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Answers to Selected Problems

Chapter 1
1.1 (@) () 1.9x10% em™,
(i) 871 x 10%m™
by () 134 x 100 em™,
(i 1.63x 10" cm™?
1.3 (a) n-type:m, =5 10" cm™?,

[.6

.10

Po =45 x 10 cm™
(b ntypern, =5 x 107 em™,

p, =648 x 1077 cm™?
(a} Add donors, N; =7 x 10 em ™,
(b} T =2324K

(@ p,=10"em™ 0, =324 x 10 cm ™,

(b) w=n,+m=10"m > p=
P +8p=101x10"¢m™

For Ny = 10M%cm™> and N, = 10" e~
¥, =0637V; For N;=10"%em™ and
N,=10%cm™, v, = 0817V

(a) f,=8.38MHz
(b) /, = 13.2MHz

@ 0430V; (b) 0549V

2.83 x 103

(a) Ip=0.145pA, Vp =0.046V
(by Ip=-30nA, Vy=-12V
/= |81V

(a) 1p=00267mA, V=07V

In, =0.65mA, Ip; = 1.30mA,
R| = 2.351(9

1.35 (a)and (b)v; = 1.30mV (peak-to-peak)
1.37 0.599V; 0209V
141 (a) V,=15685V,
(b) ﬁV(j = 0039V,
{c} Vop=5658¥
143 (a) 6921V; (b} -0.13V
Chapter 2
24  {a) 606, (b) 1.38; PIV=257V for
{a), PIV = 100.7 ¥ for {b}
28 R=1.194, 32.25%, 18W
211 304V
213 (@) I =263mA, I, =450mA,
I, =188 mA
(b) R;=2kQ
(¢} Ry =585Q
215 (a) AV, =0815V, (b) 4.08%
218 R, =182%, C =9900pF
221 (@) vo=vforQ =y <57V,
Yo =5"!5-+3,42 for .7 < v <15V
(b) ip=0for0 =y <57V,
- 0.6v,—3.42 for
T Tk
57=v <15V
2.33 (ﬂ] I = ‘IDI =IDE =1, Vo = [0V

(b} -Im = 0, I= ng = 0.94mA,
Vo = 107V
1203
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© Ip =0,7=1)=04mA, 328 3197V
el 331 R, =338k, R, = 38.7kQ. R = 649kQ
(d) 7=0964mA, ' e PRt SORRERE B
Ipy = Ipy = 0482 mA, 334 (a) lgp=00624mA, fcy = 4.68mA,
Vo = 0.342V V(‘EQ = 522 V,
2.35 (a) VI =69V, VI =-0.6V, l'b:l IBQ = 0.0326 mA, ICQ =4.39mA.
I = 1.25mA, Ip, =0, Veeg =481y
5 1:93 =£fffm£ - 337 fop =441mA, Veep =6V, Re = 1.26kQ
Iy =083 mA, 140 Jop = 2.73mA, Vg = 6V,
Ipy = 0.107mA. Ipy = 0 R, =23.2kQ, R, = 2.83k8
(C) V] =44V, Vz = ~06V, 3.43 {a) IBQ = 0.0214mA, !CQ = .60 mA.
R] = IOkﬂ, .R: = Skﬁ, L/ECQ = ISEV,
Ry =293k (b) Igp =0.0161mA, Jcp = 1.61 mA.
Veen =151V
238 (a) Ip =0.86mA, Vp=0; ecg = 5.1
) Ip=0,Vog=-35TV 346 R; = 490kQ, R, =724k,

R; = 509k, designed using B = 60.
240 (a) Ip=0, ¥p=-25V,

(b) Ip=0.19mA, Vp=06V 349 (a) Rpy=6.67kQ Viy =167V,
S (b} Iap = 0.593mA, og = 3.56mA.
243 fa) Vo =Vo =5V Ve=276V, Fe= =217V
(b) Vg =06V, Vo =12V, _
© B ,,z; 12V 352 (a) Rpy =S4Tk Vyy=—3.03V,
al ’ (B og = 022TmA, Vegy =751V
35 g = l6mA, !BI = 0.0444 mA,

fey = 3.56 mA, T = 0.259 mA
Chapler 3 . C2 v TE1 ;
hapt Iy =0.0032mA, I =0256mA

31 (a) B =85, oy = 09884,

ip = 516pA Chapter 4
) :3 r .?i’g,f;f 0.9815, 41 (@) g.=T69mA/V, r, =2.4kQ,
BT r, =75k,
34 - = 1.85mA, iy = 00154mA, (B) g, = 19.2mA/V, r, =9.36kR,
i = 1.865mA r, = 300kQ
3? ISI = 169 x IGFIBA, 132 — 694 x 10_15 A, 44 415 < Em E SOBHIA,{V1
Is1/I5; = 24.35 1.58 < r, < 2.89kQ
310 606 47 (a) Vg=—0034TV, ¥y =—0.735V,
314 Ry =120k, I = 1.05mA, (b) Re=6483kQ, () Ay =-837,
Rc = 238k (d) Ay =-74.9
316 (a) Ig=0,¥V-=6V, 410 (a) g = 1.19mA, Vpep =842V,
{(b) Ip=03ImA, V=3V (b) Ay =-194,
{c) Ig=13mA, V=15V (©) 1.76 <|Ay| < 2.14
31¢ Vp= 119V, I =049mA 413 (a) Rp=11.0kQ, (b) R-=3.71kR,
3122 Ve=-07V, Vo=284V (€} Ay =-439, (d} R, =481kQ

325 I =1In=05mA, Vo = Ve =3V 4.06 (a) 39.0 <|Ay| <432,



4.19

4.25
4,28
4.31

4.33

4.37

4.40

144

4.47

4.53

4.56

4359

(b) 164 <R =213k,
(¢) 3.70 = R, =3.85kQ

|2

3.24V peak-to-peak

Fo

0.342 mA peak-to-peak

Aic (peak-to-peak) = 1.29 mA,
Aver (peak-to-peak) = 2.58V

(a) ICQ =200 H'I.A, VCEQ =369V,
() Ap=10988,

(dy Ry =122kQ, R, =1228Q

(a) Icg=0.650mA, Veco =301V,
(© Ay =0977, 4, =461,

(d) R, =882k, R, = 38.7R2,

(€) 421 < A, <505

(a) Fg=00617V, Ve =0.762V,;
() g, = 19mA/V, r, = 421k,

r, = 304 kS2;

©) A, = 0906,
A =148, (d) A, =0.728,
A, =148

(@) Icg=146mA, Vg =175V
(b) R,=193kQ; ic) A, =260
(@) Vp=05V, V=120V,

VC == ],?0 V,
(b) Ap =936, (¢) R, =495Q

{2) gu =82TMA/Y, ry = 2.34kQ,
gn2 = 485 MA/V, 1 = 2.06k§2,
Fat = Fg3 = 00,

(b) Ay, = —854, Ay, = ~97,

(c) Ay =138%

(a) Ioy = 128pA, Veg = 511V,
fer = 1.29mA, Vep, =581V,

(b) Ay =—552,

©) R, =744k, R, = 22kQ

(a) PRE = 1.66 mW, P.RC'= 13.0mW,

Py =7.0mW,

(@) Ppc=702mW, Py =2.65mW,

Answers (o Selested Problems

(b) ERL = 0,290 mw,

1205

Ppe =00289mW, Py = 233 mW

Chapier 5

51 (a) 306mA, (b) 2.81mA

54 W/L =9375

57 121pm

510 (a) Vsp(sat)=1V,Ip =0.12mA

5.13
516
5.19

522
525

528
531

534
537
5.40
543
5.46
5.49

5.52

5.5%
5.58

(b) Vsplsaty =2V, Ip = 0.48mA
© Vsp(sa) =3V, Ip = 1.0BmA

181k, 63.7k82, 100V
1.24 V2 -

Vpg = 535- V

For example, let W/L = 10, then
VSG = 4V, Rs = Skg, RD =5 kg,
R, =100k, R, = 150kQ2

RD = Skg, RS = ZBGRQ

Rp = 4k Let W/L = 10, then
Rs=3.94kQ

(W/L), = 3.23

20.3

Ip =0.49mA, W/L =0.731

Vps > Vps(sat) = —Vp, Ip = Ipgs
Vpp < =25V, V= —1.06V

VGSQ - -‘1.!?\", IDQ - 5.35!11}\,
VﬂSQ= ?.13\’

Rp =09k, R, = 8.6k,
R, =91.4kQ

RD = l?SkQ, ID = !.055 =4mA
128 pA/V?

Chapter 6

6.1

(a) 125, (b) 221V

64 0.83ImA
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6.6

6.10
6.13
.16

6.19

6.26

6.30

6.33

6.36

6.39
6.42
6.43

6.48

6.53

Appendin F

(a) Rp=38kQ WL =116,

(b) g,.=0835mA/V, r, =133kQ,
) —63

2.1 mAJY

(b) —2.88, {(c) 276V peak-to-peak
@ Rs=05kQ Ipg=1.0mA,

(by —1.33

K, = 0202mA/ V>, Vpy = =2.65V.
RD - 1.23 kﬂ, RS ::0-101(9,

R, = 529kQ, R, = 123k

(No load) Ay = 0.995, R, = 0.249k;
{(With load) 4, = 0905, R, = 0.226kQ

(a) 47.0. (b} 3.13mA
(a}) 1002, (b 1002
(H} IDQ s 6365 iTIA, VDSQ =4.53 V,

(b) g = 209MA/V, 7, = o0,
c) Ay =464

(1) Rg =220kQ, Rp=1.07 ko,
by Ay, =474

0.936 k%2
(@ 0731, (b) 040kD

(0} R, =545kQ, R; = 1L.5OME,

(b) !DQI =0.269mA, fg@g ={0.5mA,
VD‘SQl = 4.62 \",
(©) Ay =0714, R, = 125kQ

(a) R, = 38.8kQ, R, =35k,

Ry =20.2k%2, Rp =0.6kE2,
{(by Ay =-536
(a) Tpp=142mA, Vgpp = 1.9V,
(b) Ay =084, 4, =418,
(¢) 5.8V peak-to-peak

Chapter 7

7.1

1.5

(€ v(n=1-e RO

(@) 15 = (R + Rp)Cs = 040s,
tp = (RUIRp}Cpr = 037515

(b) f, = 0.398 Hz, fy = 424kHz,
1T lggax = 7.5k82

7.8

7.1
T3

7.16

.19
.22

7.25
7.31
7.33
737
7.41
7.44

7.47

1.50

{a) |4yl =159;

(b) z5 (open circuit) = 531 ms, 1p
(short circnit) = 0.332 ps;

(c) C-=0932uF, €, =553pF

(@) 959Hz, (b) |4, =6.70

() Rg =259k, Ry = 4.4] k2,
(t} 1.89uF

(a) IDQ = 1.3 mA, VSDQ =368V,
&n = 2.068MAV r, =00

(b} For Cgy, 15 = 2.28ms; For Cgs,
5 = 51.2ms

() Cr dominates; f;_4g = 3.1 Hz

CC' =456 I.IF

(a) Cp=5T2yF,
(b) f~199.7Hz f, = 0.55 Hz

Cp= 121 pF

Jr=311MHz, f; =4.26 MHz

(a) fa=13.3MHz, (b} f=199MHz
fi, = 540Hz. fiy = 344kHz

(a) rs =198 (B) 12%

(1) C,=221pF. Cy = 27.7pF,
®) [y = 3.06MHz, 4, = —19.5

(a) fy=104MHz, (b} Cu =18.2pF,
() A4, =-466

S = 17.9MHz, 4, =0.863

Chapler 8

8.2

8.5

89
8.11
8.13

(a) RLI?.ZQ, RB= IIZRQ,
(b) 9.38, 30, 39.4, 10.8, .16 W,
ic) Yes
Tyer = 136°C, Toue = 101°C, T, =85°C
Pp=10W
{a) Ip=9.8mA, R=949%,
ipp{max) = 19.6 mA,
ig(min) =0, iy {max) = 2.8 mA,
i (min) = =% & mA,
(b) 16.3%
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8.16

