit, as shown in Figure 7.54, combines the advantages of the
common-emitter and common-base circuits. The input signal is applied to the
commaou-emitter circuit (¢4), and the output signal from the common emitter

V-I-

b, s
"

v

Figura 7.54 Cascode circuit
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is fed inlo the common-base circuil ((;). The input impedance io the common-
emitter circuit () is relatively large, and the load resistance seen by Q; is the
input impedance 10 the emitter of @; and is fairly smafl. The low output
resistance seen by O reduces the Miller multiplication factor on C,, and
ther¢lore extends the bandwidth of the circuit.

Figure 7.55(a) shows the high-frequency small-signal equivalent circuit.
The coupling and bypass capacitors are equivalent to short circuits, and resis-
tance r, for Q5 is assumed to be infinite.

The input impedance to the emitter of @, is Z,,,. From Equation (7.106) in
our previous analysis, we have

Fr2 l
- (2l

The input portion of the small-signal equivalent circuit can be transformed (o
that shown in Figure 7.55(b). The input impedance Z., is again shown.

(a)
Z
R.S Cﬁ-ﬂ wi
v i¢ ;
- -
LE]
Ye R & Vi 2701 ol g V28 T T
= Tll £ IV + T
nl Yzl
__L 3
{B)

S 1.8 +B nl

©)

Figure 7.55 (a} High-hequency squivalent circuit of cascode configuration, {b) reamanged
high-frequency equivalent cireut, and (c) variation of the Mgh-frequancy circuit, inchuding the
Miftler capacitance
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The input portion of the circuit shown in Figure 7.55(b) can be trans-
formed to that given in Figure 7.55(c), which shows the Miller capacitance.
The Miller capacitance Cuy is included in the input, and capacitance C,,, is
included in the output portion of the ) model. The possibility of including C,,
in the output circuit was discussed previously.

In the center of this equivaletit circuit, r,; 15 in parallel with 5 /(1 + ).
Since r,, is usvally large, it can be approximated as an open circuit. The Miller
capacitance is then

; r
i _x2 ) T.
=G L+ (755 7.110)
Transistors &, and Q, are biased with essentially the same current; therefore,

Fel 2ty and g, ¥ 8w
Then

Em T2 = ﬂ
which yields

G =20, (7.111)
Equation (7.111) shows that this cascode arcuat greatly reduces the Milier
multiplication factor.

The time constant refated to O, involves resistance r,; /(1 + B). Since this
resistance is small, the time constant is small, and the corner frequency related
to Cp, is very large. We can therefore neglect the effects of €, and C; in the

center portion of the circuit.
The time constant for the input portion of the circuit is

Tpe = [Rsll Rpi lra {Cort + Cart) (7.112(a))
where Cyyy = 2C),,. The comresponding 3 dB frequency 15
1
= 7.112b
Jun =5 (7.112(b))

Assuming C; acts as an open circuit, the time constant of the output
portion of the circuit, from Figure 7.55, is

T = [ReIRNC,2) (7.113(x))
and the corresponding corner (requency is
] :
= 13k
inl 2”’}’# (7 3{ )}

To determine the midband voliage gain we assume that all capacitances in
the circuit in Figure 7.55(c) are open circuits. The output voltage is then

Vo= ~gmVrlRclIR) {7.114)

and _
.
Vi = 8 V,,[ro, (ﬁ)] (7.115)

We can neglect the effect of r,) compared to rp /(1 + B). Als0, SINCE Gy ez = B,
Equation (7.115) becomes

Ve 2 Vo (7.116)
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and, from the input portion of the circuit,
. Ralir
" Rallem + Rs
Finally, combining equations, we find the midband voltage gain is
V, Rpillrs
Ay =2 = —gna(R A

If we compare Equation (7.118) to Equation (7.103) for the common-emitter
circuit, we see that the expression for the midband gain of the cascode circut s
identical to that of the common-emitter circuit. The cascode circuit achieves a
relatively large voltage gain, while extending the bandwidth.

v, (7.117)

{7.118)

]

Example 7.16 Objective: Determine the 34B frequencies and midband gain of a
cascode circuit,

For the circuit in Figure 7.54, the parameters are: ¥* =10V, V" =-10V,
Rg =01k, R, =42.5kQ, R, =205k R =183kQ, Rp=354kQ, Rc =3k,
R; = 10k, and C; =0. The transistor parameters are: § =150, Vge(on}=07Y,
V,=00, C, =35pF, and C, = 4pF.

Solution: Since 8 is large for each transistor, the quiescent collector current is essen-
tially the same in cach transistor and is /cp = 1.02 mA. The small-signal parameters are:
Fel =Fps =ty = 3B2k82 and g, = 8 = £ = 19.2mASV.

From Fquation (7.112(a)). the time consant related to the input portion of the
circuit s

* tpp = [Ryll Rp i X Car + Cagy)

Since Rg = Ry||Ry and Cyy = 2C,, then

1pe = [(0.1)120.5128.313.82) x 10°[35 + 2(2)] = 107*% = 4.16ns
The cortesponding 3dB frequency is

forn [ [

R e, 2m{4.16 x 107%)

From Equation {7.113{a)), the time constant of the cutput portion of the circuit is

tp, = [RCARLIC,z = [S110] x 1074 x 107') = 13.3ns

= 38.3MH:z

and the corresponding 3 dB frequency is

T | - 1
e = amrp, — 20133 % 107°)

= |2MHz

From Equation (7.118), the midband voltage gain is

Ry ey ]
Ry lltn + Rs

) (20.5§28.313.82y ] _
= (39.2)(51 '0}[(20.5E28.3ll3-32) + (0,1)] 1

Iy = xmz(RcHRL]'[

Comment:  As was the case for the commen-base circuit, the 3dB frequency for the
cascode circuit is determined by capacitance C,, in the output stage. The bandwidth of
the cascode circuit is 12 Mz, compared Lo approximatély 3 MHz for the common-emitter
circuit, The midband vollage gains for the two circuits are essentially the same.
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Computer Verification: Figure 7.56 shows the results of a PSpice analysis of the
cascode circuit. From the hand apalysis, the two comer frequencies are 12 Mz and
383 MHz. Since these lrequencies are fairly close, we expect the actual response to
show the effects of both capacitances. This hypothesis is venfied and demonstrated in
the computer analysis resulis. The curves marked “C, only” and “'C, and C;, only” are
fairly close together, and their slopes are steeper than —6dBJoctave, which shows that
mere than one capacitor is involved in the response. At a frequency of 12 MHz, the
response cutve is 3dB below the maximum asymptotic gain, and the midband gain is
120. These values closely agrees with the hand analysis results.

The curves marked “C; = 5pF" and “C; = 150 pF" show the circuit response if
the transistor is ideal and only a load capacitance s included.

| Apl
zm .
100 E
e Cy = 5pF
t PRI O ST NN T AN AT 111 I U O ¥ 110 [N T W o WU 11| \ sl —_—
104 104 10% 107 108 1 yH

Flgure7.56 P3pice analysis results lor cascode circuit

7.6.3  Emifter- and Source-Follower Circuits

In this section, we analyze the high-frequency response of the emitier follower.
We will analyze the same basic circuit configuration that we have considered
previously. The results and discussions also apply to the source follower.
Figure 7.57 shows an emitter-follower citcuit with the output signal at the
emitter capacitively coupled to a load. Figure 7.58(a) shows the high-frequency
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small-signal equivalent circuit, with the coupling capacitors acting effectively as
short circuits.

We will rearrange the circuit so that we ¢an gain a better insight into the
circuit behavior. We see that C,, is tied to ground potential and aiso thatr, is in
parallel with R and R;. We may define

Ry = RellR s,

In this analysis we neglect the effect of C;. Figure 7.58(b) shows a rearrange-
ment of the circuit.

{c)

Figure 7.58 (a) Hign-frequency equivalent circuit of ernitiar tollower, (b) rearranged high-
frequency equivalent circuit, and (c) high-frequency equivalent circuil with effective input base
impedance

We can find the impedance Z; looking into the base without capacitance
C,,. The current ; entering the parallel combination of r, and Cy is the same as
that coming out of the combination. The output voltage is then

V=0 +gnVoRL ' : (7.119)
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Voltage V, is given by

V, = L3 (7.120)
Yr
where
Ya = (1/ry) + 5C,
Voltage V, is
Vb = VI'I' + V:r
Therefore,
¥ 4 K
Zi=-t= -l+—— _ (7.121)
Iy Iy
Combining Equations (7.119), (7.120), and (7.121). we obtain
Zi= )i R+ g’f L (7.122(a))
or
[ ] T r
Zy = }“{l +2. . R+ Ry (7122
n
Substituting the expression for y,, we find
Zy = T x( + 2. R+ Rp (7.123(a})
— + 50,
This can then be written as
1 , .
Z, = + Ry (7.123(b))

I i sC
re{l +gnRp} (1 +2aR})

Impedance Z; is shown in the equivalent circuit in Figure 7.58{c).
Equation {7.123(b)) shows that the effect of capacitance C, 15 reduced in the
emitter-follower configuration,

Since the emitter-follower circuit has a zero and two poles, a detailed
analysis of the circuit is very tedious. From Equations (7.119) and (7.120),
we have

Vo= Velyn +8mIR} (7.124)

which vields a zero when y, + g, = 0. Using the definition of y,, the zero
occurs at

N S
T, |
2"6"(1 & ﬁ)
Since r. /(1 + B) is small, frequency £, is usually very high.

If we make a simplifying assumption, we can deiermine an approximate
value of one pole. In many applications, the impedance of r.(1 +g,R}) in

fo= (7.125)
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parallel with C, /(1 + g,,R; } is large compared 10 Ry . If we neglect R}, then the
time constant is

[
Tp = [Rsl Rgll( +ngL}rJI‘](C +|_+R—R) (7.126{a))
mdly

and the 3dB frequency (or pole) is
]
Ju= cr (7.126(b))

Ttp

Example 7.17 Objective: Determine the frequency of a zero and a pote in the
high-frequency response of an emitter follpwer.

Consider the emitter-follower circuit in Figure 7.57 with parameters F* =3V,
K- =5V, Re=01ki2, Ry =40kQ, Ry =572k, Ry =0.5kQ, and Ry = 10kQ.
The transisior parameters are: g= 130, Fgrlon} =907V, F, =00, (7, = 35pF, and
C, =4pF.

Solution:  As in previous examples, the dc analysis welds /-p = 1.02mA. Therefore,
m = YR2mASV and r, = 3.32K5.
From Equation (7.125), the zero occurs at

fi= I = : = |30 MHz

3.82 x 10
2rC (l ;: ,s) (35 x ‘0_12](—1;*“)

To determine the time constant for the high-frequency pole calculation, we know
that

14 g Re = | + g, (RellRp) = 1+(39.2)0.5]10) = 19.7
and
Ry = R,||R; = 40[5.72 = 5k

The time constan! is therefore

C
tp = [RsIRGN(L + gmki}r,,}(c# + *_!u)

1 +g.R;
35 3
= [{0. Ly SNH9.7)(3.82)] x 103(4 +ﬁ‘?) x 1074 = 0.566ns
The 3 dB frequency (or pole) is then
Ju= I = ! = 28t MHz

mty 200,566 x 10-%)

Comment; The frequencies for the zero and the pole are very high and are not far
apart, This makes the caleulations suspect. However, since the frequencies are high, the
emitier follower is a wide-bandwigth circwit.

Computer Verification: Figure 7.59 shows the results of a PSpice analysis of the
emitter follower. From the hand analysis, the 3dB frequency is on the order of
281 MHz. However, the computer results show the 3dB frequency to be approximately
400 MHz. We musi keep in mind that at these high frequencies, distnibuted parameter
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Figure 7.59 PSpice analysis resulls for emitter follower

effects may need to be considered in the transistor (o more accurately predict the
freqguency response.

Also shown in the figure is the frequency respoense due to a 150pF load capaci-
tance. Comparing this result 1o the common-emitter circuit, for example, we see that the
bandwidth of the emitter-follower circuit 15 approximately two orders of magnitude
larger.

7.6.4  High-Frequency Amplitier Design

Our analysis shows that the frequency response, or the high-frequency cutoff
point of an amplifier. depends on the transistor used, the circuit parameters.
and the amplifier configuration.

We also saw that a computer simulation is easiet than a hand analysis.
particularly for the emitter-follower circuit. However, the parameters of the
actual transistor used in the circuil must be used in the simuiation if it is to
predict the circuit frequency response accurately. Also, at high frequencies.
additional parasitic capacitances, such as the collector—substrale capacitance,
may need to be included. This was not don¢ in our examples. Finally, in high-
frequency amplifiers, the parasitic capacitances of the mierconnect lines
between the devices in an IC may alse be a lactor in the overall circuit
response.

