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SIGNIFICANT EQUATIONS

1 Semiconductor Diodes W = QV,1eV = 1.6 X 10‘191 Ip = I — 1), Rpe = Vp/Ip, ra = AV,/AL; =
26 mV/Iy, 1, = AV,/AL, Py = Vplp, Te = AV,/[V(T) — Ty)] X 100%

2 Diode Applications Vge = Vp = 0.7 V; half-wave: V,. = 0.318V,,; full-wave: V. = 0.636V,

3 Bipolar Junction Transistor Iy =1Ic+ Iy Ic=1Ic, . + lcopuy lc =1 Vee =07V, s = Io/Ig,

Ic = alg + Icgo, 0 = Alc/Alg, Icgo = Icgo/(1 — a), Boc = Ic/Ip, By = Alc/Ig, 0 = B/(B + 1), B= 0‘/(1 - a),
= Bl I = (B + VI, Pc,, = Veelc

4 DC Biasing — BJTs In general: Vyz = 0.7V, Ic = Iy, Ic = Bl fixed-bias: Iy = (Ve — Vge)/Rg, Vegp =
Vee = IcRe, Ic., = Vee/Re; emitter-stabilized: Iy = (Vee — Viae)/(Rg + (B + DRg), R = (B + DR, Ver = Vee =
Ic(Re + Rp), Ic, = Vee/(Re + Rg); voltage-divider: exact: Ry, = R, Ry, Eqy, = RQVCC/(RI + R,), Iy = (Ep, —

Vie)/ (RTh + (B + 1Ry), Ver = Ve — Ie(Re + Rg), approximate: Vp = RyVee/(Ry + Ry), BRy = 10Ry, Vp = Vi —
Vg, Ic = Iy = Vi/Rg; voltage-feedback: Iy = (Vee — Vie)/[Rs + B(Rc + Rg)]; common-base: I = (Ve — Vge)/Rg;
sw1tch1ng trans1st0rs ton = t, + 1y, g = 1, + 173 stability: S(Ico) = Alc/Alco; fixed-bias: S(Icp) = B + 1; emitter-bias:
S(Ico) = (B + 1)(1 + Rg/Rg)/(1 + B + Ry/Rg); voltage-divider: S(Ico) = (B + 1)(1 + Ry/Rp)/(1 + B + Rw/Rg);
feedback-bias: S(Ico) = (B + 1)(1 + Rg/Re)/(1 + B + Rp/Rc), S(Vpe) = Alc/AVig; fixed-bias: S(Vgg) = —B/Rs;
emitter-bias: S(Vgzz) = —B/[Rs + (B + 1)R]; voltage-divider: S(Vgp) = —B/[Rm + (B + 1)R;]; feedback bias:
S(Vge) = —B/(Rg + (B + 1)Rc), S(B) = Alc/AB; fixed-bias: S(B) = Ic,/B,; emitter-bias: S(B) = Ic(1 + Rp/Rg)/
[Bi(1 + B, + Rp/Rp)]; voltage-divider: S(B) = I¢,(1 + Rm/Rp)/[Bi(1 + B, + Ryy,/Rg)]; feedback-bias: S(B) =
Ie(Rs + RO)/[Bi(Rs + RA1 + B2))], Al = S(Ico) Alco + S(Vie) AVie + S(B) AB

5 Field-Effect Transistors I, = 0 A, I, = Ings(1 — Vgs/Ve)h Ip = Is, Vos = Vp(1 — Vip/Ipss), Ip = Ipss/4
(if Vgs = Vp/2), Ip = Ipgs/2 (if Vgs = 0. 3Vp), Pp = Vodps Ip = k(VGs VT)

6 FET Biasing Fixed-bias: Vg5 = — Vg, Vs = Vop — IpRp; self-bias: Vs = —IpRs, Vg = Vpp — Ip(Rs + Rp),
Vs = IpRs; voltage-divider: Vi = R,Vpp/(Ry + Ry), Vs = Vg — IpRs, Vps = Vpp — I(Rp + Rg); enhancement-type
MOSFET: Ip, = k(Vgs — VGS(Th))z k = Ipgony/(Voston) — VGS(Th) feedback bias: Vps = Vs, Vas = Vop — IpRp;
voltage-divider: Vi = R,Vpp/(R, + Ry), Vs = Vi — IpR; universal curve: m = |Vol/IpssRs, M = m X Vi/|Vp|, Vg =
R,Vpp/(Ry + Ry)

7 BJT Transistor Modeling Z = V,/I,, I, = (V, = V)/Renses I, = (Vi = Vo)/Reenser Zo = Vo/ Iy Ay = V,/ Vi,
A,.=ZA, [(Z + R)), A, = —A,Z/R;, r, = 26 mV/Ig; common-base: Z; = r,, Z, = ® O, A = RL/re, e —1
common-emitter: Z; = Br,, Z, = r,, A, = —R./To, A; = B, hiy = Br,, hyy = Boc, hiy = Tes by = —au.