B.19

8.21
8.24

829

8.33

(2) vo(max) =8V i; = 1.6 mA,
v =10V,

(b) 62.7%

(@) Vgp=5V, P =5SmW,

(b) v.imax) =8V, i; =ip, = 8mA,
fgp = ﬂ, v = 9.5V, PL =64mW,
‘PMH = l6mW, PMP =0

(@) 200 pA/V2

P, (max) = 112.5mW, R, = 40.4k,

R, = 13.3kQ

(a) Sel V', - 0.9 V(‘c - EJ'VP, [hﬁﬂ

a=2.86;

() Pp=495W

R = 46.4kS

Chapter ¢

9.2

9.5
2.7

9.11%
9.15
9.19

2.20
9.24

927
9.31
9.34
9.37
940
9.43

(a} A, =-10, R, = 10k&;
by A, =-5RK=10kQ,
(¢) A,=-20, R, =5kQ

Ry = IMQ, R, = 33.3kf2

(1) vp = -1 snw(mV),

(b) i = 10sinot (pA),
i, = =37.5sinwr{pA),
ip = —47.5sinwl{pA)

(@) 450kR, (b) 495MQ
@) —1996V, (b) +1.99%6V

@) vy = 2667V,
(b) Vi3 = {iS'ZSV

R, = 20kS, Ry = 160k, R, =80k

() Ry = 10kS,
(b} vp=03125V, 4.6875V

R =8kQ, Ry, = T2kQ
4,=3

R,
Yo = —Vor = !+E /
) Rsz1.1kQ
R2=R3='lkg,selR|=Rp=1kﬂ
V11=2.5V

Answers in Selected Problems 1207

S.47
9.50

953

Ry = 1.52k&, Potentiometer ~ 300 k2

(a) f = 31.8Hz, Phase = —90",
(b} f=159Hz, I59Hz
‘RZ jf-UR|C]
A, =—-= "

1
l.b) A1'=_£2_9 {C} f:

Chapter 10

10.2
10.5
10.7

10.11

10.14
10.17
10.20
10.23
10.25

10.29

10.32

10.35

16.38

10.41

10.44
10.47

Iy =y = 962pA, g = Ig = 19.2pA
Iner = 0.54mA, R, = 7.96 kD

() R =93k, (b) Ip=2mA,
(€ Rer = 465k

(a) I = 1.OmA, /; = |.5mA;

(b) I =025mA, I; =0.75mA;
€) I =0.167mA, I, = 0.333mA
fape = 0.500392mA, R, = 17.19k
Tese = 100053 mA, R, =9.295k
(a) 0.466mA. (b) 400Q

Ro = 12.8MQ, 0.936%

VBEI = 0;681 V, {REF =0482 mA,
Io = 3? |.I.A, VEEl = GST?V

R£2 = lOi? kg, REJ = 2.44 kﬂ,
R =18.6k%2,
Virs =0.598V, Vg = 06268V

@) Ip = 4.64mA, oy = 2.32mA,
[03 = 6.96mA,

(b} RCI ~21kQ, RQ = 4k, Rey >
1.34k2

(a) 0475 <y <0.525mA,

(b) 0451 =l =055l mA

(W/L), = 3.125, (W/L), = 125,
(WL =02

(W/L}; = 20, (W/L), = 60,
(W/L); = 0.986

"REF = fg =0.714mA, Vgsz(sat) =086V

(b) From a PSpice analysis,
Aln = 0.052pA
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10.50 !REF = 89-5 IJ.A, !] = l?gj,lA,
L =112pA, L =TLOpA, I, =358 pA
1052 (a) ip=2.5mA, (b) ip=3ImA,
€} {pH=35mA
10.56 {a} VBE = 0.5208 V,
(b) R, =8.96k%,
€} ¥VF;=4462V,
id) 4,=-1846
1060 4, =-—4447
Chapter 11

11.1  (a) Rg=12kQ, R, =4kQ;
(€} vou(max) =4V, voplmin) = -8V
115 {a) (i) OV, (i) -01V
(b (i) 0.768V, {ii) 0.758V
118 (a) Rp=62kQ,
(b} A;=710, A, = ~0.398,
CMMR,p = 45dB
() Riy=704%kQ, R, =628MQ
(a) R,y =468kR,
{b) R, =43.lMQ
{a} Rp=475kQ, R; = 13.75kQ,
IQ = {1 = 24|}|.I.A
(b) &y =13pA

1125 (@) vwy=1V, (B vipe =158V
11.30 v, (max) =6V
1136 (a} [o=1mA, Ry =6k0Q,

(B gp(max) = 0.25mA/V,

(c) A4;,=15
1141 (2) Ag==2307,
11.44 (a) Ip=2pA,

(C) Ad = 641
11.48 (a) VDS3 = VDS‘ =2V,

Vpsi = Vps2 = 10V,

(b) A,=80, (€ R,=400kQ

11.56 (a) A,=288.9

1162 R;=1.05MQ, R,=0472kQ,
A, =—-438

11.18

11.22

(b} R; = 150kQ
(b) Ag=1923,

11.66 (a) Rey =80kQ, By =20k
(b) Ay = -—69.6, 4; = —5352

Chapter 12

121 (a) 1.249 x 1072,

12.4
12.6
12.8
12.11

12.14
12.18
12.22

12.26
12.30

12.34
12.38
12.41

12.45
12.49
12.51

12.55

12.60
12.65

(b) —0.016%, 79.987,
(¢ B=115x%10"2 —1.6%, 78.72

A=45%9
(8) fu =8KkHz,
1000

(8) Ri{max) = 10°kQ, R{min) =12
(b) R,(max) = 10°kg,
R,(min) = 0.1Q

Ry = 500MQ, R, = 0.0219Q

Ry = 10°kQ, R, = 5.04MQ

(3) fc[ = f(_j'z = D.SmA,
fey=2mA  vo=0;

(b) Ay =5.68

Ay =454

{a) rq = 15.8k8, g, = 7T.62mA/[V,
rey = 228k, g0 = 52.7mA/V

(b) Ay =863 (© Ry=45.19Q
Ay =5.33
Ay =98.06mA/V

(a) A,=-341,

(bt) Ay =-850VimA,
{&) Ry =149k,

(d) R, =4.83kQ

Rr = 27.2kS2
T =84.45

(a) fip 2 1.05 x 10° Hz,
(k) B=442x 107"

{c) For g =0.005, system is stable.
Phase margin = 14°
For 8 = 0.05, system is unstable.

B =0.01428
frp = 555Hz

(b) fi = 40kHz



Chapter 13

13.5
13.9

13.12
13.14
13.18
13.22

13.26
13.38
13.41
1343

564V

Icz = ]0.28 ].IA, Icg. = l?l3|..l.A,
Io = 1713 A, Ipq = 0.9345 A,
Tos =9.3451A

Icna= 21.8mA, er15 = 0.071 mA
R, = 30.32kS, R, = 33.96kS

{3) IREF = IQ = fm =§9.2 ].IA..,
() Ay = 141, A, =141, 4, = 19,881

R, =1.26MQ

Z15 < vem < 116V

Ay = 1038, |4, = 1917, 14| = 19,895
Ipss = 0.8 mA

Chapter 14

14.1

14.5
14.8

(a) Acr=—-4.52, Ry = %034

(b) Ac = —4.92, Ry =98.9Q

(© Agp = —4965, Ry =989

@ 4,&1, (b)) Ry,=0020

(a) Ry=99.1%, (B) Ry= 18.4Q,
(©) Ag =065, (4 065

(411 fy_qp = 40Hz, fr = 2MHz

14.14
14.18
14.22
14.26
14.31

14.34
14.37

14.40

froax = 159kHz

637V

10°s

EC!./I-C'Z = [.01 55

(a) Yor = Yoz =05V, vps = -03V,

(b) R,=831kQ, Ry =10kQ,

(C) Yo =Y = 0.1\", Yor = -0.14V

(@) Ry=2048MQ, (b) R, =6k
For(a) vo=9mV,

for (b) vo= —-1.0815V

(a) Circuit a: vp =0, Circuit b:
vo = —0975V

Answers to Selected Problems X9

(b) Circuit a: vp = —0.010V, Circuit
b:vo=—-LI18V

(c) Circuit a: Iy = v =0,
fog -+ Vo= 00125V
Circuit b: 15 = vo = =1.3653V,
Iog = vo = —1.62V

1442 CMRRg, = 37.5dB

Chapter 15

156 N=35

1510 (B) 1A, lmax = 28.3, f, = 5.305kHz,
f, = 5.315kHz, f> = 5.296kHz

1513 (b) R,=524kQ, C, = 0.0T32¢F,
C, = 66.3pF

1515 (a) 10M$2, (b) 1M, () 333kQ

1518 (@) t=60ps, {(b) Avp=0.167V,
© N=78

1521 R=8.12kQ, Ry = 236kQ

|
1535 @ fo= 3 TRRCACr
Ry R4 GCs
®) R RB+CA
1 [oG G
15.29 f"_zarJC,CzL’ Cz—ngL
15.34 VREF‘—" —SV, RF = 10]:1'2,
Ry = 40kS2

15.36 (a) Vyg =2V, Vq =-2V

1540 (b) Ry =190kQ, Vggr =1.579V
1542 (a) R,=12.6kQ, (b) R=3.02k2
1547 (b) Duty cycle = 50%, f, = 25THz
15.52 T = 3.80ms, recovery time =~ 2ms

15.56 627Hz < f <4.81kHz,

522 < dc £667%

R; Ry i

—_— —_— ta L
R, 14, R, 15, Bias voltage
12V, Ip=1A,

Peak output voltage = £10V

15.60



1210

Appendix F

Chapter 16

161

16.5
(6.8
16.11
16.14

16.17
16.20

16.24
16.28

16.33
16.37

16.39

16.43
£6.46
16.50
16.55
16.67

(ﬂ) VSB’: IV#&VTN=03ISV.
Ve = 2V => AVyy = 0.544V

(b) {fp=10.578, 0.384, 0.26TmA

vy = 46TV, v, =267V, vp=109V
599

Viowy = —2.88V

(a) (1) 0, () Ll6mW;
(by (i) 0. (i) BI5pW;
{c) {i} 0, (i) 200pW

(&) () 4.2V, ) 34V

(a) 1.82;

(b} (W/L); =0.444,
(W/L)p = 0.808;

{c) 0.0369V

(B-O)+ 4

(a) V_Jr =25V, VON! =il
Vop,— =33V,
() 4.64V,0.356V

{a) 144.5pA, (b) 99.4uA

V”; =4.125 V, VOHU =9125 V,
NM, = 325V, NMy = 1.25V
{c) 165V

7) =4(7)
Z) =45(~].
(z)-4(%),
(AOR B)ANDC

(b) Vﬂz = (F'_,f OR vB) AND V(_'
6.25ms

(a) 2.5V, (b

Exclusive-OR function

(a) (W/L)=10.329,
(b) 32.8mA, 65.6mW

Cheapter 17

17.1

(a) ig=056mA, vg) =33V,
Vazr = 233\"
() iy =0.76mA, vgy =35V
(e) For vy, =238V, R, =1.47k02

17.4

17.8

i7.10

i7.13

17.15

17.18

17.22

17.26

17.29

Ry = 28k, Rp = 2.1k, Ry = 2.1k,
R, =0.5%0, Ry = 11k,

R, = 0.767 k52,

R('Q = I kQ, R(_‘] e 0.808 kﬂ

(a)
(b)
()

(f)

(a)
{b)
(d)
(&)
(a)
(b}

{a)

(b)
(a)

(a)
(b)

(a)

(b}

(a)
(b)
(c)

AND logic function;

Logic 0 =0V, Logic 1 = 1.8V;

ig = 1.65 mA, fcg =0,

f("z = 1;53 = 3111.1'5“ Vz :0

ipg = 0962mA, ic; = 0,

iy =ig = 2.25mA, V; = 1.8V
Logic | = +0.2V, Logic0 = -02V,
Ry =3kQ, () R =1k,

ip = 0.4 mA, ipr = 0.467 mA,

10.98 mW

Logic | =0V, Logic 0 = —0.4V,
g1 A+ B, ve 1 C+ D,
vor:{(A+B)-(C+ D)