Test Your Understanding

*7.28 The wansistor i the circunt in Figure 7.60 has parameters 8 = 125, Fggion) =
0.7V, ¥V, =200V, , = 24pF, and C, = 3pF. {a) Calculate the Miller capacitance.
{b) Determine the upper 3 dB frequency. {¢} Determnine the small-signal midband voitage
gain. (Ans. {a) Cy = 155pF, (B) fy = 1.21 MHz, (¢} 4,1 = 3.3}

*7.28 For the circuil in Figure 7.61. the transistor parameters are: K, = | mA/V:,
Viy =08Y, 1 =0, C,, =2pF, and ;= 0.2pF. Determine: (a) the Miiler capaci-
tance, (b) the upper 3dB (requency, and (¢) the midband voltage gain. (d) Correlate
the results from parts (b) and (¢} with a computer analysis. (Ans. (a) Cyy = 1.62pF,
(b) fy = 338 MHz, (¢} d,] = 4.63)
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*7.27 Consider the common-base circuit in Figure 7.62. The transistor parameters
are = 100, Vgelon) =07V, ¥, = 0o, C; = 24pF, and C, = 3pF. (a) Determine the
upper 3dB lrequencies corresponding to the input and output portions of the equivalent
circuit. (b) Calculate the small-signal midband voltage gain. (Ans. (a) fy, = 223MHz,

fie = 58.3MHz, (b) 4, = 0.869)

*7.28 For the cirenit in Figure 7.63, the transisior parameters are: by =1V,
K, =1 mA/v} 1 =0, Cy =04pF, and C,, = §pF. Perform a computer simulation
to determine the upper 3 dB frequency and the midband small-signal voltage gain. (Ans.

fu =64.5MHz, |4,] = 0.127)

Flgure T.83 Figure for Exercise 7.28
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*7.29 The cascode circuit in Figure 7.54 has parameters F* =2V, V" =0, R, =
588k, Ry = 33.3kQ, Ry = 792k, Re = 7.5k, Ry = 1 kQ, R = 0.5k2, and R, =
2k, The transistor parameters are; 8= 0, Feelon) =07V, I, =00, C, = 24pF.
and C, = 3 pF. Let ' be an opencircuit. {a} Determine the 3 dB frequencies correspond-
ing to the input and outpul portions of the equivalent circuit. (b) Calculate the small-
signal midband voltage gain. (c) Correlate the results from patts (a) and (b) with a
computer analysis. (Ans. (a) Sy, = T.17MHz, fy, = 33.6 MHz, (b) |4,} =22.5)

7.7 SUMMARY

® [n this chaprer, we studied the frequency response of transistor circuits. We deter-
mined the etfects due to circuit capacitors, including coupling, bypass, and load
capacitors, and also analyzed the expanded equivalent circuits of BJTs and FETs
to determine the frequency response of the transistors.

¢ A lime constant technique was developed so that Bode plots can be constructed
without the need of deriving complex transfer Munclions. The high and low corner
frequencics or JdB frequencies can be determined directly from the time consiants.

¢ Coupling and bypass capacitors affect the low-frequency characteristics of a circuit.
In general, capacitance values in the microfarad range typically result in cutofT fre-
quencies in the hertz or tens of hertz range. A lead capacitor affects the high-
frequency characteristics of a circuit. Load capacitances in the picofarad range
typically result in cutoff frequencies in the vicinity of 2 megahertz ot higher.

® An expanded hybrid-r model for the bipolar transistor and a high-frequency model
for the field-effect transistor were developed. The capacitances included in these
models result in reduced eransistor gain at high frequencies. The cutoff frequency is
a figure of merit for the transistor and is defined as the frequency at which the
magnitude of the current gain is dnity.

o The Miller effect is a multiplication of the base-collector or gate-drain capaciance
due to feedback between the outpul and input of the transistor circuit. The band-
width of the amplifier is reduced by this effect.

* The commonp-emitter (common-source} amplifier, in general, shows the preatest effect
of the Milter multiplication factor, so the bandwidth of this circuit is the smallest of
the three basic types of amplifiers. The common-base (common-gate) amplifier has a
larger bandwidth becavse of a smaller Miller multiplication factor. The cascode
configuration, 2 combination of common-emitier and common-base stages, cotnbines
the advantages of high gain and wide bandwidth, The emitter-follower (source-
follower) amplifier generally has the fargest bandwidth of the three basic amplifier
configurations,

CHECKPOINT

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

&' Coustruct the Bode plots of the gain magnitude and phase from a transfer function
written in terms of the complex frequency s. (Section 7.2)

/' Construct the Bode plots of the gain magnitude and phase of electronic amplifier
circuits, taking into account circuit capacitors, using the time constant technique.
(Section 7.3)

v Determine the short-circuit cutrent gain versus frequency of a BIT and delermine
the Miller capacitance of a BJT circuit using the expanded hybrid-w equivalent
circuit. (Section 7.4)



Chapter 7 Frequency Response 451

v Determine the unity-gain bandwidth of an FET and determine the Miller capaci-
tance of an FET circuit using Lhe expanded small-signal equivalent circuit. {Section
7.5)

v Describe the relative frequency responses of the three basic amplifier configurations
and the cascode amplifier. (Section 7.6)

REVIEW QUESTIONS

I. Describe the general frequency response of an amplifier and define the low-
frequency, midband, and high-frequency runges.

2. Describe the general characteristics of the equivalent circuits that apply 1o the low-
frequency, midband, and high-frequency ranpes.
1. Dascribe what is meant by a system transfer function in the s-daman.
4. Whal is the criterion that defines a corner, or 3dB, frequency?
5. Define oclave and decade.
6. Describe what is meant by the phase of the transfer fanction.
7. Describe the time constant technique for determining the corner {requencies.
®. Describe the general frequency response of a coupling capacitor.
4. Describe the generat (requency response of a bypass capagitor,
0. Describe the general frequency response af a load capacitor.
11. Sketch the expanded hybrid-n model of the BIT.
12.  Describve the short-circuit curreat gain versus frequency characteristics of the BJT.
13. Deline the cutolf frequency for a BJT.
14, Describe the Miller effect and the Miller capacitance,
15. What effect does the Miller capacitance have on the amplifier bandwidih?
16. Skelch the expanded small-signal equivatent circuit of a MOSFET,
I17. Define the cutofl frequency for a MOSFET.
1%. What is the major contribution to the Miller capacitance in a MOSFET?
19, Why is there not a Miller effect in a common-base circuit?
20. Describe the configuration of a cascode amplifier.
21. Why is the bandwidth of a cascode amplifier larger, in general, than that of a
strple common-emitier amplifier?
22, Why is the bandwidth of the emitter-follower amplifier the largest of the three
busic BIT amplifiers?

PROBLEMS e
Section7.2  System Transfer Functions

7.1 (a) Determine the voltage transfer function Tis} = V,(s)/¥,(s} for the circuit
shown m Figure P7.1. (b) Skeich the Bode magnitude plot and determine the corner

g
a5

frequency. (c} Dctertine the time response of the circuit to an input step function of R =1kt H

magnilude V. v, v

7.2 Repeat Problem 7.1 for the circuit in Figure P7.2. o | %%‘"
1=1f s

*7.3  (a) Derive the voliage transfer function T(s) = V,(s)/ ¥ (s} for the circuwit shown in ]: 2

Figute 7.10, taking both capacitors inte account. (b} Let Rs = Rp = 10kQ, Cg= 1 pF, 1

and Cp = l0pF. Calculate the actual magnitude of the transfer function al f; =
I At27HRs + Rp)Cs) and at fy = VARHKRIRFIC,). How do these magnitudes Figure PT.1




IL B ovﬂ

Ry = 10k(2

Figure P7.2
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compare to the maximum magnitude of Rp/( Ry + Rp)? (c) Repeat part (b) for R =
Rp =10k and C5 = Cp =1 pF,

7.4 (a) For the two circuits in Figure P7.4, sketch the Bode magnitude piot and Bode
phase plot of the voltage transfer function. (b} Verify the results of part {a) with a
computer simulation.

R =10k
Ry = 10k$
v . O v,
—Lby o, T
C1 = IURF :
Ry =it R,=znm§ Cy= 104F
|
|
(®} {0}
Figure PT .4

Ce

: ITd i
o J_ @
1 R, Rp Cp

Figure P7.5

7.5 Consider the circuit in Figure P7.5 with a signal current source. The circmt pa-
rameters are R, = 30kQ, Rp = 10k, C5 = L0pF, and Cp = 50 pF. (a) Delermine the
open-citcuit time constant associated with C; and the short-circuit time constant asso-
ciated with C;. (b) Determine the corner frequencies and the magnitude of the transfer
function T(s) = ¥,(s3/14(2) at midband. (¢) Sketch the Bode magnitude plot.

7.8 A vollage transfer funciion is given by T{/) = 1/(1 +j2nfr}1. i&) Show that the
actual response at / = 1/(2wv) isapproximately —6dB below the maximum vatue. What
is the phase angle at this frequency? (b} What is the slope of the magnitude plot for
£ 1/(2=Y? What is the phase angle in this frequency range?

7.7 Sketch the Bode magnitade plots for the following functions:

—10s 105 + 10}

(a) T{S} = m {b} T{S} = m

7.8 Consider the circuit shown in Figure 7.15 with parameters Rg = 0.3k, rp =
52k, g, =29mAV, and R; = 6k The corner frequencies are f; = 30Hz and
fy = 480kHz. (a) Calculate the midband voltage gain. (b) What are the open-circuit
and short-circuit time constants® (¢) Determine Cp and .

7.9 For the circuit shown in Figure P7.9, the parameters are: &) = 10k, R; = 10kE,
Ry = 40kQ, and C = 10yF. Using 8 computer simulation, plot the magnitude and
phase of the voltage transfer function. From the computer analysis, determine the
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frequency at which the magnitude of the voltage wransfer function is 3dB below the
maximum asymptotic value.

7.10 The circuit shown in Figure 7.10 has parameters Ry = 1 k$2, Rp = 10kS2, and
(g = Cp = 0.01 pF. Using PSpice, plat the magnitude and phase of the voltage transfer
function. Determine the maximurn value of the veltage transfer function. Determine the
frequencies at which the magnitude is 1/v/2 of the peak value.

Section7.3  Fraquency Response: Transistor Circulis

7.11  For the common-emitier circuit in Figure P7.11, the transistor parameters are:
B=10, Feelon) =07V, and F, = co. {a) Calculate the lower corner frequency.
(b} Determine the midband voltage gain. {c} Sketch the Bode plot of the voltage gain
magnitude.

VC(‘-:'-]zv VDD=9v
Re=
. | ki
R, = mm%
E Lo
Rg =05k}
Cp=01uF
v, Ra= 1.5kEX R = w
0.1 k2
FiguraP7.11 Figure P7.12

D712 Design the circuit shown in Figure P7.12 such that fpy = 0.5mA, Vpsp =
4.5V, R, = 200kS2, and the lower comer frequency is f; = 20Hz. The transistor pa-
rameters are: K, = 0.2mA/VY, Vry =1.5Y, and 3 = 0. Sketch the Bode plot of the
voltage magnitude and phase.

D7.13 The transistor in the circuit in Figare P7.13 has parameters K, = 0.5mA/V?,
Vyny = 1V, and A =0. {a) Design the circuil such that /pp =1 mA and Vpgp =3 V.

+HV
Rp
e
j:ll L =4 KL
Vi Rg=
0042 T p =
-3y

Figure PT.13

L R
ki
o T

.
s

i

Lo L
?-E?L

o
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ib) Derive the expression for the transfer function F(s) = {5}/ V{s). What is the expres-
sion for the circuit time constant? (¢) Determine C- such that the lower 3 dB frequency
is 10 Hz. (d) Verify the results of parts (a) and () with a computer sirulation.

*D?.94  The transistor in the circuit in Figure P7.14 has parameters X, = 0.5 mAV?,
Vip=~-2V,and A =0. {a) Determine R,. (b) What is the expression for the circuit tme
constant? (¢) Determine Cp such that the lower 3dB frequency is 20 Hz.

Vee=12V
+Y
Ro=12i0
iy
| v,
1 Ce
'RL:
it kQ Ve
¥ Rg=
50 k2 =
- oV
Figure P7.74 Figure F7.15

*D?.15 For the circuit in Figure P7.15, the transistor parameters are: fi= 120,
Vpelon) = 0.7V, and ¥, =80V. (a) Design a biasstable circuit such that /oy =
1 mA. (b) Determine the output resistance R,. {c} What is the lower 3dB corner
frequency?

7.16 The parameters of the transistor in the circuit in Figare P7.16 ate K, = | mA/V".
Fip=—1.5V, and 3 = 0. {a) Determine the quiescent and small-signal parametess of
the transistor. {b) Find the time constants associated with Cy and Ci;. (c) Is there a
dominant pole frequency? Estimare the —3dB frequency.

R =200 Q Ceq= 1 4F

R = 1.2k Ry=12k
‘Vf %RL=50‘“'1

i
I

Figure PT.16

*D7.17 A MOSFET amplifier with the configuration in Figure P7.17 is to be designed
for use in a telephone circuit. The magnitude of the voltage gain should be 10 in the
midband range, and the midband frequency range should extend from 200 Hz 1o 3kHz.
[Note: A telephone’s frequency range does not correspond to a high-fidelity system’s.}
All resistor, capacitor, and MOSFET patameters should be specified.
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: i

Vap=9Y =

R, Rp
Rg=200 8 e ) =10k
TI 'll'o
Ce
¥ Ry C; Ry=1 K
& _L +  C=100pF l
Figure P7.17 Figure P7.18

+748 Consider the circuit in Figure P7.18. (2} Derive the expression for the voltage
wransfer  function T(s) = V(1 Vi(s). Arrange the terms in the form T(s) x
(I +s7,)/(1 + 515). (b) Sketch the Bode magnitude plot. (¢} Determine the time con-
stants and corner frequencies.