8 BJT Small-Signal Analysis Common-emitter: A, = —Rc/r., Z; = Ryl Br.. Z, = R¢, A; = [B; voltage-divider:
R' = R,||Ry, A, = —R¢/r., Z; = R'||Br., Z, = Rg; emitter-bias: Z, = B(r, + Rg) = PRe, A, = —BRc/Z, = —Rc/(r. +
R;) = —Rc/Rg; emitter-follower: Z, = B(r, + Rp), A, = 1, Z, = r,; common-base: A, = Rc/r., Z; = Rglr.,Z, = Rg;
collector feedback: A, = —R¢/r., Z; = Br.|Rr/|A,|, Z, = Rcl|Ry; collector dc feedback: A, = —(Re IR/ e, Z: =

Ry || Br.y Z, = RellRgy; hybrid parameters: A; = hy/(1 + hRy), A, = —hR,/[h; + (hh, — hh )R], Z; =

h; — hfhrRL/(l + h,Ry), Z, = 1/[h, = (hfhr/(hi + R)))]

9 FET Small-Signal Analysis g, = g,.,(1 = Vis/Ve), &m0 = 2Upss/|Vp|; basic configuration: A, = —g.Rp;
unbypassed source resistance: A, = —g,Rp/(1 + g,Rs); source follower: A, = gmRs/(1 + g,.Rg); common gate: A, =
gm(RD “ rd)

10 Systems Approach—Effects of R and R, BIT: A, = R/A, /(R, + R), A; = —AZ/R;, Vi = RV,/(R; +
R); fixed-bias: A, = —(Rcl|R)/r., A, = ZA,/(Z; + R,), Z; = Br., Z, = Rc; voltage-divider: A, = —(RcIIRY)/re,

A, = ZAJ(Z + R), Z; = R, |R, || Br.. Z, = Re; emitter-bias: A, = —(Rcl|R)/Rg, A, = ZA/(Z; + R), Z; =

Ryl BRs Z, = Rg; collector-feedback: A, = —(RclIR.)/r. A, = ZA,/(Zi + R,), Z; = Br.|R:/|A, |, Z, = Rc||R;
emitter-follower: R; = Rgl|R,, A, = Ry/(Ry + r.), A, = Ri/(R;, + R/B + r.). Z; = Ryl B(r. + Rp). Z, = R:|l(R,/B +
r,); common-base: A, = (Rcl|R.)/r. A;=1,Z; =r,, Z, = Rc; FET: bypassed Ry: A, = —g.(RpllR.), Z; = R,

Z, = Ry; unbypassed Rgs: A, = —gn(RplIR.)/(1 + g.Rs), Zi = R, Z, = Rp; source-follower: A, =

gm(Rs“RL)/[l + gm(Rs“RL)]: Z,=Rg 2, = Rs”"d“ 1/g,,; common gate: A, = gm(RD”RL)’ Z;, = Rs” 1/8m

Zy = Ry; cascaded: A, = A, * A, *A, * * A A = *A,Z, /R,

11 BJT and JFET Frequency Response log.a = 2.3 log,oa, logjol = 0, logpa/b = logioa — logieb,

logol/b = —logb, log,pab = logjpa + logiob, Gap = 10 log,oP»/P1, Gapm = 10 log;o P,/1 mW|gooq,

Gy = 20 log;o Vo/Vy, G, = Gy, + G, + G, + - + G, Py, = 0.5P, , BW = f, — f3; low frequency (BJT):

fi, = 1/2m(R, + R)C,, fi. = 1/27(R, + R.)Co fr, = 1/2nR,Cg, R, = R:||(R./B + 1.), R, = R,|IR,||R,, FET:

fi, = 1/2m(Rgg + R)Cq, fo, = 1/2wR,Co, fi, = 1/2mReCs R,, = Ryl 1/g,(rs = = Q); Miller effect: Cu, =

(1 = A)Cp, Cy, = (1 — 1/A,)Cy; high frequency (BIT): fy, = 1/2mRmy,C;, R, = RilIR, IR, |IR,, C; = Cy, + Cpe + C,
fH‘, = I/ZWRThZCm Ry, = RC“RL“rm Co = Cwn + Cee t CMU’ f;s = I/ZWBmidre(Cbe + Cbc)a fr= Bmide; FET:

fu = U27Ry, Ci, Ry, = RyglRg, C; = Cy, + Cyo + Cuy, S, = 1/27R,Cop Ry, = RpllR 74, C, = Cy, + Cy + Ciy;
multistage: f} = £,/ V2" — 1, fi = (V2" — 1)fy; square-wave testing: fy, = 0.35/t,, % tilt = [(V — V)/V] X 100%,
fi. = (PIm)f. P = (V= V)V

12 Compound Configurations Differential voltage gain: A, = BR¢/2r; common-mode voltage gain:
BR/[r; +2(B + )R]

13 Operational Amplifiers CMRR = A,/A.;; CMRR(log) = 20 log,o(A,/A.); constant-gain multiplier: V,/V, =
—R;/R;; noninverting amplifier: V,/V, =1 + R//R;; unity follower: V, = V;; summing amplifier: V, = —[(R/R)V, +
(Ri/Ry)Vs + (R;/R3)V;]; integrator: v,(f) = —(1/R,C,) [v,dt