(i) v =08V, i =0.525mA,
f}:f4=0, l-'o:SV

() v =22V, i =035mA,

7, (¢} S

(i) §f =0568ImA,
i"gz =-i2 2,4—‘:133 = I‘J =O,
(i) i = igp = 045mA.,
i = 2.05mA, iy = 0.533mA,
l'.m, =197 mA, f} =2.23mA

ig = 1.05mA, other cuirents =0,
iBl =0.926 mA, [32 =1.59 mA,
icy = 2.05mA,

I:BJ =264 mA, i,('_; = 7.29mA

Vg = IIV‘ "BI = 139mA,
vgr = 0.8V, ig = 0.0394mA,
l'('4 = [.18 mA, Ypa = 4.97 V.
all other currents =0

vg = L1V, vy = 14V,

vpo =07V, v =11V

iBl = IlSmA, fﬂ’l = I+42mA|
gy = 0.00369 A,

l.c‘z = 5.13mA. 1.30 = 6.551|'IA

i = 0.0975mA, P = 04875 mW;
P =198 mwW:
i, & 78 mA



ac equivalent cireuits, 31-35, 317-318; See
afso Analog circuits
for bipolar linear amplifiers, 166-170
sinusoidal analysis of, 31-34
small-signal, 35
ac load line analysis, 200-205
maximum symmetrical swing, 203-205
Acceptor impurity, 7-8
Active filters, 923937
aclive network design, 924-925
appiicaticns and design of, 924-937
general two-pole active filter, 926
higher-order Butterwotth filters, $31-933
swilched-capacilor filter, 933937
two-pols, 926
two-pole high-pass Butterworth filter,
929-91|
two-pole Jow-pass Butterworth filver,
927929
Acirve load, threz-transisior, 691
Active load circuits, small-signal analysis of,
619625
Active load devices, 612
Active loads
hasing and, 577638
diff-amp frequency response with, 704705
differential aenplifiers with, 674683
Active network design, ¥24-925
Active region, 99
Address decoders, 1077-1079
Admittance, 35
Advanced common-emitter amplifier
coneepls, 199-200
Advanced MOSFET active boad circuits,
small-signal analysis of, 623-625
Advanced Schottky TTL circuits, 11551157
Alexander, C. K., 1199
Allen, P. E., 1200
Alternative ECL gates, H128-1131
Amplification factor, 730
Amplifier circuits
BiCMOS operational, 846856
bipolar operational, 820-323
CMOS operational, §39-84%
differential, 11141116
IFET operational, 858-359

Amplifier circuits—Coni,
operational, 817-869
Amplifier frequency response, J84-386
equivalent circuits, 384-333
frequency responss analysis, 185-386
Amplifier function of transistors, 134-137
Amplifier stages, in BICMOS arcuits,
6836688
Amplifiers, 134-137; See alte Op-amps
basic configurations, 185, 188139
BIT, 163242
BIT differential pair, 640663
classes of, 480-494
common-emitier, 43539
cotmon-seurce, 374 334
carrent, 7557672
difference, 543-5417
differential, 629725
differential with active load, 674685
emiiter-follower, 497-499
FET, 313-381
FET differential pair, 263674
high-frequency, 448450
inductavely coupled, 494495
instruementation, 347-550
inverting, 526-534
linear, 163-185
MOSFET, M3-323
multisiage, 639-725
noninverting, $36-539
operational, 521-575, 817-869
power, 469470, 972-%77
Q-point, 134, 139, 144
single-stage integrated circuit MOSFET,
345-355
small-signal MOSFET, 287
source-follower, 334-341
summing, 534-536
transconductance, 761--768
transresistance, 768-778
voltage, 749-755
Analog circuits, 164; See alio ac analysis
Analog electronics, 519-999
Analog signals, and linear BJT amplifiers,
163164
Analysis; See also ac load line analysis, d-
anakysis, Graphical analysis; Multistage
analysis i
of amplifier frequency response, 385-386
af operstional amplifiers, 525-526
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Index

AND function, &1
Anti log amplifier, 555
Applications
of bipolar junction transistars, 131-137
of integrated circuits, 923-999
MOSFET, 281287
nondinear, §53-555
ap-amp, 539-555
Applied gate voliage, 248-249
Architecture, of memories, 1076~ 1077
Arsenic, 7
Aspect ratios, 399
Astable multivibraior, 961, 969-971
Atoms, donor, §
Attenuation, 538
Avalanche breakdown, 20

B-C junction. See Base-collector junction
B-E junction. See Base-emitter junction
Band-reject filter, 925
Bandgap energy, 5
Bandgap material, 36
Bandpass filter, 925
Bandwidih, 395-396
finite, 872
full-power, 891
Bandwidth extension, 734-735: See also
Unity-gain bandwidth
Banzhap, W,, 1201
Barkhausen criterion, 918
Bama, A., 1200
Base, 98
Base-collector junction, 99
Base current, in npn transistor, 101102
Base-emitier junction, 99
Berlin, H. M., 1200
Beta cutolf frequency, 419
Bias circuit, in 741 op-amp, 824-826
Bias combinations of npn transistor, 99
Bias current compensation, 907-
Bias current efTects, 906-907
Bias-independent cument source, 607-608
Bias stability, 142
voltage divider biasing and, 140-145
Rianing, 577638
bipolar transistor, 138147
class-AB, 501-504
constant-current source, 181-283
diode, 499-501
BiCMOS circuits, 686-690, 11571159
basic amplifier stages in, 686-688
current sources for, 688

BiCMOS ciccuits—Conr,
differential amplifier. 683690
inverter, [157-F158
togic, 1158-1139
BiCMOS operational amplifier circuits,
848836
BiCMOS folded cascode op-amp, 849-850
CA314d BICMOS circuit description,
850852
CA2149 dc analysis, 852-853
CA3140 small-signal analysis, 854-556
Bipolar amplifiers
ac load line analysis, 200-203
time-varying signals of, 167, 169
Bipolar circuits, invertar, 133
Bipolar digital circuits, 1113-1171
BICMQS, 11571159
emitter-coupled logic (BCL), E113-1125
modified ECL circuit configurations,
1125-1135
Schotiky transistor-transistor logic,
1149-1157
transistot-transistor logic, 11351149
Bipoiar junction transistors {BJTs)
amplifier, 134-137
breakdown voltage, 111-112
de analysis, 113-131
description, 97-98
digital logic, 133-134
thverse-active mode, 121
saluration mode, 119
switch, 131-133
Bipolar linear amplifiers, 165-185
expanded hybrid-x equivalent circuit, 130

graphical analysis and ac equivalent ciccuit,

L6617
hybrid-5 equivalent circuit, including the
early effect, 176-E79
other smatl-signal parameters and
equivalent circuits, 180185
small-signal hybrid-x equivalent circuit,
170176
Bipolar operational amplifier creuits,
820839
dc analysis of, 82383
described, 820823
frequency response in, RI8-819
small-signal analysis of, §30-827
Bipolar transistor biasing, 138-147
constani-current source biasing, 144147
integrated circuil biasing, 145147
singlz-base resistor biasing, 138-140
voltage divider biasing and bias stability,
140-145
Bipolar transistor current sources, 577598
improved circuits for, 583-589
multitransistor current mirrors for,
595-598
two-transistor, $78-583
Widlar, 589-595



Bipolar transistor inverter circuit, 165
Bipolar transistors, 416416
cutoff frequency in, 420422
expanded hybrid-& equivalent circuits in,
416418
improved current source circuits, 584-587
Miller eifect and Miller capacitance in,
422426
short-circuit cureend gain in, 418—320
small-signat hybrid-x equivalent circuits of,
170-176
Brmstable multivibrator, 951
BJT amplifiers, 163-242
ac load liae analysis of, 200-205
analog signals and linear amplifiers,
163-164
basic configurations, 185, 18%-189
bipolar linear, (65185
collectgr-emitter voltage, 169-17{
common-base, 214-218
common-collectar {emitter-follower),
205-214
common-emitter, 189-200
multistage, 219-224
power considerations, 226-228
summary and comparison of three basic,
218-11%
BIT circoits
de analysis of, 113-131
multistage, 147-150
symbols and conventions for, 105-107
BIT diff-amps, with active load, 674-676
BIT differential pair amplifiers, 540-663
common-mode rejection ratio, 657659
de¢ transfer characteristics, 643-648
differential- and common-mode gains,
65345356
differential- and common-mode input
impedances, 659-663
small-signal equivalent cireuit analysis,
18653
temminology and qualitative description,
640643
BJT Hartley oscillator, %46
BJT operationai amplifier circuit, simplified,
695699
BIT power trapsistors, 470474
BJTs (bipolar junction transistors), 97-161
applications of, 131-137
basics of, 97-113
current-voltage characleristics of, 107-119
nonideal transistor leakage currents and
breakdown voltape for, 110-113
npn iransistor, #9-104
pnp transistor, 1041035
structures of, 98-99
Bode, H. W., 1200
Bade plois
of ome-, two-, and three-pole amplifiers,
1B5-T8%

Index

Bode plots—Cont.
of system transfer functions, 388-394
Body effect
madeling in MOSFET amplifiers, 322-323
in MOSFETSs, 260-261
in NMOS inverters, 1024-1026
Body-effect parameter, 261
Boltzmann's constant, 6, 13
Bond, P. R., 1199
Boron, doping with, 7
Breakdown effect
avalanche, 20
in MOSFETSs, 261-262
second breakdown, 472
Breakdown voltage, 20-2
[or bipolar junction Lransistors, 110-113
common-base characteristics, 111-112
common-emilter characteristics, 112-113
mechanism in power BiTs, 472
reverse bias voliage and, 113, 115
Breakpoint frequency, 390
Bridge circuit design, 560-562
Bridge power amplifier, 977
Bridge rectifier, 3455
Brown, W. L., 1201
Buffer uansistors, 538
input, 504507
Buili-in potential barrier, 13
Burms, 8. G.. 199
Butterworth filters, 927-933
defined, 927
higher-order, 931-933
Bypass capacitors; See alio Coupling and
bypass capacitors
source, 331334
in transisior amplifiers with circuit
capacitors, 410414
Bypass 1esistors, common-emilter amplifier
circuits with, 196-198

C

CA3140 BICMOS operational amplifier
de analysis of, 852-851
described, 850852
small-signal analysis of, 854-856

Capacitancs
junction, L35
overlap, 427

Capacitors
coupling, 138
emitter bypass, 196-198
source bypass, 331-134
standard values, 1196-1197
gwitched, 934-935
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[ndex

Carbon resistor values, standard, LH95
Carpenter, G. L., }99
Carriers, excess, 1112
Cascade current source, 588
Cascode cirewt mirror. 603-605
Cascode citcusts, high-frequency response in,
436444
Cascode conliguration, in mulustage BIT
amplifiers. 223-216
Cascode current-mirror, CMOS operational
amplifier circuit, §47-848
Cascode op-amp, BICMOS folded, 849-850
Ceramic-disk capaoitors, 1391
Channel length modulation, 259-260
Channel region, of MOSFET:. 246
Charge separation, |3
Chip select signals. 1077
Ciccone, Z., §201
Circuid biasing. See Iniegrated circuit biasing
Circuit configurations, ECL, 11 25-1435
Circuit descriprion, 1L76
Circuit design. See Design
Circuit ¢lement matching, 819--820
Circuit gain, small-signal, 18I
Circuil load line, 26
Circuit symbols and conventions
for bipolar junction transistors, 105-107
for MOSFETs. 153.-258
Circuits; See afso Digital circuiis; Logic
circuis
with active loads. 611-618
bias stable. 142
BICMOS, 656670, 848356
bipalar, 820-83%, 11L3-11T1
bridge rectifier, 3455
with bypass resistor, {96198
cascaded, 219
clamper, 72-75
clipper, 68-72
CMOS, 839-848
common bipolar, 121-131
common-emitter, 114-117
diode, 49-95
with emitter bypass capacitor, 196198
with emitter resistor, 192-195
high-pass network, 3%0
integrated. $77-638, 923-999
JFET operational amplifier, 856-839
low-pass network, 397
MOSFET digital, 10021151 ,
operational amplifier, 695699, 817-869
reclifier, 5064
reference, 6467
Thevenin equivaient, 141
two-diods, 76-77
Clamper circuits, 72-75
Schouky, 1149-1151
Class-A power amplificss, 494459
induclively coupled, 494495
operation of, 45484