718 The circuit in Figure P7.19 is 2 simple output stage of an audio amplifier. The
transistor parameters are § = 200, Fpglon) = *.7V, and ¥, = oo, Determine Cc such
that the lower —3dB frequency is 15 Hz

V+= v "'c{‘=s k'
Ry = 430 k@ #ei e
t-sma Rg= 3002 y
—
& Ca Co
v ¥y
" ¢ Ry= 12k} g
Rp= 25 kid RS0l
Figure P7.18 Figure F7.20

D7.20 The parameters of the transistor in the circuit in Figure P7.20 are 8= 100,
Vpe(ony = 0.7V, and ¥, = oc. The time constani associated with Cg; is a factor of
100 larger than the time constant associated with Cps. {a} Determine Ce such that the
—3dB frequency associated with this capacitor is 25 Hz. (b) Determine Cpy.

*D7.21 For the transisior in the circuit in Figure P7.21, the parameters are: K, =
0.5mA/V2, Vpy =08V, and A= 0. (a) Design the circuit such that fpg =0.5mA
and Vpgy =4V, (0) Determine the 3dB frequencies. {c} If the Ry resistor is replaced
by a constant-current source producing the same fng quiescent current, determine the
3 4B corner frequencies,
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V *
ke
1"
¥y ¥ ¥
== - RC‘
-5V V-
Figure P7.21 Figure P7.23

*7.22 For the circuit in Figure 723{a) in the text, the parameters are: V% = 10V,
F~ =10V, Rg=0, Re=5kQ, and R = 1.5kL2 The transistor parameters are
Vaefon} =07V and V, = oo, and the transistor current gain 8 is in the range
75 = 8 < 125 (a) Determine the value of Cg such that the low-frequency 3dB point s
Sz = 200 Hz. (b) From the results of part (a). determine the range in [requencies f and f,.

*1.23 The common-emitter circuil in Figure P7.23 has an emitier bypass capacitor.
(a} Derive the expression for the small-signal voltage gain A,(5) = V,(2)/ V{s). Write the
expression in a form similar to that of Equation (7.59). (b) What are the expressions for
the time conslants 7, and 5!

7.24 In the common-basz circuit in Figure 7.2% in the fext, the transistor parameters
are: § =100, Vgglon) = 0.7V, and ¥, = o¢. A load capacitance Cp = 15pF is con-
nected in parallel with ;. Determine the upper 3dB frequency and the smail-signal
midband voltage gain.

.25 For the circuit in Figure P?7.25, the transistor parameters are; K, = 0.5mA/V?,
Vry =2V, and 3 = 0. Determine the maximum value of C; such that the bandwidth is
at least W = 5 MHz. State any approximations or assumptions that you make. What
is the magnitude of the small-signal midband voltage gain? Verifly the resulis with a
computer simulation.

Vpp = 1OV
Ry =23 kit
R =2k
Cppz
Co = 2
0 uF [QuF .
L R2= 2
166 k0 B= Sh=L.
0.5 kil 4mT

-~

Figure PT.25
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7.26 The parameters of the transistor in the circuit m Figure P7.26 are g = 100,
Vee(on) =0.7V, and V,; = oo. Neglect the capacitapce effects of the transistor.
{a) Draw the three equivalent circuits that represent the amphifier in the low-frequency
range, midband range, and the high frequency cange. (b) Sketch the Bode magnitude
plot. {c) Determine the values of |4,.l4m. 7. and fy.

Ff=2V
Rp=1MQ R-=51%0
: av,
R_g“ | kﬂ R = l
L s
500 ket ICL 1ok
Figurs P7.26

7.27 In the common-source amplifier in Figure 7.20(a) in the text, a source bypass
capacitor is 10 be added beiween the source terminal and ground potential. The circuit
and transistor parameters are as described in Example 7.6. (a) Derive the small-signal
voltage gain expression, as a function of 5, that describes the circuit behavior in ihe high-
frequency range, (b) What is the expression for the time constant associated with the
upper 1dB frequency? {c} Determaine the time constant, upper 3dB frequency, and
smail-signal midband voltage gain.

*7.28 Consider the common-base cireuit in Figure P7.28. Choose appropriate transis-
tor paratneters. (a) Using a computer analysis, generate the Bode plot of the voltage
gain magnitede from a very low frequency to the midband frequency range. At what
frequency is ihe voliage gain magmtude 3 dB below the maximum valve? What is the
slope of the curve at very low frequencies? (b) Using the PSpice analysis, determine the
voltage gain magnitude, input resistance R;, and output resistance &, a1 midband.

R5=l|(ﬂ Cc!= 1uF CQS]UHF

Rpy= R
L =
6_5 e 5 0
2= — 25V
T +
=
Figure F7.28

*7.29 For the common-¢mitter circuit in Figure P7.29, choose appropriate transisior
patameters and perform a computer analysis. Generate the Bode plot of the voltage gain

457
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magnitude from a very low frequency to theé midband frequency range. At what fre-
quency is the voltage gain magnitude 3dB below the mazimum value? Docs one ca-
pacitor dominate this 3dB frequency? If so, which one?

*7.30 For the multitransistor amplifier in Figure P7.30, chocse appropriate transistor
parameters. The lower 3 dB frequency is to be less than or equal to 20 Hz. Assume that
all three coupling capacitors are equal. Let Cg = oo, Using a computer analysis, deter-
mine the maximum values of the coupling capacitors. Determine the slope of the Bode
plot of the voltage gain magnitude at very low frequencies,

+10V +10Y

ST R T, RV =

Figure P7.30

Section7.4  Freguency Response: Bipolar Transistor

T.31 A bipolar transistor is biased at Icg = 1mA and has parameters C, = L0pF,
€, = 2pF, and B, = 120. Determine fz and fr.

T.32 A high-frequency bipolar transistor is biased at Jop = 0.5 mA and has parameters
C, =10.15pF, fr = 5GHz, and g, = 150. Determine C, and f;.

7.33 For a bipolar {ransistor, the unity-gain bandwidth is /r = 2GHz and the low-
frequency current gain is B, = 150. (a) Determine j;. (b} Find the frequency at which the
magnitude of A; is 0.

7.32 The circvit in Figure P7.34 is a hybrid-z equivalent circuit incloding the resis-
tance ry. {a) Derive the expression for the voltage gain fransfer function A,(5) =
Vo is)/Vds). (b) If the transistor is biased at Jop = lmA, and if Ry =4k and
B, = 100, determine the midband veltage gain for (1) r, = 1002 and {ii) £, =500 Q.
{c) For €, =2.2pF, determine the —3dB [lrequency for (i) r, =100Q and (ii)
Fp = 500 Q.
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*7.35 A common-emitter equivakent circuit is shown in Figure P7.15. (2} What is the
expression for the Miller capacitance? (b) Derive the expression for the voltage gain
Ads) = V(s)/F (s} in 1erms of the Miller capacitance and other circuit parameters.
{c) What is the expression for the upper 3dB frequency?

7.36 For the common-emitter circuit in Figure 7.37(a) in the text, assume thatr, = oo,
RilR; = 5k, and R- = R, = 1k, The transistor is biased at frp = SmA and the
paramelers are: f, =200, ¥, = o0, C, = 3pF, and fr = 250MHz. Determine the
upper 3dB frequency for the small-signal current gain.

+5Y

B =60k S

Cpy =01uF

fot
R =2k0

z
Rz_s.smT
+

Figure PT.37

*1.97 For the common-emitter circuil in Figure P37, assume the emitter bypass
cepacitor Cp is very large, and the transistor parameters are: §, = 100, Fyglon) =
0.7V. ¥y =00, C, = 2pF, and fr = 400 MHz. Determine the lower and upper 3dB
frequencies for the small-signal voltage gain, Use the simplified hybrid-m model for the
IrAnsston,

Section7.5  Frequency Response: The FET
738 A MOSFET is biased at /5 = 100pA, and the parameters are: {%_)u#(?c,x =
15uA/VE W = 40pm, L = 10pm, Cp, =0.5pF. and Cpy = 0.05pF. Determine fr.

7.39 A common-source equivalent circuit is shown in Figure P7.39. The transistor
transconductance is g, = 3mAfV. (3} Calculate the equivalent Miller capacitance,
(b) Determine the uper 3dB frequency for the small-signal voltage gain.
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Figure P7.39

7.40 Starting with the definition of unity-gam frequency, as given by Equation (7.90},
neglect the overlap capacitance, assume Cpy & 0 and Cy, 2 ()WLC,,, and shaw that

3
- JLL

=L \iC, WL

Since Jp is proporttional to W, this relationship indicates that to increase fr, the channel
length I must be small.

7.4% For an ideai n-channel MOSFET, (W /L) = |10, p, = 400cm’ /V—5. C,, = 725 x
10°% F,’cmz, and Fry = 0,65 V. (a) Determine the maxitnum source resistance such thai
the transconductance g,, is reduced by no more than 20 percent from its ideal value
when Vgs = 5V (b) Using the value of r, calculated in part (a), determine how much g,
is reduced from 1its ideal value when Vg =3V,

*7.42 Figure P7.42 shows the high-frequency equivalent circuit of an FET., including «
source resstance r,. {a) Derive an expression for the low-frequency currént gain
A, = 1,/ (b) Assuming R, is very large. derive an ¢xpression for the current gain
transfer function A{s) = L,(5)/1{s). {c} How does the magnitude of the current gain
behave as r, increases?

Vpp=+i0 Y
Rp=
Y
R, =503m§
Y
Co=10pF
Ry =1 M)

Rzzzzsm?
1

Figure PT.42 Figure P7.43

743 For the FET circuit in Figure P7.43, the ftransisior parameters are: K, =
EmA/VZ, Vry =2V, A=0, €, =5pF. and C, = [pF. (a) Draw the simplificd
high-frequency equivalent circuit. {b) Calculate the equivalent Miller capacitance.
{c) Determine the upper 3dB frequency for the small-signal voltage gain and find the
midband voltage gain.
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Seclion7.6  High-Frequency Response of Transistor Circuils

7.44 In the circuit in Figure P7.44, the transistor parameters are: f = 120, Vge{on) =
0.3V, ¥V, =100V, C, = I pF, and - = 600 MHz. (a} Determine C, and the equivalent
Miller capacitance Cyy. State any approximations or assumptions that you make. {b)
Find the upper 3dB frequency and the midband voltage gain.

+5Y

Veps+li ¥

Figure P7T.44 Figure P7.45

*7.45 In the circuit in Figure P7.45, the transistor paraweters are: £ = 120, Vyp(on) =
0.7V, ¥V, = &, C, = 3pF, and fr = 250 MHz. Assume the emitter bypass capacitor Cg
and the coupling capacitor Cpy ate very large. {a) Determine the lower and upper 3dB
frequencies. Use the simplified hybrid-» model for the transistor. (b) Sketch the Bode
plot of the voltage pain magnitude.

7.48 The parameters of the transistor in the common-source circuit in Figure P7.46
ate: K, = 2mA/V: Vpp = =2V, A =001V, C,, = 10pF, and C,y = 1 pF. (a) Deter-
mine the equivalent Miller capacitance 4. (b) Find the upper 3dB frequency and
midband voltage gain.

+9 W
R5= l.lm

R;=2kQ l: I s

v, fg= 070
100 k£2

Rp=1 ki

Y

Figure P7.46
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7.47 For the PMOS common-source circuit shown in Figure P7.47, the transistor
parameters are: Vip=—2V. K, =1mA/V, 1 =0, C, =15pF, and Cy = 3pF.
{a) Determine the upper 3dB frequency. (b) What is the equivalent Miller capacitance?
State any assumptions or approximations that you make. {¢) Find the midband voltage
gain.

+HOV

+5Y
lo=05mA
Cf' ‘:'cz
a ¥,
1 w
Re=5002 L
; Rp = Ry =
Vi 0.5kt 1 Re=idox 12
Cp T
-0V _.L
Figure P7.47 Figure P7.48

*7.48 In the common-base circuit shown in Figure F7.48, the (ransistor parameters
are: 8= 100, Vyeiony =07V, ¥, =00, Ce = 10pF, and C, = | pF. (a) Determine the
upper 3 dB frequencies corresponding to the input and output portions of the equivalent
circuit, (b) Caloulate the small-signal midband voltage gain. (¢} If & load capacitor
C; = 15pF is connected between the output and ground, determine if the upper 1dB
frequency will be dominated by the €, load capacitor or by the transistor characteristics.

*7.49 Repeat Problem 7.48 for the common-base circuit in Figure P7.49. Assume Vg
(o} = 0.7 for the pnp transistor. The remaining transistor paramelers are the same as
given in Problem 7.48.

v;

'E"'
<
I
2
=

B >
H|I|-—ww—
1}’
N
i
B |

5 [[]

ks

v 3

Figure P7.45

*7.50 In the common-gate circuit in Figure P7.50, the wansistor parameters are:
Vin =1V, K, =3mA/N?, A =0, Gy, = I5pF, and Cyy = 4pF. Determine the upper
3 dB frequency and midband voliage gain.
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8 Ca Ca
i 2 : _
3 | i ¢ )
¥i R_g 'RD RL
- R CG' -
vt ? V-
Figurs P7.51

7.51 Consider the common-gale circuit in Figure P7.5] with parameters V'* =5V,
V- = SV, Re =4k, Rp =2k, R =4k§), Rg = 50k, and &, = 0.5k The
transistor paramcters are: K, = ImAfV:’. Vep=-08V, A=0, C,=4pF, and
C,¢ = 1 pF. Determine the upper 3 dB frequency and midband voltage gain.

“7.52 For the cascode circuit in Figure 7.54 in the 1€X1, circuit parameters are the same
as described in Example 7.16. The iramsistor parameters are: 8, = 120, V, = 20,
Vaslon) =07V, Cy = 12pF, and C, = 2pF. (a) If C, is an open circuit, determine
the 3 dB frequencies corresponding to the input and cutput portions of the equivalent
circuil. {b) Determine the midband voltage gain. {¢) If a load capacitance (; = 15pF is
connected 1o the cutput, determine il the upper 3 dB frequency is dominated by the load
capacitance or by the transistor characteristics.

Y Ty Treev TP, P

*753 An emitter-follower circuit is shown in Figure P7.53. Assume the transistor
paramelers are: S = 100, ¥, = o0, C; = 35pF, and C, = 4pF. From a PSpice analy-
sis, determine the upper 3 dB frequency and midband voltage gain fot: (a) Ry =0.2k%2,
(b} Ry =2k, and {¢} R, = 20kQ. Explain any differences between the results,

+5V
+l10V
Rs=0593 k2
+— v,
R=2k Can Cry
¥ RL
v Rg=
500 k02 T
=]
A 5V

Figure P7.53 Figure P7.54

*7.84 For the seurce-follower citcuil shown in Figure ['7 54, assume the transistor
parameters are: Vp=-1V, K, = 2mA/VE, A =002V, Cp; =5pF, and (=
0.8pF. From a PSpice analysis, dstermine the upper 3dB frequency and midband
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voltage gain for: (a) Ry = 0.2kRQ, (b) Ry =2kR, and (c) R; = 20kR2. Explain any
differences between the resalts.

*7.55 The emitter-follower is a wide bandwidth circuit, but the voltage gain is slighthy
less than unity. Figure P7.55 shows a cascade configuration of an emitter follower and a
common emitter. Investigate the possibility of obtaining the properties of wide band-
width from the emitter follower and a large voltage gain from the common emitter in a
single circuit. Assume the wansistor parameters are identical and are: 8, = 150,
V, =00, C, = 24pF, and C, = 4pF. Determine the upper 3 dB frequency and mid-
band gain. How do these results compare to those of a cascode circwit?

Figure P7.55

*7.86 The transistor circuit in Figure P7.56 is a Darlington pair configuration. Assume
B, =100 and ¥, = oo for each transistor, the capacitance values of ¢, and O are
identical and given by C, = 24 pF and C, = 4pF. From a PSpice analysis, deteymine
the upper 3dB frequency and midband voltage gain for: (a) Rz = L0kD, (b) Ry
=40kq, and (¢} Rpy = oo. Explain any differences between the results.

+{ ¥
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*7.87 For the common-source circuit in Figure P7.57{a) and the NMOS cascode
circuit in Figure P7.57(b), all transistors have the fellowing identical parameters:
K, = 12mA/NV: Vi =2V, A =0, Cys = 5pF, and C,y = (.8 pF. From a PSpice simu-
lation of each circuit, determine the upper 3dB frequencies and the midband voltage
gains. Compare the 3 4B [tequencies and midband voltage gains,

V'=+10V

Vr=+10V

(a)
Figure P7.57(a) Figure PT.57(b)

*7.89 For the circuit in Figure P7.58, the transistors are identical, and the parameters
are; K, = 4mA,f\-'z, Ven =2V, A=0, Cp, = 10pF, and C,y = 2pF. The coupling
capacitors are all equal at Cc = 4.7yF. Using a PSpice analysis, determine the lower
and upper 3 dB frequencies. What is the bandwidth and midband voltage gain? What
value of load capacitance will change the bandwidth by a factor of two?

+10 ¥

R, =2x0 Cel

M
Co Co .
", Ag= Y
400 kit
L RSI = 7 = RL=

= 10k I 5kQ S22

-0y =10V +10V
Figura P7.58
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DESIGN PROBLEMS

[Note: Each design should be verified with a computer analysis.|

*D7.59 A simplified high-frequency equivalent circuit of an FET amplifier with a
source resistor Rg is shown 1n Figure P7.59. Including the source resistor decreases
the small-signal vollage gain. Investigate the amplifier bandwidih as a function of the
source tesistance to determine the trade-offs required between gain and bandwidth in
amnplifier designs. (a} Derive an approximate single-pole expression for the voltage gain
A,(5) = V.,(s)/¥{5). the midband gain, and the upper 3 dB [requency. {b) Assume the
circuit parameters are: R = | kQ, Ry = 4k, Cp, = 5pF, Cpy = | pF, and g,, = ZmA/
V. Detsrmine ihe magnitude of the midband gain and upper 3 dB frequency for Rs = 0,
100, 250, and 500 &, (c) Plot the gain-bandwidth versus source resistance.

Figure #7.59

*D7.60 (a) Design a common-emitter amplifier using a 2N2222A transistor biased a1
oo = YmA and Vgy = 10V, The available power supplies are £15V, the load resis-
1ance 18 Ry = 20k, the source eesistance is Ry = 0.5kR, the input and cutput are ac
coupled to the amplifier, and the lower 3 dB frequency is 1o be less than 10 Hz. Design
the circuit 10 maximize the midhand gain. What is the upper 3 dB frequency? (b} Repeat
the design for I = SOpA. Assume fr is the same 2s the case when Jop = 1 mA.
Compare the midband gain and bandwidth of the two designs.

*D7.61 Design a hipolar amplifier with a midband gain of |4,} = 50 and a lower 3 dB
frequency of 10 Hz. The available transistors are 2N2222A, and the available power
supplies are £10V. All transistors in the circuit should be biased at approximately
.5mA. The load resistance s Ry = 3k&2, the sovrce resistance is Ry = 0.1 k2, and
the input and output are ac coupled to the amplifier. Compare the bandwidth of &
single-stage design to that of a cascode design.

‘D7.62 A common-emitier amplifier is designed 1o provide a particular midband gain
and a particular bandwidih, using device A {rom Table P7.62. Assume fcp = L mA.
Investigate the effect on midband gain and bandwidth if devices B and C are inserted
into the circuit. Which device provides the largest bandwidth? What is the gain-
bandwidth product in ¢ach case?

Table P7T.62 Device specitications for Problem 7.62

Device fr(MHz) C,(pF} } 1y (2}
A 350 2 100 5
B 400 5 100 10
C 500 2 50 5
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*D7.63 Asimplified high-frequency equivalent cirguit of a common-emitter amplifier is
shown in Figure P7.63. The input signal 15 coupted into the amplifier through Cpy, the
output signal is coupled to the load through Ce, and the amplifier provides a midband
gain of }4,,] and an upper 3 dB frequency of j;. Compare this single-stage amplifier
design to one in which three amplifier stages are used between the signai and load. In the
three-stage amplifier, assume all parameters are the same, except g, for each stage is
one-third that of the single-stage amplifier. Compare the midband gains and the band-
widihs.

-Rg CCI:

+

v, ke

I
I
1
1
|
1
A
T
I
|

o ATnplifier stage ——-

Figure P7.63







Output Stages and Power Amplifiers

8.0 PREVIEW

In previous chapters, we dealt mainly with small-signal voltage gains. current
gains. and impedance characteristics. In this chapier. we analyze and design
circuits that deliver a specified power to a load. We will, therefore, be con-
cerned with power dissipation in transistors, especially m the output stage since
the aulput stage must deliver the signal power. Linearity in the output signal is
sill a priority, however. A figure of merit for the output stage linearity char-
actenstic 1s the total harmonic distortion that is present.

Initially, we will look at the characteristics of power BJTs and MOSFETs.
Such characieristics include the current, voltage, and power ratings of these
devices, as well as the safe operating ar¢a. The heat generated in these rransis-
tors from power dissipation must be removed 1n order to limit the device
temperature 1o a specified maximum rated value. This maximum device tem-
perature is a lunction of the thermal resistance between the transistor and the
ambient and determines the maximum safe operating power of the transistor.

Ome important aspect in the design of power amplifiers is that it delivers
the spectfied power to the lpad efficiently. Power amplifiers are classified
according to the percent of time the output transistors are conducting, Three
principal clusses of power amplifiers are analyzed. In our discussion, we will
determine the maximum possible conversion efficiency for each type of power
amplhfier.

An often-used output stage for power amplifiers, called a class-AB circuit,
uses complementary pairs of transistors. We will analyze several configurations
of this type ol oulput stage, in both BIT and MOSFET configurations. One
principal goal of this chapter is that the reader will be able to understand the
characteristics of a class AB output stage and design one to meet particular
specifications.

81 POWER AMPLIFIERS

A multistage amplifier may be required to deliver a large amount of power to a
passive foad. This power may be in the form of a large current delivered to a
relatively small load resistance such as an audio speaker, or may be in the form
of a large voltage delivered to a relatively large load resistance such as in a
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switching power supply. The output stage of the power amplifier must be
designed to meet the power requirements. In this chapter, we are interested
only in power amplifiers using BJTs or MOSFETS, and will not consider other
types of power electronics that. for example, use thyristors.

Two important functions of the output stage are to provide a low output
resistance so that it can deliver the signal power to the load without loss of gain
and to maintain linearity in the output signal. A low output resistance impites
the use of emitter-follower or sousce-follower circuit configurations. A measure
of the linearity of the output signal is the total harmonic distortion (THD). This
figure of merit is the rms value of the harmonic components of the output signa,
excluding the fundamental. expressed as a percentage ol Lhe fundamental.

A particular concern in the design of the output stage is to deliver the
required signal power to the load efficiently. This specification implies thai
the power dissipated in the transistors of the outpul stage should be as small
as possible. The output transistors must be capable of delivering the required
current to the load, und must be capable of sustaining the required outpul
voltage.

We will initially discuss power transistors and will then consider several
output stages of power amplifiers,

8.2 POWERTRANSISTORS

In our previous discussions. we have ignored any physical transistor limitations
in terms of maximum current, voltage, and power. We implicitly assumed that
the tramsistors were capable of handling the current and voltage, and could
handle the power dissipated within the transistor withoul suffering any
damage.

However, since we are now discussing power amplifiers, we must be con-
cerned with transistor limitations. The limitations irvolve: maximum rated
current (on the order of amperes), maximum rated voltage (on the order of
100 V), and maximumn rated power (on the order of watls or tens of watts).! We
will consider these effects in the BJT and then in the MOSFET. The maximtm
power limitation is related to the maximum allowed temperature of the lran-
sistor, which in turn is a function of the rate at which heat is removed. We will
therefore briefly consider heat sinks and heat flow.

821 Power BJTs

Power transistors are large-area devices. Because of differences in geometry
and doping concentrations, their propertics tend 1o vary from these of the
small-signal devices. Table 8.1 compares the parameters of a general-purposc
small-signal BJT to those of two power BJTs. The current gain is generally
smaller in the power transistors, typically in the range of 20 10 100, and may be
a strong lunction of collector current und temperature, Figure 8.1 shows typi-
cal current gain versus collector current characteristics for the 2N3055 power

'We must note that, in general. the maximum rated current and maximum rated voltage cannol
oocur al the same time,
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Table 8.1 Comparison of the charactetistics and maximum ralings of a small-signal and
power BUT

Parameter Small-Signsl BJT Power BIT Power
{IN2222IA) (23055 BT
(2NGOTE)
Vl—flzmillj (V) 40 it 250
{-{man) (A) 0.8 15 7
FPrimax) (W) jal T = 25°C) 1.2 115 45
B 35-100 5 .20 12 70
[ (MHz) 3N 0.8 i
[LLI] —
Common emutter -]
S Vep=4V 1
) Tr=100°C ; H
i o 25 | [T
3 100 = ==
===
E» T
=4 b
8 HQ :
5 | 7
3 1 T
o0 o0 0l 03 1 3 0

Collector current /- (A)

Figure8.1 Typical d bela characteristics {hee versus i) for 2N3055

BIT at various temperaiures. At high current kevels, the current gain lends to
drop off sipnificantly, and parasitic resistances in the base and collector regions
may become significant, affecting the transistor terminal characteristics.