Class-A power amphfiers—Conr,
transformer-coupled common-emiller
amplifiers, 495496
transformer-coupled emitter-follower
amphfiers, 497490
Class-AB oulput stage
with diode biasing, 499-501
with input bulfer transistors, 504-307
utilizing the Daslington configuraiion,
507-508
Class-AB power amplifiers
biasing using the ¥ g5 multipher. 501-504
operation of, 489493
Class-B power amplifiers. operation of,
T 454489
Class-C power amplifiers, operauon of,
493494
Clipper circuils, 68-72
paratlel-based, 69
Closed-loop Trequency response, 885-887
frequency compensation and, 797-798
Closed-loop gain
ideal. 730--732
inverting amplifier, 875-878
nonimverting amplifier, 878879
Closed-toop inpit resistance
inverting amplificr, 279 -B81
noninverting amplifier, 88 1-883
Closed-loop transfer finetion, 730
losed-loop voltage gain, 525
leedback amplifier, 740
CMOS (complementary MOS) imverter,
0341048
currents, 10421042
voltage teansfer curve, 1037-1041
CMOS full-adder circuit, 1074-1473
CMOS logic circuils, 043-1053
basic CMOS NOR and NAND gates,
1048- 1052
basic logic gates, 1048-1052
clocked, 1055-10358
complex, 1052-1034
fanout and propagation delay time in,
1054--1055
CMOS operational amplifier circuits, 839-%48
cascode currenl-mirtor, S47-848
currenl-mirror, 846-347
folded cascode. 842-846
MC 14573, 840843
CMOS pass networks, 1067
CMOS SRAM ccelis, 1081-1085
CMOS transmission gate, 10651067
CMRER. See Commen-mode rejecuion ratio
Colclaser, R. A, [19%
Collector, 48
Collector current, 142
and Early veltage, 176-177
maximum rated, 471
in npn transistor, 101



Collector-emister vollage BIT amplifier,
169- 170
Colpitts oscillalor, 345-M6
Common-anode display. 83
Common-base amplifiers
input and autput impedance of, 216-218
small-signhal vollage and current gains in,

N4-216
Common-base characteristics of breakdown
vollage, 111-112

Commoen-base cirqul configuraton, 1835
for tapolar junclion transisiors, 107
Commeon-base circuits, high-frequency
cesponse in, 436-444
Comimon-byse current gain, 104
Common bipalar circairs, dc analysis of,
121-13]
Common-collector {emitier-follower)
amplifiers, 205-214
input and output impedance of, 207-200
smail-sigaal current gain in, 209-214
small-signal voliage gain in, 205-207
Commaon-collector {emitiet-lollower)
configuration, 185
Commen-draia circuit. 334
Common-emitter amplifiers, 189-200
advanced concepts, 199-200
basic circnit, 190-192
circuil with coupling capasitor, 1%0-191
circuil with emitter bypass capacitor,
196193
wilh emitter-bypass resistor, 196- 98
with emitter resistot, 192-193
input and cutpul impedance, 193
transformer-coupled, 495-49%
Common-eminer characteristics of
breakdown voltage, 1§2-113
Common-emitter circuits
dc anafysis of. L14-1§7
high-frequency response in, 433-436
Commot-¢mitter current configuration,
102 103. 185
Common gquivalent ¢ircuit model,
A-parameters, 15083
Comnon-gate circuits, high-frequency
response in, 43444
Common-gaie configuration, 341-344
input #nd qutprt impedance, 343344
small-signal voltage and current gains,
341-343
Common-mode gains, for BIT differential
puir amplifiers, 633656
Common-mode input impedance
for BIT differential pair amplifiers,
59663
of FET differential pair amplificrs, 668-669
Common-mode mpuk resisiance, 461-663
Commen-mode mput signal, 346
dill-amp frequency response due Lo,
TH-103

Index

Common-mede inpul voltage, 640
Commen-mode rejection ratio (CMRR), 546
in BIT differennial pair amplifiers,
657659
in operational ampifier circuits, 911
Common-seurce amplifiers, 324-334
basic, 324-32¢
with source bypass capacilor, 331-134
with source resistor, 319-131
Common-source cirguits
hizgh-lrequency response in, 433436
ia MOSFET dc circuit apalysis, 263-266
Comparalor <ircuits, in 555 mooolithie
integratesl circuit timer, 963972
Comparater Schmitl trigger circuits, 348-951
Compensation
input bias current, 907-90%
offsel voltage, 901-904
Compensation capacitor, 793
Complemenlary metal-oxide semiconductor,
See CMOS
Complementary MOSFETs, 257-258
Compasite transconductance. 687
Compwier anabysss, 30-31
ol loop gain, 781784
Comguler sirnulation, 30-31; See also PSpice
vse with leedback, 729
Concentrations, minority cacrier, 21
{ordyctance
diffusion, 33
small-signal diede incremental, 33
Conduction parameter, 231-252
and temperature, 262
Conductivity, 5, [0
Constant-current source, 101
biasing, 281-283
Conversion efficiency, of power amplifiers.
452 486488
Conversion factors, 1173
Converters
cufrent-to-voltage, 539540
voltage-lo-current, S40-543
Conway. L. (200
Comer frequency, 390
Coughlin, R_F., 1200
Coupiing and bypass capacitors, combired
effects in transistor amplifiers, 414416
Conpling capacitor effecis, in transistor
amplifiers, 198405
Coupling capacilors, 133
in commaon-emitter amplifier, 190-191
current-voltage apalysis, 399400
input, 198401
output, 401-H14
time-constant technique, 400—Hr1
in transistor amplificrs, 407410
Covalent bond, breaking, 11
Covalent bands, 4
Crossover distortion, 485486
Crystal oscillator, ™47
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Index

Current, 3
reference current, 145
everse-bias, 21
Current analysis, 33-34
Current channel, pinchoff, 289-2%0
Current density
drif, 10
total, 1t
Current effects, bias, 906-907
Current gain, 786
i common-base amplifiers, 2L4-216
in commeon-cillector (emitter-follower}
amplifiers, 209-214
in common-gale configuration, 341-343
Current mirrors, 578
cascode, G2-003
CMOS operational amplifier circuit,
845847
multitransistor, 595-598
wide-swing, 606607
Wilson, 605606
Current relationships, 103
bipotar transistor citcuits, 579-580, 5%
Current (shunt-sgries) amplifiers, 755-762
discrete circuit representation, 758-762
op-8mp circuil representation, 735-757
simple discrete circuit represeniation,
751-758
Current source, three-transistor, 5§4-586
Current sources
basic three-transistor, §84-596
basic two-transistor MOSFET, 598603
bias-independent, 607-608
for BICMOS circuts, G588
cascade, 588
FET, 598-611
JFET, 609611
mulii-MOSFET arcuits for, 603607
Wilson, 587588
Cusrent-10-voltage converter, 539-540
Current-voltage analysis, circuits with
coupling capacitors, 399-400
Cutrent-voltage characteristics
of bipolar junction transisters, 107-110
ideal, 1718
ideal MOSFET, 148-253
JFET, 292-295
of JFETs, 292-295
nonideal, 259-262
of Schottky diode, 37
Current-voltage properties, nonlinear, 3
Current-voltage relationship, ideal,
31-33
Currents
CMOS (complementary MOS) inverter,
1042-1043
diffusion, 11
leakage, 110-113
Cut-in voltage, 27
Cutofl, 103

Cutoff frequency
beta, 419
in bipolar transistors, 420422

D

D gip-flop, 1072-1073
Darlington pair configuration, 630621
class-AB output stage utilizing, 507508
gain stage, 695
multitransistor, 232
Prata sheets, manufacturers’, 184-187,
11831193
dc analysis
of bipolar junction transistor circuits,
113131
hMpolar jusction transistors, 113-131
of bipolar operational amplifier circuits,
823830
of BJT active load circuits, 612614
of CA3140 BICMOS operational amplifier,
852-853
of CMOS inverter, 1036-1043
common-emitier cixcuit, F13-117
of common JFET configurations, 295-M}
of common MOSFET configurations,
269281
of diode circuits, 23-31
of MC14573 CMOS operational amplifier
circuit, 840-841
of MOSTET active load circwits, 686618
- of multistage FET amplifiers, 156-359
dc isolatien, 190
de quantities, 166
dc 1ransfer characteristics
for BIT differential pair amplifiers,
643648
of FET differential pair amplifiers,
663668
Dead band, 485
Decade frequency, 389
Decoders. See Address decoders
Delay time, propagation, 10541055,
1134-113%
DeMassa, T. A, 1201
Depletion-load
NMOS amplifier with, 350-351
NMOS invenier with, 1¢15-1018
Depletion-load device, 276-279
Depletion-load inverser, 1022-1024
Depletion mode, 253
Depletion mode MOSFET, 253-255
Depletion region, 13
Desensitivity factor, 733



Design
active nctwork, 924925
bridge circuit, 360-562
of high-frequency amplifiers, 4435450
of integrated circuits, 523999
op-amp circuits, 555-562, 817-820
reference voltage source, 538-560
summing op-amp circuit, 3555358
Differcnce amplifier design, 560-562
Diflerence amplifiers, 543547
Differential amplifier circnis, 1114-1116
Differential amplifier frequency response,
699-705
with active laad, 7047035
due 10 common-mode input signal,
T00-703
due to differential-mode mput signal,
H99-700
with emilter-dégenaration resistors,
703-704
Differential amplifier with active load,
674085
BJT diffi-amp with active load, 674-676
MOSFET diff-amp with active load,
§79-683
MOSFET diff-amp with cascode active
load, 683-685
smali-signal analysis of BJT active load,
876679
Differentsal amplifiers {diff amps), 639-725
basic, 619640
basic BJT differential pair, 630663
basic FET differential pair, 663-674
BCMOE circuits, 686650
described, 640
difterential amplifier with aclive load,
674685
gain stage and simple oulput stage,
690695
simplified BJT operational amplifier circuit,
695-699
Dillerential gain, 522
Diflerential-mode gains, 647
for BT differential pair amplifiers,
651656
Differential-mode input impedances
for BIT dilferential pair amplifiers,
655663
of FET differential pair amplifiers, 663669
Differential-mode input resistance, 545,
659660
Differential-mode input signal, diff-amp
frequency response due to, 6%9-T00
Differential-mode input voltage, 640
Differentiators, $50-553
Diffusion, 9
Diffusion capacitance, 34
Diffusion conductance, 33
Diffusion currents, 9-11
in semiconductor materialy, 9-11

Index

DifTusion resistance, 33, 170
reverse-biased, 180
Dhgital circuits
BiCMOS, 11571159
bipolar, 1113-117]
MOSFET, 1003-1111
shift registers, 1063-1070
Digital electronics, 1001-1171
Digital Equipment Company, 1002
Digital logic
applications, 133134
MOSFET gates, 285-286
Dicde breakdown, 20-21
Dhode circuits, 49-95; See afso de analysis;
Semiconducior diodes
ar equivalent, }i-33
circuit analysis, 33-34
clipper and clamper, 68-75
current-voliage relationships, 31-33
de analysis and models of, 23-31
example, 75-80
‘frequency response, M4
LED, 8325
taultiple-diede, 75-82
photodiode, §2-83
rectifier, 30-64
small-signal incremental conduction and
resistance, 33
zener diode, 64-68
Diode current, in rectifier ciecuits, 56-63
Dhode logic <ircuils, 30-82
multiple, 75-80
Diode-transistor logic (DTL) gate,
1136-1138
Dicde types, 3540
light-emitting diodes, 36-17
rhotodiodes, 36
Diodes
biasing, 499501
nonlinear current-voltage properties of, 3
piecewise linear model of, 3
pr junction, 3, 18-23
Schottky barrier diodes, 37-39
solar cells, 35-36
zener diodes, 3940
Direct bandgap materiai, 36
Dhscrete circuit representation
of carrent amplifiers, 757-762
of transconductance amplificrs, 764768
of transresistance amplifiers, 770-778
of voltage amplifiers, 752-755
Discrete ssmiconducior devices, 2
Diassipation. See Power dissipation
Distortion. .Seze Nounlinear distoriion
DMOS (double-diffused MOS) process, 476
Dominant pole, 414, 795
Donor atoms, 8
Donor impurity, 7
Doneot imputity doping, 10
Doped semiconductors, 8, 12
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Index

Doping, 7
donor impurity, L0
selecuve, 10
Drain current, and temperature, 262
Drain wrminal, of MOSFET, 246
Dirift, 9
in semiconductor materiaks, 9-1 |
Drili curtengs, 911
Doft velocity, 9
Driscoll, F. F., 1200
Driver transistor, 273
Duty cycle, 962
Dynamic RAM (DRAM} memory cells,
1087-1089
Dyuaimic shift registers, 1068-1070