The maximum rated collector current /...« may be related to: the max-
imum current that the wires connecting the semiconductor 10 the external
terminals can handle; the collector current at which the current gain falls
below a minimum specified value; or the current that leads to the maximum
power dissipation when the transistor is in saturation.

The matimum voltage firitation in & BJIT s generally associated with
avalanche breakdown in the reverse-biased base-collector junction. In the
common-emitter configuration, the breakdown voltage mechanism also in-
volves the transistor gain, as well as the breakdown phenomenon on the pn
junction. Typical I versus ¥¢p characteristics are shown in Figure §.2. The
breakdown voltage when the base terminal is open circuited (/g = 0) is Ve,
From the data in Figure 8.2, this value is approximately 130 V.

When the transistor is biased in the active region, the collector current
begins to increase significantly before breakdown voltage Vegp is reached,
and all the curves tend to merge to the same collector-emitter voltage once
breakdown has occurred. The voltage al which these curves merge is denoted
Vepsey and is the minimum voltage necessary to sustain the transistor in
breakdown. From the data in Figure 8.2, the value of Vg, is approximately
{15V

471
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P

Collector cutrent I+ {mA)

— b aw

Base current fy= 0 A :

0 20 40 60 8 100 120 140
Collecton-lo-ermimier voltage Yrp (V)

Figure 8.2 Typical collector current versus collector—emitier vollage characieristics of a
bipotar transistor, showing breakdown effects .

Another breakdown effect is called second breakdown, which occurs in a
BIT operating at high voltage and a fairly high current. Slight nonuniformities
in current density produce local regions of increased heating that decreases the
resistance of the semiconductor material, which in turn increases the current in
those regions. This effect results in positive feedback. and the current continues
to in¢rease, producing a further increase in temperature, until the semiconduc-
tor material may actually melt, creating a short circuit between the collector
and enutter and preducing a4 permanent failure.

The instantaneous power dissipation in a BIT is given by

pl? = l’c-EII(' + 'i'lqE?rB (31]

The base ¢urrent i1s generally much smaller than the collector current; there-
fore, to a good approximation, the instantaneous power dissipation is

Po = Yopic (8.2)

The average power, which is found by integrating Equation (3.2) over one ¢ycle
of the signal, is

SR i <A _
PQI?‘L 1'("£I'('df {83)

The average power dissipated in a BJT must be kept below a specified
maximum value, to ensure that the temperature of the device remains below
a maximum value, If we assume that the collector current and collector—emitter
voltage are d¢ quantities, then at the maximum rated power P for the transis-
tor, we can write

Pr=Veele ' 8.4

The maximum current, voltage, and power limitations can be illustrated on
the /- versus Vg characteristics, as shown in Figure 8.3. The average power
limitation P is a hyperbola described by Equation (8.4). The region where the
transistor can be operated safely is known as the safe operating area (SOA) and
is bounded by Jc sy, Vegsusy, Pr. and the transistor’s second breakdown
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Figure 3.3 The sale operating area of a bipolar transistor plotted on: (a) linear scales and
{B) kgarithmic scales

charactenistics curve. Figure 8.2(a) shows the safe operating area, using linear
current and voltage scales; Figure 8.3(b} shows the same characteristics using
logarithmic scales.

The i—v; operating point may move momentarily outside the safe oper-
ating area without damaging the transistor, but this depends on how lar the Q-
point moves outside the area and for how long. For our purposes, we will
assume that the device must remain within the safe operating area at all times.

100w

Example £.1 Objective: Determine the required current, voltage, and power rat-
ings of a power BJT.

Consider the commoen-emitter circuit in Figure 8.4, The parameters are By = §Q
and Vcc' =MV

Solution: For Fep =0, the maximum collector current is

foimax) = %:%: 1A

For [i- = 0, the maximum collector-emitier voltage is
Feplmax) = Ve = 24V

The load line is given by
Veg = Voo — IRy

and must remain within the safe operating arca, as shown in Figure 8.5,
The transistor power dissipation is therefore

Pr=Veele = (Ve = e R = Vecle — IRy

The current at which the maximum power occurs is found by setting the derivative of
this equation equal 1o zero as follows:
dPy

d_;c\ =0= VC{‘—H,:'RL

¥er

1]
Yo

f

=

Figure B.4 Figure jor
Example 8.1
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RGY

[

0 12 B VeV

Figure 8,5 OC lvad line within the safe operaling area

which yields
Ve B
T AT
The C-E voltage at the maximum power point is
Vep = Vee = IcRy =24 — (1.5)(8) = 12V

1L5A

The maximum power dissipation in the trarsistor occurs at the center of the load line.
The maximum transister power dissipation is therefore

Pr=Veele = 12(1.5) = 18W

Comment To find a transistor for a given application, safety factors are normally
nsed. For this example, a transistor with a current rating greater than 3 A, a voliage
rating greater than 24 V, and a power rating greater than {8 W would be required.

Power transistors, which are designed to handle large currents, require
large emnitter areas to maintain reasonable current densities. These transistors
are usually designed with narrow emitter widths to minimize the parasitic base
resistance, and may be fabricated as an interdigitated structure, a3 shown in
Figure 8.6. Also, emitter ballast resistors, which are small resistors in each
emitler leg, are usually incorporated in the design. These resistors help main-
tain equal currents in each B-E junction.

8.22 Power MOSFETs

Table 82 lists the basic parameters of two n-channel power MOSFETSs. The
drain currents are in the ampere range and the breakdown voltages are in the
hundreds of volts range. These transistors must also operate within a safe
operating area as discussed for the BJTs.

Table 8.2 Characleristics of two power MOSFETs

Parameter INGTET INGT92
Fpsimax) (V) 150 400
ipimax) (a1 T =25"C) § 2
Pp (W) 15 2
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Figure 8.6 An interdigitated bipotar transistor struciure showing the top view and cross-
sectional view

Power MOSFETSs differ from bipolar power transistors both in operating
principles and performance. The superior performance charactenstics of power
MOSFETs are: faster switching times, no second breakdown, and stable gamn
and response time over a wide temperaturc range. Figure 8.7(a} shows the
ransconductance of the 2N6757 versus temperature. The variation with tem-
perature of the MOSFET transconductance is less than the variation in the
BJT current gain shown in Figure £.1.

io
10 80 s pulse test | /
= ' T Vpe=15V |
E i -1 s 3 |
E L <
= T,= 3% 3 |
g B 1T, - 25°C § ‘T
3| 141 ¥ j'_rj=+|2sl°c
g 7 r,=125°C £ L T=25°C [y
% & ) T,=-55°C 1
e 2 Vo= 15V Pl
| 8D s pukie st /|
0 2 4 L] B 10 0 1 2 ¥ 4 5 6 7
Dirain curvent Jp (A) Galeo-saurces voltage (V)
(&) v

Flgure B.T Typical characteristics for high-power MOSFETs: (a) transconguctance versus
drzin curen!; {b) transter charactanstice
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Also, since a MOSFET is a high imput impedance, voltage-controlled
device, the drive circuitey is simpler. The gate of a 10A power MOSFET
may be driven by the output of a standard logic circuit. In contrast, if the
current gam o a 10 A BIT is § = 10, then a base ¢urrent of 1 A is required for a
collector current of 10A. However, this reguired input current is much larger
than the output drive capability of most logic circuits, which means that the
drive circuitry for power BJTs is more complicated.

The MOSFET is a majority carrier device. Majority carrier mobility
decreases with increasing termperature, which makes the semiconductor more
resistive. This means that MOSFETs are more immune to the thermat runaway
effects and second breakdown phenomena experienced in bipolars. Figure
8.7(b) shows typical I, versus ¥y characteristics at several teraperatures,
clearly demonstrating that at high current levels, the current actually decreases
with increasing temperature, for a given gate-to-source voltage.

Power MOSFETSs are often manufactured by a vertical or double-diffused
nrocess, catled VMOS or DMGOS, respectively, The ¢ross section of a VMOS
device 15 shown in Figure 8.8(a) and the cross section of the DMOS device is
shown in Figure 8.8(b). The DMOS process can be used to produce a large
number of closely packed hexagonal cells on a single silicon chip, as shown in
Figure 8.8(c}. Also, such MOSFETs can be paralleled to form large-area
devices, without the need of an equivalent emitter ballast resistance (o equalize
the current density. A single power MOSFET chip may contatn as many as
25,000 paralleled cells.

Multyple sourcecells Silicon gate
inerconnected by
meia'.'ui{atim

Muluple
source cells

n* (
Drinn - ﬁmin = metallization
(=) {1)] (€}

Figure 8.8 {a) Cross section of a VMOS device: |b) cross section of DMOS devics;
{ch HEXFET struciure

Since the path between the drain and the source is essentially resistive, the
on resistamce ry{on) is an important parameter in the power capability of a
MOSFET. Figure 8.9 shows a typical rq(on) characteristic as 2 function of
drain current. Values in the tens of milliohm range have been obtained.
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Vg =20V

RD_;{W j- measured with curzent
puise of 2.0 s duration
inilial T, =253 “C (heating
effect of 2.0 prs pulse is mnimal)

R b5t on;- dRAIM-0-300r0e ON resislance (£
=
-
T

* 1 L | | |
10 0 k(] L] 50 (i) H
Ip. drain current (A}

Figure 8.9 Typical drain-to-source rasistance versus drain current characterishics of 2
MOSFET

8.2.3 Heat Sinks

The power dissipated in a transistor increases its internal temperature above
the ambicnt temperature. If the device or junction temperature T, becomes ton
high., the transistor may sufier permanent damage. Special precautions must be
taken in packaging power transistors and in providing heat sinks so that heat
can be conducted from the transistor. Figures 8.00(a) and (b) show two pack-
aging schemes, and Figure 8.10{¢) shows a lypical heat sink.

{a) {b) {c)

Figure 8.10 Two packaging schemes: (a) and (b} lor power Iransistors and {c) typical heat
sink

To design a heat sink for a power transistor, we must first consider the
concept of thermal resistance 6, which has unils of "C/W. The temperature
difference, 75 — 7). across an element with a thermal resistance 0 is

T Ty = P 8.5)

where P 13 the thermal power through the element. Temperature difference is

the electrical analog of voltage, and power or heat flow is the electrical analog
of current,
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Figura 8.11 Elacirical
equivalent circuit for heat flow
from the device to the
ambient
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Manufacturers’ data sheets for power devices generally give the maximum
operating junction or device temperature T,,.. and the thermal resistance
from the junction to the case 9, = Hdw_me.z By definition, the thermal resis-
tance between the case and heat sink is 8,450, a0d between the heat sink an
ambient is Bgp_amn-

The temperature difference between the device and the ambient can now be
written as follows. when a heat sink is used:

wa = Tamh =] P.‘l(f}dc\--acam + Bﬂlﬂ—inl +H5n|:—arnh} (8.6}

where P is the power dissipated in the device. Equation (8.6) may also be
modeled by its equivalent electrical elements, as shown in Figure 8.11. The
temperature difference across the clements, such as the case and heat sink, 1s
the dissipated power Py multiplied by the applicable thermal resistance, which
i$ O yeesnk TOT this example.

If a heat sink is not used, the temperature difference between the device
and ambient is written as

Td-ev - Tnmh = PI){Hdu\r-—q:ase + B e amb) (8.7

where 8., _amp 15 the thermal resistance between the case and ambient.

Example 8.2 Objective: Determine themaximum power dissipation ina iransistor.
Consider a power MOSFET for which the thermal resistance parameters are:

Bievmcse = 1.75 €W Base—snk = | "C/W

Hsnk—amh =5C/W Feasc-amp = 50 'C/W

The ambient temperature is Topp = 30°C. and the maxmum junction or device tem-
perature is T, oy = Ty = 150°C,

Solytlon: When 1o heat sink 1s used, the maximum device power dissipation is found
from Equation (8.7} as
Timax — Tzmp 150 - 30

= =232W
Baovwcase T Fase—umh 1.75+ 50

Ppma =

When a heat sink is used, the maximum device power dissipation 5 found from
Equation (B.6) as

T}"max - Ta mh

Pﬂ = To
i Hd:v—{asc + Beyse—son T 3Sﬂk—iﬂ11h

150 — 30
= —— . W
135+ 145 e

Comment  These results illustrate that the use of a heat sink allows more power to be
dissipated in the device, while keeping the device temperature at or below 1ts maximum
Jimnit.,

I this shor1 discussion, we wse 4 more descriptive subscript notation to help clarify the discussion,
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The maximum safe power dissipation in a device is a function of: (1) the
temperature difference between the junction and case, and (2) the thermal
resistance between the device and the case Ay _cyee- OT

Pomax = T’—:u‘éi 8.8

dev —case

A plot of Pp ax versus T, called the power derating curve of the tran-
sistor, ts shown in Figure 8.12. The termperature at which the power derating
curve crosses Lhe horizontal axis corresponds 1o 7)., Al this temperature, no
additional temperature rise in the device can be tolerated; therefore, the
atlowed power dissipation must be zero, which implies a zero input signal.