Early, ). M., 109
Early effect, 109, 581, 648
in bipolar linear amplifiers, 176-17%
ECL. S¢e Emitter-coupled logic
EEPROM celis, 10901093
Efficiency levels, 2
of power conversion, 482, 486488
Electric field, @
Electrical engineers, 2
Etectrical velucles, motor control unit ior, 2
Electron comceniration, 8, 9
Electron current, in semiconduetors, ¥
Electron-hole recombination, 11
Electrom inversion layer, 245
Elestren mohility, 10
Electronic devices, fabmicating. 4
Electronics
analog, 519-99%
caresr in, 2
digital, 10011471
Electrons
dnfi and diffusion of, 9-11
excess, ||
Ekment matching, 819-820
Emitter, 98
Emitter bypass capecilor, 19193
Emitter-bypass tesistor, common-gmitier
amplifier circuits with, 156198
Emitter-coupled fogic (ECL) L113-1125
alternative ECL gates, 1128-1131
basic ECL logic gate, 1116-1110
citcuit configurations, 1125-1135
differential amplifier cireuit, 1114-1116
ECL logic circuit charactensiscs,
LizD-1129
with emitier followers, 117-1119
fanout in, 1121-1123
low=power ECL, 1125-112%

Eminter-coupled logic (ECL}—Coat,
negative supply voltage, L123-1124
power dissipation in, §120-1121
propagation delay fime in, 1121,

11341135
reference circuit for. 1§19-1120
series gaung, 1131-1134
voltage transfer characieristics, 1124--1125

Emitter current, in npn transistors, 100

Emitter-degencration resistors, dill-amp

frequency response with, TH-704

Emilter-follower amplifiers; See alvo

Comman-collector amplifiers
transformer-coupled, 497-49%

Emitter-follower circuits, high-frequency

response in, dH-448

Emitter-follower output, simple, 690691

Emitler resistor
circuits with, 192-193
common-emiiter amplifier circuits with,

192-195

Enhancement load
NMOS amplifier with, 345349
NMOS inverter with, 1010-10135

Enhancement load devices, 271-273.

345--349

Enhancement-load iaverier, 10201022

Enhancernent mode, 249

Enhancement-mode MOSFETs, n-channel,

246243

EPROM cells, 1090-1093

Equilibrivme gn junction, 12-14

Equivalent circuils, 169-170
amplifier frequency response of, 384-385
for bipolar linsac anaplifiers, 186-135
Iwo-port, 8%

Example diode circuits, 75-80

Excess carrier lifetime, |1

Excess carriers, in semiconduclor materials,

il-12

Excess electrons, 11

Excess holes, £

Expanded hybrid-x equivalent circuits
for bipobar linear amplifiers, 180
in bipolar transistors, 416418

Exponential amplifiers, 553

Extrinsic semiconductors, -9

Farchild Semiconducter, 521
Fanoul
CMOS, 10541055
in emitter-coupled bogic, 1121123
NMOS, 1033-1034
TTL, 1143-1149



Feedback, 727-816; See also Stabilily
bandwidih extension, 734-735
basic concepls, 729-718
chosed-loop voliage gain amplifiers, 740
curreni (shunt-series) amplifiers, 755742
frequency compensation, 745800
gain sensitivily, T32-T713
idzal closed-loop gain, 730-732
idzal topologies for, 738-749
intraduction {o, 727-729
loog gain, 778-184
negative, 525, 728-729
noisc sensitivity, 735-737
and oscillators, 337
positive, 728
reduction of nonlinear distortion in, 738
siability of the leedback circuit, 784-794
transconductance (series-seties) amplifiers,
162-768
transresistance (shunt-shung) amplifiers,
T6R-TTH
use of computer simulaiion, 729
voltage (series-shunt) amplifers, 749-755
Feedback resistor, 523
Fesdback transfer funcuion. 730
FET amplifiers. 313- 381
basic configurations, 323-324
basic JFET, 362-158
common-gale configuration, Mi-344
common-saurce, 3124-334
MOSFET. 313-323
cnultisiage, 355- 362
single-stage integrated circuit MOSFET,
J45-335
source-follower, 334-34]
summary and comparison of three basic
configurations, 345
FET currem sources, 598-611
basic two-fransistor MOSFET, 598-601
bias<ndependent, 607-608
IFET, 609-6i1
multi-MOSFET, 603607
FET differentiat pair amplifiers, 663674
de transfler characteristics of, 663-668
differential- and common-mode ingut
impedances, 668-66%
JFET, 672674
small-signal equivalent circwit anafysis of,
669-672
FETs. See Fitld-effett transistors
Field elfect, defined, 244
Field-effect transistors, 93, 243-311, 426-433
basic MOSFET applications, 283-287
frequency tesponse in, 426433
high-Trequency eguivalenl circuil in,
426428
junction field-eflect transiswor, 287-300
Mitler effect and Miller capscitance in,
431433
MOS field-effect tramuisiors, 243-262

Index

Field-efiec] transistors—--Cont.
MOSFET dc cirewir analysis, 267283
unity-gain bandwidth of, 428430
Field oxide, 246
Filter capacitor. 57
Filters
active, 924-937
Bucterworth, 927933
maximally flat magniwde, 977
n rectifier circuits, 56-63
swilched-capacitor, 933-937
Finite bandwidih. 872
Finite gain, ffect on inverting amplifiers,
331-5M4
Finite open-loop gain, 532, 875-845
inverting amplifier closed-loop gain,
375-8718
inverting amplifier closed-lacp wput
rasistance, BT9-881
neninverling amplifier closed-loop gain,
278-879
nonipverting amplifier closed-loop inpul
resistance, 851-883
nonzero oulpui resistance, 8§3-385
First-order Tunctions, system transfer, 388
555 monolithic integrated circuit timer,
965-972
Flip-flops
0. 1072-1073
R-5, 1070-1072
Foldback characteristic, 985
Folded cascode op-amp
BiCMOS, 849 -850
CMQS, B43-846
Forward-active mode opération
collectar currents in, 108, 115
of npn Iransisiors, 99-1{4
of pnp Iransistors, 104105
Forward bias, 16
Forward-bias voliage, 21
Forward-biased pn juncuon, 1617
Forward diode resistance, 27
Four-pole low-pass Butterworth flter, 933
Frequency
corner frequency, 390
decade [requency, 38¢
lower ¢utofl [requency, 415
octave frequency, 389
3 dB lrequency, 390
Frequency analysis, short-arcuit and open-
" clreudl ¢ime constants, 394-398
Frequency compensition, 795-80(
basic theary of, 795-197
and closed-loop frequency response,
797-798
Miller, 798800
Frequency response, 34, 383-467, 885-892
armplifier, 384-336
in bipolar operaticnal amplifier circuits,
838-839
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Frequency response—Comt.
bipolar iransistor, 416426
closed-loop, 797-798
complex frequencies, 186
dill-amp, 693-T05
in FETs, 426433
gain-bandwidth product, 887-888
high-frequency response of transistor
ciccwis, 433450
open-loop and closed-loap frequency
response, 885-887
it operational amplifier circuits, 885-85%2
slew rate, 888-892
and systemn transfer functuons, 386-398
in transister amplifiers with cicouit
capacitors, 398416
Frequency-selective network, 937
Full-adder circuit, CMOS, 1074-1075
Full-power bandwidth (FPBW), 83|
Full-wave rectification, 53-56
Functions, system transfer, 386398

G

Gain: See alfse Current gain; Finile gain;
Unity-gzin bandwidth; Vollage gain
closed-loop, B75-879
commaon-base current, 10!
common-moxle, 653656
differential-mode, 653-656
finite open-loop, 332, 875885
inverter, 1053
small-signal circuit, 181
small-signal voltage, 173
Gain-bandwidth product, 410
{requency response, 387888
Gain margins, phase and, 793-794
Gain sensitivity, 732-713
Gain slage, 690-695
Darlington pair and simple emmitter-
follower output, 690691
input impedance, voltage gain, and ompat
impedance, 691-693
in 741 op-amp, 822, §26-828, 833835
Galepium arsenide, 291
Galliumn arsenide, 4, 83
Gallium arsenide phosphide, 82
Gate terminal, 244-245
Gates; See also Series gating
digital, 285-286, 10281034, 1048-1052
diode-iransistor, t136-1138
ECL, 11161120, 1128-113
MOSFET, 285-286
transmission, 10581067
Gaussi, M. 5., 1199
Qeiger, R. L., 1200

Gemanium atoms, 4, 20
Glastord, G. M., 1201
Goody, R. W, 1201
Graeme, J. G, 1200
Grraphical analysis
of bipolar Linear amplifiers, 166-170
of diode circuits, 2426
of MOSFET amplifiers, 114-318
Gray, P. B, 1200
Graybel, A., 119%
Gumm, L., 520

H

h-parameters, small-signal equivalent cireuil,
180183
Half-wave rectification, 50-53
Hambley, A. R., 1199
Hamonic distortion, total, 470
Hartley oscillator, 15, %6
Hauser, J. R., 1201
Hawkins, C. F., 1199
Hayt, W. H., Jr., 1199-1200
Heat sinks, 477480
for power transistors, 477—480
Helms, H., 1201
Herniter, M. E., 1201
High conceniration region, [0
High-frequency equivalent circuits, 385
it FETs, 426428
High-irequency response
comman-base, common-gate, and cascode
circuils, 436-444
common-emitier and common-source
cifcuits, 433436
emitter- and source-follower circuits,
444—448
in high-frequency amplifier design, 448450
of ransistor circuits, 433450
High-pass Butterworth filter, two-pole,
926-93|
High-pass filler, 924
High-pass network, 390
Higher-order Butterworth filters, 931-933
Hilburn, J. L., 1208
Hill, W., 1199
Hoberg, D. R, 1200
Hodges, D. A, 1201
Hole concentration, 8, 10
Hole drift velocity, 10
Hole inversion layer, 246
Hobe mobility, 10
Holes
defined, 5
excess, 11
Hozenstein, M. N., 1199
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Horowilz, P, 1199
Huelsman, L. P, | H0
Hybrid FET op-amp
LF155 sertes, 858-859
LR0022/42/52 series, §57-85%
Hybrid-m equivalent circuits
for bipolar linear amplifiers, [ 76~179
expanded, 416418
small-signal, 170-176
Hymowitz, C. E., 1201

ICs. See Intcgrated circuits
idea) ctosed-leop gain, TM-732
ideal corcent-voltage refationship, in pn
junctions, 17-18
ideat diode, 23
Tdieal feedback topologies, T38-749
series-series configuration, 746147
series-shunt configuration, 739-742
shunt-series configuration, 743-746
shunt-shupt configuration, 747-748
[deal operational amplifiers, 511-575; Ser
afso Monideal effects in operational
amplifier circuits
inverting amplifiers, 126-334
nopigveriing amplifiers, 336-539
op-amp applications, 530-555
op-amp circuit design, 555362
operational amplifiers, 521-526
summing amplifiers, $34-536
ldeal parameters for operalional amplifiers,
512-525
developing, 523-525
[deal voltage reference circuit, in zener diode
orcunts, 6457
Impedance, input and output, 207-20%,
216-218, 33931, M-
Impedance transformer, 209, 535
Impudty atoms, 3
Indirect bandgap material, 36
Inductively coupied amplifiers, class-A,
434495
Input and oulput voltage limitations, 872
op-amp parameters, B73-875
Enput bias current, 872, 906-909
compensation, 907-90%
effects, 906907
Input bulfer transistors, 504507
Input buffer transistors, class-AB output
slage with, 504-507
Input diff-amp, in 141 op-amp, §20-822
oput mpedance, 524, 631-6%5; See also
Quipn resistance
of common-base amplifiers, 216-218

Index

Inpat impedance—Cons,
of common-collector {emitter-follower)
amplifiers, 207-209
of commen-cmitter amplifiers, 199
of commeon-gate configuration, 343-344
common-mode, 659663, 668669
differential-mode, 659-563
of sowrce-Follower amplifiers, 335-344
Inpur affset cusrent, 97
temperalure coefficient of, 910
lnpuc offset voltage, §72
Input resistance, 872
closed-loop, 879883
defined, 528
small-signal, 131
Input signal
common-mode, H0-703
diffarential-mode, 595}
Input stage, in 741 op-amp. 824-826,
831-8312
Inpul 1terminal
inverting, 522
nopinverting, 523
Input trapsistor of TTE, 1138-1141
Input voltage limitations, op-arnp parameters
for, 8738125
Instantageous values, total, 166
Instrumentation amplifier, 547-530
Insulatocs, 5
[ntegrated circuit biasing, 143-147, 3776238
Integrated cicoun power amplifiers, 972-577
bridge power amplifier, 977
LM3I80 power amplifier, 972975
PA12 power amplifier, 975-377
Intsgrated circuits; See aiso Analog circwits.
Digital circuits
active kiters, 924937
active loads in, 577638
applications and design of, 923-99%
integrased circuit power amplifiers, 972-977
nonsinusoidal oscillators and timang
circuits, 960-972
number of resistors, 147
operational amplifier, 521-522
pscillators, 937-M47
Schmitt trigger circuits, 347960
voltage regulators, 978-986
Integratars, $50-553
Interdigitaed stracture, 474
Intrimsic carmier semiconductors, &
Inirinsic semiconductors, 47
Invetse-active mode, transistor circuits, 121
Inversion carrier mobility, and temperature,
262
Inverier cincuit, 133
Inverter gain, 1013
laverters
BiCMOS, 1157-1158
CMOS, 1034-1048
NMOS, 283184, 1003-1028
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Index

Invercing amphfiers, 326-534
basic, 527-530
closed-toop gain, 875878
closed-loop input resistance, §79-38)
«ffect of finite gain on, 532-534
with a T-network, 530-532
Inverting mpat terminal, 522
Inverting Schmitt trigger, 951-953
Inverting summing amplifier, 535
irwin, J. >, 1200
lteration 1echnigues, of diode circuits, 24-26

Jackson, H. G.. 1201
Jaeger, R. C., 1199
JFET amplifiers, 362-35638
differential, 672-674
small-signal anaiysis of, 364-368
small-signal equivalent circuil for. 362-364
JFET configurations, dc analysis of, 295-301
JFET current sources, 609611
JFET operational amplifier circuits, 856-859
kybrid FET op-amp, LFI155 serizs,
B5B-85%
hybnd FET op-amp, LHOG22;42/52 series,
B5T-858
JFETs {jurction field-effec transistors),
287304
common configarations, 295-3Q1
current-voltage characteristics, 292-295
pr JFET and MESFET operation,
288-292
Johns, DAL, 1200
Johnson. D. E., 1200
Johnson, J. R., 1200
Junction capacitance, |5
Junction field-effect 1wwansistors, See JFETs
Junction transistors, bipolar, 97- 161

Kang, $-M.. 1201

Kemmerly, 1. E., 1200

Kinete theory. 14

Kirchhoff's current/voltage laws, 25, 28-29,
72, 103, 117-119, 141, 145, 167, 182,
215, 217, 263, 167, 60d, 611, 692, 771,
880

Laker, K. R, 1200
Leakage currents, nonideal transisior,
110-113
Leblebici, Y., 1201
LEDs {light-emitting diodes), 36-37
circuits using, §3-85
LF155 series FET op-amps, 858830
LH®)22/d2:52 senes FET op-amps. B57-858
Liferime, of excess carrier, It
Lighl-emitiing chedes, See LEDs
Limiters, 68: See afso Clipper circuils
Schmitt triggers wilth, 259960
Line ivad, concept for half-wave reclification,
31-52
Line regulation, 978
Linear amplifiers, 163-185
bipolar, 165-185
Linear circuit, (6§
Linear models of diods citcuits, picewise,
27-30
Linear ramp generator, 972
LM3BO power amplifier, 971975
Load capacilor &lTects, i teansistor
amplifiers, 405410
Load devices, active, 612
Load lines. 26, Ser olse Actve loads;
Depletion-load; PMOS load
in ac apalysis, J0-2035
in de analysis of bipolar junctioa transistor
circuits, 117-121
in de gireuit analysis of MOSFETs,
267-268
for MOSFET amplifiers, 314-318
Load regulation, 97%
in voltage reguialors, 37T8-980
Log amplifier, 554555
Logic, ermiller-coupled, [113-1125
Logic circuits
BiCMOS, 11581159
CMOS, 1048 (055
diade, 80-82
ECL, 1120-1124
family of, 1013
NMOS, 1028-1034
sequential, 1067-1075
Logic functions. 20
Lome gales
CMOS, 10481052
dwde-transistor, 1136-1138
ECL, 1161120
MOSFET digital, 285-286
Lohstrol, I, 1201
Long channel effects, 1007
Loop gain, 730, T7¢-784
basic approach to, 773781
computer analysis of, 7E1-75%4



Low-lrequency equivalent circaits, 385
Low-pass Butterwocth Alter. fwo-pote,
927 929
Low-puss fillers, 924
Low-pass network, 392
Low-power ECL, 1125-112%
Low-pewer Schontky TTL ciccwits. 1153-1155%
Lower corner frequency, 395
Lower cutofT frequency., 415

M

Majorily cafrier, 9, 288
Malik, M. R.. 1199
Manufacturers™ dala sheets, 184187,
1IR3--1193
Martin, K., 1200
Matching circunt elements, §19-820
Malerinls. See Semiconduclor materials end
individual semiconductar meierials
Manro, B, 1199
Maximaly flat magnitude filier, 927
Maximum raled collector current, 471
Maximum raied power, 472
Maximum symmctrical swing. in ac load line
analbyis, 203205
MCIL4573 CMOS operational amplifier
cirewnl, H90-843
de analysis. §40--84(
smitll-signal analysis of, 341-843

Mead. ., 1201
Meares, 1. G.. 1M1
Memory

address decoders in, 1677 1079
architecture of, 1076 107
classifications of, 10751076
EAM, 17908
read-onty, 1053 1093
MESFET:, 238 202
n-channet enhancement mode, 292
Metal-cxide emiconducior. See MOS
Melal-oxide semiconductor fiekd-efTact
trangisiors, See MOSFETs
Metallurgical junction, 12
Meyer. R. G 1200
MicroSim Corporation, 1175, 12¢E
Midband frequency range, 385, 395396
Miller capacitance, 342, 785
m bipolac transistors, 432-426
in FETs. 431413
Miller compensation. T9R-800
Miller eftect
in hipoker transisiors, 422426
i FETs, 431 433
Miliman. 1.. L199
Minority varrer, 9

Index

Minorily carrier conceatrations. 21
Mistors. See Current mireors
Mitchell. F. H.. Jr. 1199
Miichell, F. H.. Se., 1199
Models of diade circuils
cornputer simulation and analysis of, 30-31
iteration and graphical analysis techniques,
24-26
piecewise linear, 27-30
purpose of’, 23
Moues of aperation
amd de analysis of bipolar junciion
transistor circuits, 11712t
in MOSFET de circuit analysis, 267-268
Modified totem-pole outpul stage, L147-£149
Maodified Wilion current source, 606
Monosiable multivibrator, 363-965, %68-969
MOS capucitor, 1d44- 245
MOS structures, physics of, 244-246
MOSFET acuve Joad circuit, small-signal
analysis of, 622-623
MOSFET amplifiers, 313323
graphical analysis. load lines. and small-
signal parameters for, 34-318
modeling body efect in, 322-323
single-stage integruled circuit, 345-355
small-signal equivalent circwit. 318-322
MOSFET applications, 283287
digital logic gate, 285-286
NMOS mverter. 283-284
small-signal amplifiers. 287
MOSFET circuils. culput resistance,
549600
MOSFET Calpitts oscillator, $45-945
MOSFET dc circuil analysis, 262-283
of common configurations, 269-281
COMMON-source Cireuil. 203-266
constant-cutrent source biasing, 281-283
load tine and medes of operation. 267-268
MOSFET diff-amps
with aclive load, 679-683
with cascode active load, 683685
MOSFET &igital circuiis, 1103-1111
clocked CMOS fogic cipcuats, 1055--1058
CMOS inverter, 1034-1048
CMOS logic circnits, LO48-1055
memories, 1075-1079
NMOS inverters, 10031028
NMOS logic circuils, 1025-1034
RAM memory cells, 10791089
tead-only memory, 1089-1093
sequential logic circuits, 1067075
transmission gates, 10581067
MOSFET power transistors, 474-477
MOSFET struciures, 253-258
MOSEETs imetal-oxide semiconducior field-
effect transistors), 243- 262
body effect, 260-261
breakdown effects, 261-262
cascode current mirror. 603-605
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MOSFETs—Cont.
circuil symbols and conventions for,
253258
circuil-voltage relationships, 263264
complementary, 257-258
ideal current-voltage characteristics of,
248-253
n-channef depletion mode, 2532353
n-channel enhancement-mode, 246248
nonideal current-voltage characierisies of,
259-262 :
p-channel, 255-257, 1635-1036
subthreshold conduction, 261
summary of operation of, 258
temperature effects, 262
two-terminal MOS structure, 2d4-246
Wilson/modified Wilson current sources,
&05-606
Motorola, Inc., 2
Mukherjes, A, 1201
Multi-MOSFET current-source circvils,
603-607
Muitiple-diode circuit, example, 75-80
Multiple-diode circuits, 7582
diode logic circuits, 8082
example diode circuits, 75-80
Multistage amplifiers, Darlington pair, 222
Multistage analysis, of multisiage BJT
amplifiers, 2[9-223
Mubustage BIT amplifiers, 21%-226
casopde configuration, 223-226
multistage analysis, 219-223
using bipolar junction transistors, 147130
Mulustage FET amplifiers, 355-362
do analysis of, 356-35%
small-signal analysis, 360162
Multitransisior current mirrors, For bipolar
ransistor current sources, 595598
Multivibrators, 923
monostable, 963-965

n-channel depletion mode of MOSFET:,
253-255
nchannel enhancement load devices, 345-349
n-chennel enhancement made MESFETs, 292
n-channel enhancement mode MOSFETs,
50
n-channet MOSFET amplifier, 320
n-channel MOSFETSs, 246248, 10041007
n-type semicondwctors, ¥, 9
substrate for, 246
NAND circuit
Schonky TTL, 1152-1153
TTL, 11411143

NAND gates
CMOS, 1045-1052
NMOS, 1028-1032
Natarajan, 8., 1201
MNational Semcendoctor data sheets,
I85-187, 1183-1193
Neamen, D. AL, 11991200
Near-avalanche breakdown i MOSEETs,
62
Negauve Teedback, 523, 718
advantages and disadvantages of, 728-729
HMegative supply voltage, 1123-1124
Network design, active, 914-925
Neundeck, iG. W, 1199
Nilssen, J. W., L2200
NMOS amplifiers
with deplétion load. 35¢-352
with enhancement load, 345-249
with PMOS load, 353-353
NMOS inverters, 283-284, 1003-1018
body effect, 1024-1026
with depletion load, 1015-1018, 1022-1024
with enhancement load, 1010-1015,
10320-1022
n-channel MOSFET, 1004-1007
noise margin, E9-1024
with cesistor load, 1008-1010
transfer characteristics of, i007-10L8
transient anatysis of, 1026-1028
NMOS logic circuits, 1231034
fanout in, 1033-1034
NMOS NOR and NAND gates in,
1028-1032
NMOS (n-charnel MOSFET) transistors, 248
NMOS pass netwarks, 1062-1065
NMOS SRAM cells, 1079-1081
NMOS iransmission gate, 1058-1062
Noise, defined, 735
Nois¢ margin
in CMOS inverwers, 1045-1048
NMOS inverter, 10191020
in NMOS inverters, 1019-1024
Noise sensitivity, 735737
Momideal current-voltage characteristics, for
MOSFETs, 259-262
Nonidea] effects in operational amplifier
circuits, 871-921
additional nonideal effects, 909-911
finite open-loop gain, 875-885
frequency response, 885-892
input bias current, 906909
offset voltage, BI2-06
practical op-amp parameters, 871-875
Monides| transistor kakage currents, for
bipolar junction transistors, 116113
Noninverting amplifiers, $36-339
basic, 536-517
¢losed-loop gain in, 875-87%
closed-100p input resistance in, $31-833
voltage follower for, 537-539