PD. o

P raed

Toc=25°C -T; mun Toase
Flgure B.12 A power deraling curve

The rated power of a device is generally defined as the power at which the
device reaches its maximum temperature, while the case temperature remains at
room or ambient lemperature, that is, T, = 25°C. Maintaining the case at
ambient temperature implies that the thermal resistance between the case and
ambien! is zero, or that an infinite hear sink is used. However, with nonzero
values of G0k 8N By _ams, [he case iemperature rises above the ambient,
and the maximum rated power of the device cannot be achieved. This effect can
be seen by examining the equivalent circuit model i Figure 8.11. If the device
temperature is at its maximum allowed value of Tye = Tjpg,. then as T
increases, the temperature difference across fyey.cqse decreases, which means
that the power through the element must decrease.
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Example 8.3 oObjective: Determine the maximum safe power dissipation in a
transisior.

Consider a BIT with a rated power of 20 W and @ maximum junction emperature
Of T, max = 175°C. The transistor is mounted on a heat sink with parameters Oeye sy =
1 °C/W and 8, _ b = S"C/W.

Solution: From Eguation (8.8), the device-to-case thermal resistance is

Toma —Toc 17525
Bd.:v-«cme = = 20

=T75°C/W
Pp rawd
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From Equation {8.6), the maxmmum power dissipation is

PD 5 T:i.rna: = Tamb
.mai =
Baev—cass T Fase —nk T Bink -amb
_ 175-25 LI W
BEEE A
Comment: The actual maximum safe power dissipation in a device may be less than

the rated value. This occurs when the case temperature cannot be held at the ambient
temperature, because of the nonzero thermal resistance factors batween the case and
ambient.

Van

& -'nl Rp

+

v, _I vﬂ.\'

Figure 8.13 Figuws for
Exarcize 8.1 and Example 8.4

+Vc'l'

FVC['

Figure 8.14 Figure for
Exercise B.3

Test Your Understanding

8.1 Consider the common-source circuil shown in Figure 8.13. The parameters aee
Rp =208 and Vpp = 24V, Determine the required current, voltage, and power ratings
of the MOSFET. (Ans. Ipimax) = L2 A, Fpslmax) = 24V, Ppitmax) = 7.2 W)

8.2 Assume that the BJT in the common-emitier circoit shown in Figure 8.4 has
limiting factors of: e = 28, Vegag = S0V, and Pr = 10W. Neglecting second
breakdown effects, determine the minimum value of R; such that the @-point of
the transistor always stays within the sale operating area for: (a) Ve =30V, and
{b} ¥ = 15V, 1n ¢ach case. determine the maximutn collector curreat and maxmum
transisior power dissipation. (Ans. (a) Ry =225Q, L = 1.33A, Pyna = 10W
(b) Ry = 7.5 Tepma = 2A, Pomax = 75W)

8.3 For the emitter-follower cireuit in Figure 8.14, the parameiers are Ve = 10V
and Rg = 2008, The transistor current gain is § = 150, and the current and voltage
limitations are /¢ yax = 200mA and ¥egigen = 50V. Determine the minimum transistor
power rating such that the tvansistor {-point is always inside the safe operating area.
(Ans. Py = 0.5W)

8.4 A power MOSFET with 84, = 3"C/W is operating wilh an average drain
current of i = | A and an average drain-source veltage of Fps = 12V, The device is
mounted on a heat sink with parameters By oon = 4°C/W and g ooy = | "C/W. IE
the ambient temperature is Fome = 25 °C, determine the temperature of the: (a) device.
(b) case, and {c) heat sink. (Ans. (a) 121°C (b) $3°C ic) 73°C)

8.5 The rated power of a power BIT is Pp aee = S0W, the mazimum allowed junc-
tion temperature is T} o, = 200°C, and the ambient temperature is 7o = 25°C. The
thermal resistance between the heat sink and air is &4 _ame = 2 °C/W, and that between
the case and heat sink is 8, ok = 0.5 °C/W. Find the maximum safe power dissipation
and the temperature of the case. (Ans, Pp oy =29.2W, T = 98°C0)

8.3 CLASSES OF AMPLIFIERS

Power amplifiers are classified according to the percent of time the output
transistors are conducting, or “turned on.” The four principal classifications
are: class A, class B, class AB, and class C. These classifications are illustrated
in Figure 8.15, for a sinusoidal input signal. In class-A operation, an ocutput
transistor is biased at a quiescent current 7, and conducts for the entire cycle of
the input signal. For class-B operation, an output transisior conducts for only
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Figure 8,15 Collector current versus time characteristics: (a) class-A amglifier, {b) cless-B
ampdlified, {c) class-AB amplifier, and (d} class-C amplitier

one-half of each sine wave input cycle. In class-AB operation, an output tran-
sistor is biased at & small quiescent current Iy and conducts for slightly more
than half a cycle. In contrast, in ¢lass-C operation an output transistor conducts
for less than haif a cycle. We will analyze the biasing, load lines, and efficiency
of each class of power amplifier.

83.1  Class-A Operation

The small-signal amplifiers considered in Chapters 4 and 6 were all biased for
class-A operation. A basic common-emitter configuration is shown in Figure
8.16(a). The bias cireuitry has been omitted, for convenience. Also, in this
standard ciass-A amplifier configuration, no inductors or transformers are used.

The dc load line is shown in Figure 8.16(b). The {-point i3 assumed 1o be
in the center of the load line, so that Vegg = Vo /2. If a sinusoidal input signal

lc k
Time
V
cc Aep
r ; P,
: 1 Q2
i Co
Cl Ri a dc Yoad Tine
Yecleg
W,
* e Veo YeE :
¥i Ly
= l'rim.- :
0
’3 T
(4) (b)

Figure 8.18  {g) Common-emitier ampiifier, (b} de load Hne, and (c} instaniansous power
dissipation versiss time In the transistor - :
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is applied, sinusoidal variations are induced in the collector current and
collector—emitter voltage. The absolute possible vaniations are shown in the
figure, although values of vcp = 0 and i = 2ipg cannot actually be attained.

The instantaneous power dissipation in the transistor, neglecting the base
current, is

Po = Ycele 3.9

For a sinusoidal input signal, the collector current and collector-emitter voltage
can be written

fc = deo + Lsmwi (3.10(a}
and

V _
vop = -20—‘ — ¥, sinot (8.10(b))

If we consider the absolute possible variations, then J, = Iogand ¥V, = Vee/2
Therefore, the instantaneous power dissipation in the tranmsistor, from
Equation (8.9), is
Vecleg
==z U

Po — s5in” o) (8.11)

Figure 8.16(c} is a plot of the instantaneous transistor power dissipation.
Since the maximum power dissipation correspends (o the quiescent value (see
Figure 8.5), the transistor must be capable of handling a continuous power
dissipation of Vrelog/2 when the input signal is zero.

The power conversion efficiency is defined as

_signal load power (P,)
~ supply power(P)

(8.12)

where P, is the average ac power delivered to the load and Py is the average
power supplied by the ¥~ power source(s). For the standard class-A amplifier
and sinusoidal input signals, the average ac power delivered to the load is
(})¥,1,. Using the absolute possible variations, we have

Putman = (1) (226 Juepr = 252 ®.13
The average power supplied by the ¥ source is
Po=Veedeg (8.14)
The maximum attainable conversion ¢fficiency is therefore
n(max) = M—C!Cg = 25% (8.15
Veclep

We maost keep in mind that the maximum possible conversion efficiency may
change when a load is connected to the output of the amplifier. This efficiency
is relatively low; therefore, standard class-A amplifiers are normalty not nsed
when signal powers greater than approximately 1 W are required.

Design Pointer: We must emphasize that in practice, a maximum signal
voltage of Vpc/2 and a maximum signal current of f¢p are not possible. The
output signal voliage must be limited to smaller values in order to avoid
transistor saturation and cutofl, and the resulting nonlincar distortion. The
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calcutation for the maximum possible efficiency also neglects power dissipation
in the bias circuitry. Consequently, the realistic maximum conversion efficiency
it a standard chass-A amplifier is on the order of 20 percent ot less,

Exampie 8.4 Objective: Calcuiate the actual efficiency of a class-A oulput stage.
Consider the common-source circuit in Figure 8.13. The circuit parameters are
Vop = 10V and Rp = 5k, and the transistor parameters are: K, =1mA/V",
Vin = 1V, and & = 0, Assume the output voltage swing is fimited to the range between
the transition point and vpg = 9V, 1o minitnize nonlinear distortion.
Sciution:  The load kine is given by
Vpg=Vpp~ IpRp
Al the tcansition point, we have
Fops(sat) = Vg ~ Vyw
and
Iy = K(Vgx = Vo)
Combining these expresssons, the transition point is determined from
Foysat) = Vpp — K, Rp l’f)s(sat)
or
(1) ¥ ps(sat) + Vpgisat) = 10 = 0
which viclds
Fpglsal) = 132V

" To oblain the maximum symmeirical swing under the conditions specified, we want the
Q-point midway between Vpo =132V and Ve =9V, or

Vpsg = 506V
The maximum a¢ component of voltage across the load resistor is ther
v, = 384 simen

and the average power delivered to the load is

-

P, —-:ﬁ*;"—)= 14T mW
The quiescent drain current is found to be
- 5]:_5& = 0.958 mA

The average power supplied by the Vg, source is
Py = Vpplpe = (10)(0.968) = 9.68 mW
and the power conversion efficiency, from Equation (8.12), 15

P, 147 "
—= = 2%
R 7, 91‘.'8:']52 (]

Commant: By limiting the swing in the drain—source voltage, to avoid nonsaturation
and cutoff and the resuliing nonlinear distortion, we reduce the output stage power
conversion efficiency considerably, compared to the theoretical maximum possible value
of 25 percent for the standard class-A amplifier.
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Class-A operation also applies to the emitter-follower, common-base,
source-follower, and common-gate configurations. As previously stated, the
circuits considered in Figures 8.13 and 8.16(a) are standard class-A amplifiers
in that a0 inductors ot transformers are used. Later in this chapter, we will
analyze inductively coupled and transformer-coupled power amplifiers that
also operate in the class-A mode. We will show that, for these circuits, the
maximum conversion efficiency is 50 percent.

Test Your Understanding

8.8 Consider the common-emitter output stage shown in Figure B.16{a). Let
Fee =15V and R; = 1k, and assume the @-point is in the center of the load line.
{a) Find the quiescent power dissipated in the transisior. {b) If the sinusoidal output
signal is limited 10 2 13V peak-to-peak value, determine: the average signal power
delivered to the load, the power conversion efficiency, and the average power dissipated
in the transistor. (Ans. {a} Pp=563mW (b} P, =2L1mW, n=18.7%. Fp=
352 mW)

Figure 8.97  Figure for Exercise 8.7

*8.Y For the common-source circuit shown in Figure 8.17, the O-point is Fpgp =4 V.
(a) Find /4. (b) The minimum value of the instantaneous drain current must be no less
than {‘IJE)IDQ’ and the minimum value of the instantaneous drain-source voltage must be
no less than v = 1.5 V. Determine the maximum peak-to-peak amplitude of a symme-
trical sinusoidal output voltage. {c) For the conditions of part (b}, calculate the power
conversion efficiency, where the signal power is the power delivered to ;. (Ans. (a)
Ipp = 60mA (b) ¥,_, = 50V (c) P = 31.25mW. p = 5.2%)

832 Class-B Operation

Figure 8,18 shows an output stage that consists of a complementary pair of
bipolar transistors. When the input voltage is v; =0, both Iransistors are cut
off and the output voliage is vy = 0. If we assume a B-E cut-in voltage of
0.6 V, then Lhe output voltage v, remains zero as long as the input voltage is in
the range —0.6 < vy < +0.6V.

If v; becomes positive and is greater than 0.6V, then @, turns on and
operates as an emitter follower. The load current iy is positive and is supplied
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through Q,, and the B-E junction of {0, is reverse biased. If v; becomes negative
by more than 0.6V, then O, turns on and operaies as an emiiter follower.
Transistor @, is a sink for the load current, which means that /; 1s negative.
This circuit is called 2 complementary push—pull output stage. Transistor @,
conducts during the positive half of the input cycle, and @, conducts during the
negative half-cycle. The transistors do not both conduct at the same time.

Crossover Distortion

Figure 8.19 shows the voitage transfer characteristics for this circuit. When
either transistor is conducting, the voltage gain, which is the slope of the curve,
is essentially unity as a result of the emitter follower. Also, there is a range of
input voltage around zero volts where both transistors are cut off and vy i
zero. This portion of the curve is called the dead band, and it produces a
crossover distortion, as illustrated in Figure 8.20, for a sinuosidal input signal.
{(Crossover distortion can be virtually eliminated by biasing both 0, and @,
with a small quiescent collector current when v, is zero. This techique is dis-
cussed in the next section.)

v-l

Qy

2, f'r.l K

V-

Figura 8.18 Basic
complemaitary push-pull
output stage

Vo Vo
@, conducting
a, cuoff 1
= 1
Boons il
I L b Py e
-0 0.6 vy [ i
| ]
{2, cenducting Saone =1 c:
"'Q,t cutoff A | i )
C ] I
] |
*
!
Flgure 8.19  Voltaga Iransfer ¢characteristics of basic Figure B.20 Crossover distortion of basic complemeniary
somplomentary push—pull oulput siage push—pull oulput siage

Example 8.5 oObjective: Determine the total harmonic distortion (THD) of the
class B complementary push-pull output stage in Figure 8.18.

A PSpice analysis was performed, which yielded the harmonic content of the out-
put signal.

Solutlon: A 1 kHz sinusoidal signal with an ampiitude of 2V was apptied to the input
of the circuit shown in Figure 8,18. The circuit was biased at £10'V. The transistors used
in the circuit were 2N3904 npn and 2M3906 pnp devices, A | k2 load was connected to
the putput.

The harmonic content for the first nine harmonics is shown in Table 8.3, We see
thal the output is rich in odd harmonics with the 3kHz third harmonic being 18 percent
as large as the ) kHz principal output signal. The total harmonic distottion is 19.7
percent, which ia large.
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Table 8.3 Hammonic content for Example 8.5

Frequency (Hz) Fourler component Normalized compopent  Phase (degrees)
1.0G0E+03 1.151E+0Q0 1.00CE+00 -1.626E-01
2.000E+Q3 6.313E-03 5.485E-03 -9.322E401
3.000E+03 2.103E-01 1.827E-01 -1.793E+02
4.000E+03 4.984E-03 4.331E-03 -9.728E+01
5.000E+33 8.064E-02 ?.006E-D2 ~1.792E+02
6.000E+03 1.456E-03 3.003E-03 -9, TD2E+0L
7.000E+03 2.835E-02 2.464E-02 1.770E+02
8.000E+02 2.019E-03 1.754E-03 -8.029E+01
9,.000E+G3 6.672E~03 5.803E-0) 1,472E+4Q2

TOTAL HARMONWIC DISTORTION

1.974893E+01 PERCENT

Comment: These results show the obvious effects of the dead band region. If the input
signal amplirude increases, the total harmonic distortion decreases, but if the amplitude
decreases, the toial harmonic distortion will increase above the |9 percent value.

Power Efficiency

If we consider an idealized version of the circuit in Figure 8.18 in which the
base-emitter turn-on voltages are zero, then ¢ach transistor would conduct for
exactly one-half cycle of the sinusoidal input signal. This circuit would be a
class-B outpul stage, and the output voltage and load current would be replicas
of the input signal. The collector-emitter voltages would aiso show the same
sinusoidal variation,

Figure 2.21 illustrates the applicable dc load line. The Q-point is at zero
collector current, or at cutoff for both transistors. The quiescent power dis-
sipation in each transistor s then 2ero.

The output voltage for this idealized class-B outpul stage can be written

v = ¥psinwi (8.16)

QF conducting
Ver
R;
0 fcp

Vo
l Time

—

Figure 8,21 Efiective load line of the class-B output stage
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where the maximum possible value of V, is Ve
The instantaneous power dissipation in Q, is

Pon = YOEniCn (8.17)
and the collector current is

) Vo .
iy = == SiN ! (8.18(a2))
Ry
for 0 < wit <=, and
fog =0 (8.18(b))

for & < wi < 2n, where V, 1s the peak output voltage.
From Figure 8.21, we see that the collector—emitter voltage can be written

as
Yign = Vf'(' - VpSinWJ {8.19)
Therefore, the total instantaneous power dissipation in g, is
v ;
Poe = Voo = V,sinwi) (ﬁﬁ sin -:uf) (8.20)
L

for 0 < i <, and

Pign = 0
for 7 < wi < 2. The average power dissipation is therefore
VeeV, Vi
JTR{_ 4RL ]
The average power dissipation in transistor §, is exactly the same as that for
0, because of symmetry.

A plot of the average power dissipation in each transistor, as a function of
V,, is shown in Figure 8.22. The power dissipation first increases with increas-
ing output vollage, reaches a maximum, and finally decreases with increasing

V,. We determine the maximum average power dissipation by setting the de-
rivative of Pg, with respect to ¥, equal to zero, producing

Pow = 8.21)

- 2
Pou(max) = uz‘; (8.22)
L
Fon
ﬁ,@' [ma)t} ————————————
|
1
I |
1 |
| |
| 1
l |
| 1
i y
0 [ Veo ¥,

T

Figure8.22 Average power dissipation in aach transistos versus psak output voltage for
class-B ouiput stage
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which occurs when

2;”(‘(‘
Vol guiman) = 7 (8.23)
The average power delivered to the load is
-
P, =—.-1L
L=3'R, (8.24)

Since the current supplied by each power supply is half a sine wave, the average
current s ¥, /(nR;). The average power supplied by each source is therefore

= e Vv,
Ps,=Ps_ = V(‘C'(;r_R': (8.25)

and the total average power supplied by the two sources is

Fo =2V, Vo 8.26)
s = CC(;R—L) (8.26)
From Equation (8.12), the conversion efficiency is
|V
2R __x VY -
n= ) ( VP ) = 3 V(-f- (&273
nR;

The maximum possible efficiency, which occurs when V, = ¥, is
n(max) =§ = 78.5% (8.28)

This maximum efficiency value is substantially larger than that of the standard
class-A amplifier.

From Equation (8.24), we find the maximum possible average power that
can be delivered to the load, as follows:

P(max) = - - £ {8.29)

The actual conversion efficiency obtained in practice is less than the max-
imum value because of other circuit losses, and because the peak oulpul volt-
age must remain less than Vo 1o avoid transistor saturation. As the output
voltage amplitude increases, output signal distortion also increases. To limit
this distortion 10 an acceptable level, the peak output voltage is usually limited
to several volis below V. From Figure 8.22 and Equation (8.23), we see thau
the maximum transistor power dissipation occurs when ¥, = 2¥cc/m. At this
peak output vollage, the conversion efficiency of the class-B amplifier 1s, from
Equation (8.27),

_ Fi g _ n 2VCC)_1 F
n_‘ch.Vp_(‘ch)*( r g =
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Test Your Understanding

8.8 Design an tdealized class-B output stage, as shown in Figure 8.18, 1o deliver an
average of 25W to an 8 Q2 speaker. The peak output voltage must be no larger than 80
percent of supply voltages V.. Determine: (a) the required value of ¥¢e, (b) the peak
cugrent in each transisior, {c) the average power dissipated in cach transistor, and {d) the
power conversion efficiency. (Ans. (@) Ve = 25V (DM, = 25A ) Pa=T4W () 5 =
62.8%0)

8.9 For the idealized class-B output stage shown in Figure 8.18, the parameters are
Voo =5V and R, = 1002, The measured output signal is v, = 4 sin ¢ (V). Determine:
(a) the average signal load power, (b) the peak current in each transistor, (c) the average
power dissipated in each transistor, and (d) the power conversion efficiency. (Ans.
(a) P, = 80 mW (b} f, = 40mA (¢) P = 23.7mW (<) 5 = 62.8%)

8.3.3 Class-AB Qperation

Crossover distortion can be virtually eliminated by applying 2 smail quiescent
bias on each output transistor, for a zero input signal. This is called a class-AB
output stage and is shown schematically in the circuit in Figure 8.23, 1f @, and
@, are matched, then for v; =0, Vpp/2 is applied to the B-E junction of Q,,
V gs/2 s applied to the E-B junction of 0, and vy = 0. The quiescent coliector
cufrents in each transistor are given by

5 ; VaudV
ey = b = [se" T (83D

As v increases, the voltage at the base of @, increases and v, increases.
Transistor Q, operates asan emitter follower, supplying the load current to R,
The output voltage is given by

¥o = vy + %Bﬁ = V3En (8.32)

Vo

Figure 823 Bipoiar clewe-AB outpot stage
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and the collector current of (2, (neglecting base currents) is
fen = jL + l:c".. {833)

Since iq, must increase to supply the load current, vyg, increases. Assuming Vyg
fernains constant, as vpe, increases, vgg, decreases resulting in a decrease in icy-

As v; goes negative, the voltage at the base of (7, decreases and vy
decreases. Transistor , operates as an emitter follower, sinking current
from the load. As i, increases, vgp, increases, causing a decrease in vgpg,
and '.Crr'

Figure 8.24(a) shows the voltage transfer charactenstics for this class-AB
output stage. If vpe, and v, do not change significantly, then the voltage gain,
or the slope of the transfer curve, is essentially unity. A sinusoidal input signal
voltage and the resulting collector currents and lead current are shewn in
Figures 8.24(b), (c), and (d). Each transistor conducts for more than one-
half cycle, which is the definition of class-AB operation.

There is a relationship between i, and i, We know that

Vags + Vegy = Vg (8.34(a))
which can be written
: . I
Ve[ <) + vy !n(’—"ﬂ) = ZVTIn(ﬂ) (8.34(b))
Iy Is Ig
Combining terms in Equation (8.34(b)), we find
icaicy = Tig (8.35)
Pa ¥r

(Voo =~ Veelaat) -
Shope = |

0
b x\-/n: ]

(a) (b}

- Voo~ Vectsal)

e} (d)

Figurs 8.24 Characteristics of o ciass-AB output stage: (4) voitage iransfer curve,
{b) sinusoidal input sigral, (5} colector currents, and {d) output curunt
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The product of i, and ic, is a cosntant; therefore, if i¢, increases, i,
decreases, but does not go Lo zero.

Since, for a zero input signal, quiescent collector currents exist in the out-
put transistors, the average power supplied by each source and the average
power dissipated in cach transistor are larger than for a class-B configuration,
This means that the power conversion efficiency for a class-AB output stage is
less than that for an idealized class-B circuit. In addition, the required power
handling capability of the transistors in a class-AB circuit must be slightly
larger than in a class-B circuit, However, since the quiescent collector currents
Iy are usually small compared to the peak current, this increase in power
dissipation is not great, The advantage of eliminating crossover distortion in
the class-AB output stage greatly outweighs the slight disadvantage of reduced
conversion efficiency and increased power dissipation.
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Example 8.6 Objectiver Detertnine the total harmeonic distortion (THD) of the
class AB complementary push-pull output stape shown in Figure 8.23.

A PSpice analysis was performed, which yielded the harmonic content of the out-
put signal.

Solution: A 1 kHz sinusoidal signal with an amplitude of 2V was applied to the input
of the circuit. The bias voltages V72 were varied. The circuit was biased at 210V and
a | k$2 oad was connecied to the output. Shown in Table 8 4 are the Fpg/2 bias voltages
applied, the quiescent transistor currents. and the total harmonic distartion (THD),

Tahle 8.4 Cuiescent collector currents and
Inal hamonlke distortion of ciass-AB Grouil

Vit (V) frp (mA) THD (%)
EXC1 Q048 122

0.65 033 0.244
010 2.1 0 D068
ars 13.3 00028

Discussion: With a peak input voltage of 2V and a | k{2 lead, the peak load current is
on the order of 2mA. From the resulis shown in Table 8.4, the THD decreases as the
ratio of quiescent transistor current to peak load current increases. In other words, for a
given input voitage, the smaller the variation in collector current when the signal is
applied comparcd to the quiescent cellsctor current, the stnaller the distortion.
However, there is a trade-ofl. As the quiescent transistor current increases, the power
efficiency is reduced. The circuit should be designed such that the transistor quiescent
current is the smallest value while meeting the maximum total harmonic distortion
specification,

Comment  We sce that the class-AB cuiput stage results in a much smaller THD value
than the ctass-B circuit, but as with most circuits, there are no uniquely specified bias
valtupes,
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A class-AB output stage using enhancement-mode MOSFETs is shown in
Figure 8.25. If M, and M, are matched, and if v; = 0, then ¥z,/2 is applied
across the gate-source terminals of M, and the source-gate terminals of M.
The quiescent drain currents established in each transistor are given by

2
ioa =ion = Iog = K12~ 1¥71) .36

As v, increases, the voltage at the gate of M, increases and v, increases.
Transistor M, operates as a source foliower, supplying the load current (o Ry,
Since ip, must increase to supply the load cumrent, veg, must also increase.
Assuming ¥pp remains constant, an increase in v, implies a decrease 1n vgg,
and a resulting decrease in ip,. As v, goes negative, the voliage at the base of
M, decreases and v, decreases, Transistor M, then operates as a source fol-
lower, sinking current from the load.

Example 8.7 Objective: Determing the required biasing in 3 MOSFET class-AB
cutput stage.

The circuit is shown in Figure 8.25. The parameters are Vpp =0V and Ry =
204 The transistors are matched, and the parameters are K =020 A/V' and
Wyl =1 V. The quiescent drain current is 1o be 20 percent of the load current when
b = 5V,

-‘.
A
Y1
E’_"! v

Figure 8.25 MOSFET class-AB ouipist stage

solutton;  For v, =5V,
§ =5/10 =025A
Then, for f; =0.05 A when vg = 0, we have
_ Ve N Vas )1

which yields
Vas/l = 150V
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The input voltage for vp positive is

Vip
¥ = Vo + VGs, -3

For vo =5¥ and ip, 2 J; = 0.25A, we have

l .25
Vosa = +|Vr|_‘020+l—212\f'
The source-to-gate voltage of M, is
1'5{;{, = Vgg = V(;gu =3-212= 0.83V
which means that M, is cut off and ip, = i;. Finally, the input voltage is
n=5+212-15=562V

Comment: Since v; > vy, the voltage gain of this output stage is less than unity, as
expected.