Noninverting input terminal, 523
Noninverting Schmitt trigger, 954-955
Noniinear circuit applications, $53-555
Norlineat cureent-voltage properties, of
diodes, 3
Nonlinear distertion, reducing, 738
Nonsaturation region, 249-251, 264
Nonsinusoidal osallaiors
applications and design of, 960-972
555 circuit, 965-971
monostable multivibrator, 9631-965
Schmitt trigger, 961-943
Nonzero output resistance, 583-8835
NOR function, 133, 0481052
NORK gates
CMOS, 1048-1052
NMOS, [023-1022
MNorthtop, R. K., (200
npi IFaRSIsIONs
cizenit symbols, 106
curtents, 99-102
defined, 98
forward-aclive mode operation, 99-104
in open-base configuration, 111
NMuil techiprigue, 521
Nyquist diggram, 789-791
MNyquist stability criterion, 789-793

O

Octave [requency, 389

Offset-pull rerminals, 901-906

Offset voltage, 892-906
compensation for, 901-906
input stage effects of, §93-901
temperanire coefficient of, 340, 910

Ohmic contact, 38

Ohm's law, 1O

On resistance, 476

One-pole amplifiers, Bode plot of, 785759

One-shoy, 963

Omne-sided output. 648

Op-amp applications, 539555
current-1o-voltage converier, 539540
difference amplifier, 543547
instrumendation amplifier, 547-350
mtegrator and dilferentiator, 530-553
nonlincar circwit applications, 533555
voltage-to-current comverier, $40—543

Op-amp circuit design, 555-562, 817-820
circuit element maiching, 819-820
difference amplifier and bridge circuit

desigh, S60-562

general philosophy of, 812-819
refers=nce voltage coure design, 558560

summing op-amp circuit design, 555538

Index

Op-amp circuit represéntalion
of current amplifiers, 755-757
of transconductance amplifiers, 762-763
of transresisiance amplifiers, 768-770
of vollage amplifiers, 749-752
Op-amp circuits, §)7-869
BiCMOS operational amplifier circuits,
BdE-856
bipolar operational amplifier circuit,
820-8230
classes of, 480494
CMOR operational amplifier citcuits,
£39-344
general op-amp circuit dasign, 817-820
ideal, 521-575
JFET operatienal amplifer circuits,
856-850
nenideal effects sn, 871-921
simplified BIT, 695-69%
Op-amp parameters
defined, 372-873
inpat and output voltage limitations,
§73-875
pracucal, 871-87%
Op-zmps (operational amplifiers), 521-526
analysis method for, 525-526
weal parameters for, 522-524
PSpice modeling of, 526
Open-cicenit time constants, 0n Sysiem
transfer functions, 394-39§
Open-loop frequency response, 885887
Open-loop gain, 525
finite, 532, 872, 875-BE5
Operational amplifiers. See Op-amp ensries
exponential amplifier, 555
log amplifier, 554535
shorl-circuil protection devices, 830
Optoisolators, 84
OR function, 82
Oscillators, $23, 937947
additional configutavions, 945-947
applications and dasign of, 937-947
basic principles for, 937-928
Colpitts, 945-946
crystal, 947
duty cycle, 962
Hartley, 934
nonsinusoadal, 960-972
phase.shift, 938-941
Pierce, 947
Schomitt trigger, 961-96)
Wien-bridge, $41-94%
Ouiput admittance, small-signal, 132
Output current Limitations, 872
Oueput impedance, 691-695
of commomn-base amplifiers, 216-218
ol comman-collector {(emitter-foijower)
amplifiers, 207-209
of common-gate configuration, 343-344
of source-follower amplifiers, 339-341
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Output resistance, L0, 372
bipolar trangmistor circuits, SR0—383
MOSFET eircmiis, 259-260, 599-600
nonzerg, 8§3-485
in 141 op-amp, 836-%17
in voltage regulators, 978-980
Ouipul stage, in 741 op-amp. 323, 828-330
Duiput stages
class-AB push-pull complementary,
499-508
TTL. 11431149
Oulput voltage limiations, op-amp
paramelers for, 872-875
Overall gain, in 741 op-amp, 836
Orverlap capacitances, 417

|

p-channel MOSFET, 255-257
prchanne! MOSFET amplifier, 320
p-channet MOSFETs, 1035-1036
p-lype semiconduciors, -9, 24445
PA]2 power amplifier, 975-977
Parallel-based clipper citcuits, 69
Parallel-plate capacilor, 244243
Parasitic capacitances. 427
Pass oetworks

CMOS, 1067

NMOS, 1062 1065
Pass transistor logic, 1063
Passave lirmter circuit, 68
Peak inverse voliage (P1Y), 51
Peak reverse voliage (PRV), 2t
Percent regulation, zener resistance and,

67-68

Phase. and gain margins, 793-194
Phase-shifl oscillator, 938-941
Phasor quantities, 166
Phospharous, doping with, 7
Photocurrent, $2-82
Photodetectors. 36
Photodiedes, 36

circuits using, 82-83
Physical constans, 1173
Piccewise linear model, of diodes, 3
Piecewise linear models, of dicde circuits,

7-30
Pierce oscillator, 947
Piezoelectric crystal circuig, 947
PFinchofl, 289-290
Pinchofl voliage, 292
PLV. See Peak mnverse voltage
PMOS lead, NMOS amplifier with, 153-355
PMOS {p-chznnel MOSFET) wansistor,
255157

pn JFET operation, 238292
Pn junction, |2-23
diodes based on, 18-13
equifibrium, 12-14
forward-bigsed, 16-E7
ideal current-voltage relationship in, 17-18
in npn transistors, 99
reverse-biased, |4-16
sinusoidal analysis of, 31-14
small-signal equivalen circuit, 35
swiiching transient, 21-23
terperature effecis, 19-20
ph junction diode, 3
pnp Iransistors
arcuil symbols, 106
defined, 98
[erward-aclive mode operation, #4105
Porat, D I, 1200
Positive feedback. 728
Positive logic systern, 133
Positive voltage regulator, 982-986
described, 982984
foldback characieristic, 985
three-lerminal, 983
Powes, maximum ralcd, 472
Power umplifiers, 469470, 923; See also
Quipul slages
applicauons and design of, $72-977
brdge, 377
class- A, 494499
mtegrated ciccwit, 972-977
LM380, 472-975
FA 12, 975977
Power considecytions, for BJIT amplifiers,
226-228
Fower consumpiion, 2
Power conversion efficiency, 482, 486448
Power derating curve, 479
Power dissipalion
in CMOS inverier, 1043-1045
in emitier-coupled logic, £120-1124
Power (ransformer, 53
Power transistors, 470480
BJTs, 470474
heat sinks, 4771480
heat sinks for, 477430
ugerdigitated structure. 474
MOSFETs 474477
and transistor limitasions, 471
Precision hall-wave rectifier, 553-554
Precision resistor values {one percent
tolerance), 1196
Prince. B., 1201
Probe program, 1175
Processing, signal, 49
PROM cxlls, 10891090
Propagation delay time
in CMOS logic circuits, 10541055
in ECL circuits, 1134-113%
in emitter-coupled logic, 1121



PRV. See Peak reverse voltage
Pipice program. 30, 11751181
displaying results of simulation, 1177
drawing the circuit, 1176
example analyses, 1177-1181
for modeling operational amplifiers, 526
origin of, 1063
types of znalyses, 1176-1181
Pulse position modulator, 971
Pulse width modulator (PWM), 971
Punch-through, in MOSFETs. 261-262
Push-pull complemeniary oulput stages,
495508

class-A DB biasing using the Vg multiplier,

301504

class-AB gutput stage wiilizing the
Darlingion configuration, 5(7-508

class-AB owipul stage with diode biasing,
499-501

class-AB outpul stage with input bufTer
teansistors, 504507

Q-point, 26
of ampiifiers, {34, (39
in commaon-source amplifier, 329
defined, 118
diffusion resisince, 170
of MOSFET circuits, 270
in single-base resislor biasing, 138~ 140
stabilizing, 144
Qualitative deseription, of BIT differential
pair amplifiers, 640-643
Quiescent puint, See Q-poinl

R-8 fhp-Aop, 965, 10701072
RAM memory cells, 1979-1089%
CMOS SRAM cells, LOBI-1085
dynamic, 1087--1089
NMOS SRAM cells, 10791081
SRAM readfwrite cipcuitey, 1083-1087
Rashid, M. H., 1199, 1202
Read-only memory (ROM), 10891693
EPROM and EEPROM cells, 1090~ 1043
ROM and PROM cells, 10891090
Read/wiile ciscuitry, SRAM, 10851087
Recovery time, 964
Rectification, 24
full-wave, 53-36

index

Rectification—Coni,
half-wawve, 5053
Rectifier circuits, 24, 50-64
filters, ripple voliage, and diode current,
5663
voltage doubler circuit, 63-64
Reflerence circuid, for emitter-coupled logic,
1119-112¢
Reference current, 145
Reference voliage
circuil for xdeal, 64-67
source design for, 558560
Registers. See Shilt regisiers
Begulators, voltage, Y78-986
Rejection ratig, common-mode, 8576359
Besistance
diffusion, 33, 170
nonzero output, §83-885
on, 476
outpul, 0
teverse-ased diffusion, 184G
series, 180
small-signal inpat, 181
small-signa) resistance, 33
thermal. 477
Thevemin, 190
Resistance refection rule, 193
Resistor biasing, single base, 138-140
Resistor load, NMOS inverter with,
1008- 1010
Reststors, 3
ernitter, 192195
emitler-bypass, 196-198
emitler-degeneration, 703-704
in integraled circuits, (47
standard value, 1195-11%
Restoring logic family, 1013
Reverse bias. 14
Reverse-bias current, 21
Reverse-bias saluration cutrent, |7
Reverse bias voltage
and breakdown voltage. 113, 15
and leakage current, 110-111
Reverse-biased dilfusion resistance, 180
Reverse-biased pn junction, fd-I6
Ripple voliage, in rectifier circuits, 5663
Roberts. G. W., 1202
Roden, M. 5 1199

sdomain analysis, of sysiem transfer
functions, }80- 88

Sadiku, M. N. O., 1199

Safe operatmg area {SOA), 472473

Sansen, W. M. C., 1200
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Saturalion currenad, 111
reverse-baas, 17
Saturation mode, 119-120
Saturation region, 249-251, 255-257
Schematics progsam, 1175
Schmitt trigger, noninverting, 354955
Schmikt trigger circuits, 947960
applications apd design of, 947-960
basic inverting, 951-953
comparator, ¥48-951
configurations, 954-958
with limiters, 959-960
Schmiil trigger oscillator, 961-963
Schottky barrier diodes, 37-39
Schottky diodes, current-voltage
characteristics of, 17
Schottky transistor-transistor logic,
11491157
advanced circuits, 11551157
clamped transistor, 114%-115]
low-power circuits, 1153-1155
MNAND ciccuat, F152-1153
Scott, P. D, 1200
Second breakdown, 472
Sedra, A. 5., 1199, 202
Selective doping, 10
Semi-insulating substrate, 291
Semiconducter constants, [173
Semiconductor devices, 2, 49
discrete, 2
Semiconductor diodes, 3-48
diede circuits, 23-35
other diode types, 35-40
pn junction, 12-23
Semiconductor materials, 4-12; See also
individua! semiconductor reaterials
drifi and diffusion currents, 9-11
excess carpers, 11-12
extrmsic semiconductors, 7-9
intripsic semiconductors, 4-7
in LED circuits, §3
Semiconductors
bandgap energy. §
conductivity in, 9
doped, 8, 12
ehectron current in, 7
intrinsic carner, 6
n-type, 7, 9
p-type, 8-%
Sequential logic circuits, [067-1075
CMOS full-adder, 1074-1075
Ir fip-fiop, 1072-1073
dynamic shift registers, 10651070
R-5 flip-fiop, 10701072
Series gating, in ECL circuits, 1131-1134
Series-pass voltage regulators, simple,
9B0-982
Series resistance, 180
Series-seriea amplifiers, To2-T68