Voltage Vgp can be established in a MOSFET class-AB cirenit by using
additional enhancement-mode MOSFETs and a constant current Ip,,. This
will be considered in a problem at the end of the chapier.

Test Your Understanding

*8.40 Consider the MOSFET class-AB output stage shown in Figure 3.23, with the
circuit and fransisior parameters as given in Example $.7. Let Vpp = 3.0V. Determine
the small-signal voltage gain 4, = dvg/dv; evaluated at: (a) vp =0, and (b) vy = 5.0V,
(Ans. (2) 4, = 0.889 (b} 4, = 0.899)

8.3.4 Class-C Operalion

The transistor circuit ac load line, including an extension beyond cutoff, is
shown in Figure 8.26. For class-C operation, the transistor has a reverse-biased
B-F voltage at the Q-point. This effect is illustrated in Figure 8.26. Note that

-

ac loed line ‘ !
extended

Q-point

-

Flgure$.26 Eflective ac load ine of A cess-C amplifier
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i

the collector current is not negative, but is zero at the quiescent point. The
transistor conducts only when the input signal becomes sufficiently positive
during its positive half-cycle. The transistor (herefore conducts for less than
a half-cycle, which defines class-C operation.

Class-C amplifiers are capable of providing large amounts of power, with
conversion efficiencies larger than 78.5 percent. These amplifiers are normally
used for radio-lrequency (RF} circuits, with tuned RLC loads that are com-
monly used in radio and television transmitters, The RLC circuits convert drive
current pulses into sinusoidal signals. Since this is a specialized area, we will
not analyzz these circuits here.

84 CLASS-APOWER AMPLIFIERS

The standard class-A amplifier was analyzed previously, and the maximum
possible power conversion efficiency was found to be 25 percent, This conver-
sion efficiency can be increased with the use of inductors and transformets.

8.4.1  Inductively Coupled Amplifier

Delivering a large power to a load generally requires both a Jarge voltage and a
high current. In a common-emitter circuit, this requirement can be met by
replacing the collector resistor witk an inductor, as shown m Figure 3.27(a).
The inductor is a short circuit to a de current, bul acts as an open circuit to an
ac signal operating at a sufficiently high frequency. The entire ac current is
therefore coupled to the load. We assume that ol > R, at the lowest signal
frequency.

The dc and ac load lines are shown in Figure 8.27(b). We assume that the
resistance of the inductor is negligible, and that the emitter resistor vatue
is small. The quiescent collector—emitter voltage is then approximately ¥Vegg
2 V. The ac collector current 1s

p=— (8.37)

ic
24
£y |
de losd hne, slope = — —
- A
2 E a¢ load line. slope = - }_:
3
Yer Wee vy
@ )

Flgure 8.27 {a) Inductivaly couplad ciase-A amplifer and () dc and ac load lines
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To obtain the maximum symmetrical cutput-signal swing, which will in
turn produce the maximum power, we want

leg & W (8.38)

For this condition, the ac load line intersects the vz axis at 2V .

The use of an inductor or storage device results in an output ac voltage
swing that is larger than V. The polarity of the induced voltage across the
inductor may be such that the voltage adds to Ve, producing an output
voltage that is larger than Ve

The absolute maximum amplitude of the signal current in the load is I¢;
therefore, the maximum possible average signal power delivered to the load is

- ]

1V
Pyfmax) = 5 LS

IEoR =% X 8.39
cefe =37 (8.39}
If we neglect the power dissipation in the bias resistors Ky and K3, the average
power supplied by the Ve source is

= Ve

Pe=Veeleg= RLf (8.40)

The maximum possible power conversion efficiency is then

L Vi
- L M
ponax) = L) _2 R 1, ghe (8.41)
Ps Vee 2
Ry

This demonstrates that, in a standard class-A amplifier, replacing the collector
resistor with an inducior doubles the maximum possible power conversion
efficiency.

8.4.2 Transformer-Coupled Common-Emitter Amplifier

The design of an inductively coupled amplifier to achieve high power conver-
sion efficiency may be difficult, depending on the relationship between the
supply voltage Ve and the load resistance R;. The effective load resistance
can be optimized by using a transformer with the proper turns ratio.

Figure 8.28(a) shows a common-emitter amplifiec with a transformer-
coupled load in the collector circuil.

The dc and ac load lines are shown in Figure 8.28(b). If we neglect any
resistance in the transformer and assume that R is small, the quiescent
collector-emitter voltage is

Vegp = Vee
The transformed load resistance is

R, =a'R, _ | 8.42)
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dc load line, slope =— i
Py Re

e s b
a Ioa/d line, slope = E

:c_[—ioo

Voo =¥ee v

(8} (b)
Figure 8.20 (a) Transformer-coupled common-amitter ampiifier and (b} de and ac load lines

where a is the ratio of primary to secondary turns, or simply the turns ratio.
The turns ratio is designed to produce the maximum symmetrical swing in the
output current and voltage; therefore,

. 2V V.
gl Y gp
Zf(Q f('Q
The maximum average power delivered to the load is equal to the max-

imum sverage power delivered to the primary of the ideal transformer, as
follows:

(8.43)

e 1
PL(]TI.EX) = E l"('(‘f('{] {844}

where Ve and I are the maximum possible amplitudes of the sinuscidal
signals. If we neglect the power dissipation in the bias resistors Ry and R,, the
average power supplied by the ¥ source ts

'—DS = Vft"cg
and the maximum possible power conversion efficiency is again
p{max) = 50%

Test Your Understanding

*D8.11 For the inductively coupled amplifier shown in Figure 8.27(a), the param-
eters are: Voe = 12V, Vaglon) = 0.7V, R; =0.1kS2, R, = L.5kS2, and g =75. (a)
Design Ry and R, for maximum symmetrical swing in the output current and voltage.
(Let Rpy = {1+ BIRe.) () If the peak output voltage amplitude is limited to 0.9V,
and the peak cutput current amplitude is limited to 0.9/p, determine the average power
delivered to the load, the average power dissipated in the transistor, and the power
conversion efficiency. {Ans. {a) R, =39.1kQ, R, =943k (b) P, = 38.9mW,
Py = 57.1mW, 5 = 40.5%)
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8.4.3 Transformer-Coupled Emitter-Follower Amplifier

Since the emitter follower has a low output impedance, it is often used as the
output stage of an amplifier. A transformer-coupled emitter follower is shown
in Figure 8.29(a). The dc and ac load lines are shown in Figure 8.29(b). As
before, the resistance of the transformer is assumed to be negligible.

de load line
1
v, actoadlin:,slupe=4F
/ £
= Yee Wee v
(a) (o)

Figure8.20 {a) Translomer-coupled emittar-follower ampéfier and (b} d¢ and ac load les

The transformed load resistance is again R} = a*R;. By correctly design-
ing the {urns ratio, we can achieve the maximum symmetrical swing in the
output voltage and current,

The average power delivered (o the ioad is

(8.45)

LIRS

T)Lz

|
2
where V, is the peak amplitude of the sinusoidal output voltage. The maximum
peak amplitude of the emiiter voltage is Ve, 5o that the maximum peak
amplitude of the output signal is

Vi(max) = Veefa

The maximum average output signal power is therefore

1 [Vy(max)f _ VEe
Ry 2a°R,

P (max) = (8.46)

[EE ]

The maximum power conversion efficiency for this circuit is also 50 percent.
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Design Example 8.8 Objective: Design a transformer-coupled  emitter-
follower amplifier 1o deliver a specified signal power.

Consider the circuit shown in Figure 8.2%(a), with parameters Voo = 24V and
R, =18 The average power delivered 1o the load is to be W, the peak amplitude
of the signal emitter current is to be no more than 0.9, and that of the signal emitter
voltage is 10 be no more than 0.9Fc. Let § = 100,

Solutlon: The average power delivered to the load is given by Equation (843). The
peak output voltage must therefore be

V, = y2R Py = J2B)S) = 8.94V
and the peak output current is
Vv, 8.94

= ft=—=1.1
b=g = 2A
Since
V, =09V = aV,
then
_09Fcc (09028 _
a= VF-, =, .42
Also, since
f‘. - 0:9!("9 p—] I’P{rﬂ
then '
I 1, 1.12
. (P R
lee =555 (0.9)(2.42) 1A

The maximum power dissipated in the transistor, for this class-A operation, 1§
Py = Vecleg = (24)0514) = 123 W
so the transistor must be capable of handling this power.
Bias resistors &, and R; are found from a dc analysis. The Thevenin equivalent
voltage is
Fru = IppRry + Vselon)
where
Rru=RIR, and Vo =[RyAR + R2)]-Ver
We also have
» fc_@ . 0.514
T s T 100
Sinee Fry < Ve and fgg = 3mA, then Ryy cannot be unduly large. However, if

Ryy is small, then the power dissipation in &, and R, becomes unacceptably high. We
choose Ry = 2.5k, so that

= 5.14mA

L
Vg = (R Wee = = (2.5)(24) = (5.1402.5) + 0.7
R R,
Therefore, R, = 4.43k$ and R; = 5.74k§L

Comment: The average power delivered by V¢ (neglecting bias resistor effects) is
Ps = Veclep = 123W. which means that the power conversion efficiency is » =
5/12.3 = 40.7%. The efficiency will always be [ess than the 50% maximum value, il
transistor saturation and distortion are to be minimized.
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Test Your Understanding

*PB.12 A transformer-coupled emitter-follower amplifier is shown in Figure 8.29(a).
The parameters are: Vee =18V, Fyglon) =07V, §=100, a= 10, and R, =80
{a) Design R, and Ry to deliver the maximum power to the load. The input resistance
seen by the v, source is to be 1.5 k2. (b) If the peak amplitude of the emitter voltage v, is
timited 10 0.9V, and the peak amplitude of the emitler current iy is limited to 0.9/,
determine the muximum amplitude of the cutput signal voltage, and the average power
dclivered_to the load. (Ans. (a} Ry = 26.4kQ. Ry = 1.62kQ (b) V, = .62V, I =
203mA. P, =0.164W)

85 CLASS-ABPUSH-PULL COMPLEMENTARY OUTPUT
STAGES

A class-AB ouput stage ¢liminates the crossover disiortion that occurs in a
class-B circuit. In this section, we will analyze several circuits that provide a
small quiescent bias to the output transistors. Such circuits are used as the
output stage of power amplifiers, as well as the output stage of operational
amplifiers, and will be discussed in Chapter 13,

8.5.1  Class-AB Output Stage with Diode Biasing

In a class-AB circuit, the Vgp voltage that provides the quiescent bias for the
outpul transistors can be established by voltage drops across diodes, as shown
in Figure 8.30. A constant current fg,, is used to establish the required voltage
across the pair of diodes, or the diode-connected transistors, D, and D;. Since
Dy and D are not necessarily matched with @, and Q,, the quiescent transistor
currents may not be equal to fgy,.

As the input voltage increases, the oulput voltage increases, causing an
merease in ip,. This in turn produces an increasc in the base current ig,. Since

Figure 8.30 Class-AB output siage with quioscent bias established by diodes
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the increase base current is supplied by fg,., the current through Dy and D,,
and hence the voltage Vg, decreases slightly. Since vollage Vg does not
remain constant in this circuit, the relationship between i, and i¢,, as given
by Equation {8.35), is not precisely valid for this situation. The analysis in the
previous section must therefore be modified slightly, but the basic operation of
this class-AB circuit is the same.

Design Example 8.9 Objective: Design the class-AB output stage in Figure
8.30 1o meet specific design criteria.
Assume Isp =3 x 107¥ A for D, and D;, Isg =107 A for @, and @,, and
=B, =75 Let Ry = 8Q. The average power delivered to the load is 10 be SW.
The peak output voltage is to be no more Lhan &0 percent of Fee, and the minimum
value of diode current fp is to be no less than SmA.

Solution: The average power delivered to the load, from Equation (8.24}, s
¥
Ry

1
Pg_ = 5 )
Therefore,

V, = 2R, P, = JABN5) = 894V

The supply voltages must then be
K, #.54

£

= =—=112%¥
Vee=58~ 0%

At this peak output voliage, the emitter current of ¢, is approximately equal Lo the load

current, or

Fg(max) %
Ry B

ig, = f(max) = =L12A

and the base current is

, e 112
=" 4?mA
=Tin" 7%

For a minimum fp = 5mA, we ¢an choose fy,. = 20mA. For a zero input signal,
neglecting base currents, we find that

-3
Vg = w,m("f‘)_z(ouzﬁ)] Eo—’fﬂﬁ = 1416V
T 10

The quiescent collector currents are then

;q? - ;SQeU’nfzwr = |01 AU L g7 g A

For vp = 894V and i; = 1.12A. the base current is ig, = 14.7 mA. and
ID = IBias = i&n =5ImA

The new value of ¥; is then

=3
Vis=2V:in ;") 2(0026)1;1(53"!;_" )_:.347v