Series-series confignration, ideal feedback
topology of, 746147
Series-shunt amplifiers, 749755
Serics-shunt <onfiguration, ideal fredback
lopology of, 739-742
741 op-amp, 820-839
bias circuit in, $24-826
gain stages in, 822, 826828, 831-31%
input diff-amp in, §20-822
input stage in, 324-§26, 831-§23
OtHput resistance in, $36-837
output stage in, 823, 828-830
overall gain in, 836
Seven-segment displays, 83
Shift registers, dynamic, 10681070
Shoert-ciccunt current gain, in bipolar
tramsistors, 418420
Short-tircuit prolection devices, 830
Short-circuit tiny constants, on system
transfer Munctions, 394-398
Shunt-series amplifiers, 755-762
Shunl-series vonfiguration, ideal feedback
1opology of, 743-746
Shuni-shunt amptifiers, 765778
Shunt-shunt configuration., ideal feedback
topology of, 747-748
Signal source, sinuscidal, 167
Signal-to-noise ratje, 735-737
Signals, 49, 163
<hip select, 1077
Silicon, 4
Silicon atems, 4-5
Silicon doping, 7-8
Simple output stage, 690695
emilter-follower, 690-6H

Simple seties-pass voltage regulators, 980-932

Simplified BJT operational amplifier circuit,
695699
Simulation Program with Integrated Cirouit
Enaphasis. See BSpice; SPICE
Singie-base resistor biasing, 13840
Single-stage mtegrated circuit MOSFET
amplifiers, 345-355
NMOS amplifier with depletion load,
350-352
NMOS amplifier with enhancement load,
145-349
NMOS ampiifier with PMOS load,
353-35%
Sinusoidal analysis, of ac equivalent diode
citeuics, 31-34
Sinusoidal base current, 168
Sinusoidal signal source, 167
Sinusoidal voliages, 170
Slew rate, 872
freguency response, 388-892
Small geometry effects, 1007
Small signal, 167-168
Small-signal ac equivalent diode circuijts, 35
Smaltsignal amplifiers, MOSFET. 247



Small-signal analysis, 519622

of active load circuits, 619625

of advanced MOSFET active load,
623625

of bipolar operational amplifier circvits,
B30-837

of BIT differential amplifiers with active
lead, 676679

of CA3140 BiCMOS operational amplifier,

B54-856
of JFET amplifisrs, 364368
of MC14573 CMOS operational amplifier
circuit, §4]-841
of MOSFET aciive load circuit, 622-623
of multistage FET amplifiers, 360-362
Small-signal circwit gain, 181
Small-signal current gaim, in comron-
coliector (¢smitter-follower) amplifiers,
200-214
Small-signal diode imcremenial conductance,
kX
Smal)-signal equivalent circuid analysis
of BIT differential pair amplifiers,
645651
of FET differensial pair amplifiers,
669672
Small-signal squivalent circuics, 35, 17%
for snput and output impedance, 199
in JFET amplifiers, 362364
in MOSFET amplifers, 318-322
Small-signal hybrid-x equivalent circuits, in
bipolar linear amplifiers, 170-176
Smalk-signal incremenial conductance and
resistance, 33
Small-signal incremental resistance, 33
Small-signal inpwt resistance, 151
Small-signal ouiput admittance, |82
Small-signal parameters
for bipolar linear amplifiers, 180185
for MOSFET amplifiers, 314-318
Small-sighal power gain, 226
Small-s:gnal transistor outpul resistance, 177
Small-signal voltage gain, 172
in commen-base amplifiers, 214-216
in comenan-vollector (emirter-follower)
amplifiers, 205-207
in common-gaie configuration, 341-343
lor pnp transistor, 179
of source-follower amplifiers, 334-338
Smith, K. C., 1199
Snapback breakdown, 262
SOA, See Safe operating area
Soclaf, 5., 1200
Sofiware, 30, 11751181
Solar cells, 35-36
Sclomen, J. E., 1200
Source biasing, constant-Garrent, 144-147,
281--283
Source bypass capacitos, COMMON-SOWTCE
circuit with, 331-334

Index

Source-follower amplhfiers, 334-34|
input and output impedance, 3394}
small-signal voltage gain, 334-338

Source-foll ower circuits, 334
bigh-frequency response in, 444448

Source resistor, common-source amplifiers

with, 329-33]

Source terminal, 246

Space-charge region, 3

Speedup diodes, 1155

SPICE (Simulation Program with Integrated

Circuit Emphasisy, 30, 1175

Squanng network, 1152

SRAM cells
CMOS, [OB1-1085
NMOS. 10731081
read/write cicewitry in, 10851087

Stability, 784794
bias, L40-145
and Bode plots, 785-789
Nyquisi stability criterion, 789793
phase and gain margins, 793-794

Stages. See Amplifier stages, Multistage

analysis; Outpul siages

Standard class-A amplifier configuration, 481

Starvaski, P. I, 1002

Storage lime, 22

Strader, N. R, 1200

Steestman, B, G., 1200

Substrate, semi-insulating, 291

Subthreshald cursent, 261

Surniing amplifiers, 534-536
circuit deskgn, 535-558

Superposition principle, 169170

Switch, function of transistors, 131-133

Switched-capacitor filter, 933937

Swilched capacitors 7
example, 135-936
principle of, 934-935

Switches, 131-133
NMOS inwverter, 283284

Switching transient, 21-23

System transfer functions, 186398
Bade plots of, 388-1%4
first-order, 388
s-domain analysis of, 186388
short-circuit and open-circuil time

constants, 394 398

Szeto, A Y. 1, 1201

T

T-network. inverting amplifiers with,
530-532

Tantalum capacitors, 1197

Tektronix, Inc., 520
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Temperature coefficeent
of inpui offser current, 910
of offset vohage, 910
Temperature compensation in voliage
regulation, 984
Temperature effects
on MOSFETs, 262
in operalional amplifier circuits, 39-910
of pn junction diodes, 19-20
Terminology, for BFT differential pair
amplifiers, 640643
Thermal equilibrivm, §
Thermal resistance, 477
Thermal voltage, 13
Thevenin squivakent circuit. 141
Theverin squivalent resistance, 872
Thevenin equivalent voltage, I8
Thorpe, T. W., 1202
3 dB frequency, 30
Three-pole amplifiers, Bode plot of, 785789
Three-pole low-pass Butterworth filter, 932
Three-terminal voltage regulator. 985
Three-transisior active load, 691
Three-iransistor current source. 534-586
Threshold comparator, 966
Threshold voliage, 248-249
and temperature, 262
Time constant, 387, 394-303
in coupling capacilor circuits. 400401
Time-varying signals. of bipolar amplifiers,
167, 169
Timing circuits
applications and design of. 260-972
nonsinusoidal, 960972
Tobey, G. E.. 1200
Total harmonic distorton (THDY), 470
Total mstantaneous values, 166
Tolem-poke outpul stage. 1143- 1144,
L147-E149
Transconduclance, |71
compasite, 687
Transconductance (series-seriesy amplifiers,
T62-768
discrete circuit vepreseniation, 164-768
op-amp circuil represenlation. 762-763
Transducer, 560
Transfer characleristics, voltage, 11241123
Transfet lunclions
of complex frequencies, 386
in s-domain analysis, 386388
systern, 386-398
Transformer-coupled amplifiers
common-emler, 495496
emitter-follower. 497459
Transformers. torns ratio in, 51, 53
Transient analysis, of NMOS inverters,
10261028

Tranastor amplifier circuits, bypass capacitor

effects in, 410414

Transistor amplifiers, gain-bandwidth
product, 410
Transistor amplifiers with circoit capacitors,
395414
bypass capacitor elTecis, 410-414
combined effects of caupling and bypass
capacitors, 414416
coupling and load capacilors, 407-410
coupling capacitor effects, 3984035
load capacitor elfects, 405407
Transistor applications, 131-137
amphtiers, 134-137, 163-242
digital logic, 133-134
switches, 131-133
Transistor biasing, bipolar, 138-147
Transister circuits, high-frequency response
of, 433450
Transistor currents
base currents, 101102
collector current, 104
common-emitter current gain, 102-103
cureent relationships, 98-99
emiller cugrent, 100
In opn (ransisior, 99-1401
stabilizing, L44
Transistor leakage currents, nonideal,
Hi-113
Transistor limitations, 471
Transistor operation, summary of MOSFET,
258
Transistor-transistor logic (TTL), 1135-1149
basic diode-transistor logic gate, 11361138
tasic TTL NAND circuit, 114/ 1143
input transistor of TTL, 1138-114)
Schottky, 11491157
TTL oatput slages and fanovt, 143} 4%
Transistors, 98, 247-248
bipolar, 416426
hipolar junction, 97 161
breakdown voliage, 110-111
driver, 273
snhancement load device, 271-273
field-effecy, 243-211
heat sinks, 477480
input buffer, 504-507
inverse-active mode, | 2|
leakage currents, 110-1(1
load lines, 117—E21
major 1ypes, 4%, 97-98
malched, 624, 8§19
i taltistage circats, 147-130
PMOS, 235-257
power, 470450
satluration mode, [19-12X)
Schottky clamped, 1149-£151
Transition point, 267-268
Transmission gates, 058-1067
CMOS pass networks, (067
CMOS transmission gate, 10651067
NMOS, 1059



Trapsmission gates—Cont,

MNMOS pass networks, 062 1065
NMOS transmission gate, 1058-1062
Transresistance {shunt-shunt) amphfers,

T68- 718
discrete urcut fepresenlaton, 770778
op-amp circuit representation, 768-T7H:
Trigger comparator, 966
Triode region. 249 231
TTL. See Transistor-ransistor logic
TTIL. NAMD circunt, Schottky, 1152. 1152
Tuinenga, P. W_, 1202
Turn-off time, 22
Tum-on time, 22
Turn-on veltage, 27
Turps rauo, wwansiotmer, 51, 51
Two-thode cireuits, 7677
Two-input bipolar NOR logic circun. 133
Two-pote active flers. 926
Two-pote amplitiers, Bode plow of. 785 189
Two-paie Butlerwarih fillers
high-pass, 929- 931
low-pass, 937929
Two-port equiviient ciramis, 159
Two-sided ouipud, H47
Twe-terminal MOS siructure, 284 146
Two-ltransislor currenl sources, 578 583
current relationships, 579- 380, 590
mismatched resisturs, 583
MOSFET. 594 603
oulput resistance. S80-583

Undefined range, 1020

Unity-gain bandwidth, 421
in FETs, 428430

Upper corner frequency. 395

Valence electrons, 7-%, 11
Yaleniine, R.J., 2
Varactor diodes, 15
I g multiplier, class-AB hiasing using.
501--304
Virtual ground. 525, 527
Yirtual short concept, 536, 543
VYMOS (vertical MOS) process. 476
Vohage
breakdowm, 20-21, Y10-113
lforward-thas, 21

Inden

Yailage- Comni,
offse, 892 44
peak inverse, S|
peak reverse. 21
Voltage divider biasing, 190 191
and Mas stabiliy, 40 145
Vollage doubler circwi!, for recuhicabion. 63--6d
Voltape feedbuck ratio, 132
Yollage follower. for noninserting amphifiers,
537539
Yollage gain, 691 6%
in BIT actrve load ciromt:. 614-614h
closed-lnop. 741
i MOSFET active load cercmts, blS
small-signal, 173, X15-207
Yokage imitaions, inpa and onipul,
R73-%75
Voliage regulalors, &4, 923, 975944
applications and desipn, 975-986
descnibed. 978
foidback characiensix, 985
outpul resistance and load regulation,
TR GE0
positive, Y2 9ka
simple seTis-pass. 98¢ 9§32
Voluage (seriei-shunty ampliliers. 74% 731
discrale circun representation, 732-735
op-amp Circuit representation, 749-750
Voltage-to-current genverter, M54
Vollage transfer charactenstivs, ECL,
1124 1125
Voliage transfer curve, (MOS inverter.
1037 1041
Volages, sinusoidal, 170

Wang, N.. 1201
Wide-swing cutrent mirrors, S6—607
Widlar, R. 1., 1200
Widlar currenl sources, 589- 385, 695
Wicn-bridge oscillator, 941945
Wilsen, G, R., 1201
Wilsan current mirror. 605-606
Wilson currenl sousce, 387- 588

for MOSFETs. 605 4136
Wu, C-H.. 1308

Zener diode civcuits, 21, 40, 6468
ideal voltage reference circuil in, 6467
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Zener diode circuits—Cont. Zener dio. =5, 3940

and line regulation, 978 Zener effect, 20

positive voltage regulator, 982-%86 Zener resistance, 64

use in voltage regulator, 64 and percent regulstion, 67-68
TN710 FN34

Electronic circuit analysis and
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