14 Op-Amp Applications Constant-gain multiplier: A = —R;/R,; noninverting: A =1 + R(/R,: voltage summing:
V, = —[(R/R)V; + (R¢/R)V, + (Ri/R3)V3]; high-pass active filter: f,, = 1/27R,C,; low-pass active filter:
fOH = 1/27TR1C1
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15 Power Amplifiers
Power in:  P; = Veeleg

power out: P, = Veple = I3Rc = Vig/Rcrms
= Veelo/2 = (IE/2)Rc = Vée/(2Rc) peak
Vel /8 = (IL/8)Rc = VEg/(8R() peak-to-peak
efficiency: %m = (P,/P;) X 100%
maximum efficiency: Class A, series-fed = 25%

Il

Class A, transformer-coupled = 50%

Class B, push-pull = 78.5%
transformer relations: V,/V, = N,/N, = I,/L,, R, = (N,/N,)*R;; power output: P, = [(Veg, — Ver, e, — Ic,)1/8;
class B power amplifier: P; = Vec[(2/M)ea); P, = Vi(peak)/(2R,); % m = (m/4)[ V (peak)/Vc] X 100%; PQ Pyp/2
= (P, — P,)/2; maximum P, = V¢./2R,; maximum P; = 2V%./7R;; maximum Py, = 2VZ./7Ry;; % total harmonic
distortion (% THD) \/D2 + D3+ D + -+ X 100%; heat-sink: T; = Ppy, + T4, 0,4 = 40°C/W (free air);
Pp=(T; = TA)/(Osc + Ocs + Os4)

16 Linear-Digital ICs Ladder network: V, = [(Dy X 2° + D; X 2! + D, X 22 + +++ + D, X 2")/2" [V,
555 oscillator: f = 1.44(R, + 2Rp)C; 555 monostable: Ty, = 1.1R,C; VCO: f, = (2/R1C1)[(V+ — V¢)/V*']; phase-
locked loop (PLL): f, = 0.3/R,C,, f, = *8f,/V, fc = =(1/2m) \f’TTfL /(3.6 X 10°)C,

17 Feedback and Oscillator Circuits A, = A/(1 + BA); series feedback; Z; = Z,(1 + BA); shunt

feedback: Z; = Z;/(1 + BA); voltage feedback: Z,, = Z,/(1 + BA); current feedback: Z, = Z,(1 + BA); gain stability:

dAi/A; = 1/(|1 + BA|)(dA/A); oscillator; BA = 1; phase shift: f = 1/2wRCV6, B = 1/29, A > 29; FET phase shift:
|A| = g..Ru, R = Rpry/(Rp + r,); transistor phase shift: f = (1/2mRC)[1/V6 + Rc/R)), he > 23 + 29(Rc/R) +
4(R/R.); Wien bridge: Ri/R, = R\/R, + C,/C,, f, = 1/27V R,C,R,Cy; tuned: f, = 1/277\/L_C3;, = C,G,/(C;, + C),

Hartley: L., = L, + L, + 2M. f, = 1/27VL,C

18 Power Supplies (Voltage Regulators) Filters: r = V,(rms)/V, X 100%, V.R. = (Vi — Vg )/Vp X 100%,
e = Vo, — V. (p-p)/2, V,(tms) = V,(p-p)/2V3, V,(tms) = (Ic/4V3)(V4e/V,,); full-wave, light load V,(rms) = 2.41,/C,

Vi = V,, — 4.171,/C, r = (241,,CVy) X 100% = 2.4/R,C X 100%, e = T/T; X Ise; RC filter: Vg = Ry Vio/

(R + R,), Xc = 2.653/C (half-wave), X, = 1.326/C (Full-wave), V;(rms) = (X¢/ VR? + X%); regulators: IR =

(e = I )/ I X 100%, Vi, = Vz(1 + Ri/Ry), V, = V(1 + Ro/Ry) + LRy

19 Other Two-Terminal Devices Varactéridiode: C; = C(0)/(1 + |V,/V4|)", Te. = (AC/CT, — Tp)) X 100%;
photodiode: W = Hf, A = v/f, 1lm = 1.496 X 107'° W

20 pnpn and Other Devices UJT: Ry = (Rp, + Rp)| 1,0, Vi, = nVBB|,E 0 m = Ry /(Rg, + Rg)|1,~0»
V nVBB <+ VD’ phototranSIStor IC = hfeIA7 PUT: n= RB /(RBl + RBz) 'T]VBB + VD
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- ]

In this edition we have written additional practical examples and summaries at the
end of each chapter, and have expanded coverage of computer software. The chapter
on IC construction was deleted and replaced with a well-written description of the
process that first appeared in Smithsonian Magazine. It has some stunning photographs
and content that is excellent for the new students of this rapidly changing field.
Over the years we have learned that improved readability can be obtained through
the general appearance of the text, so we are committed to the format you find in this
and recent editions of the text. We hope you agree that it makes the text material ap-
pear “friendlier” to the broad range of students using the text. As in the past, we con-
tinue to be committed to the strong pedagogical sense of the text, accuracy, com-
pleteness, and a broad range of ancillary materials that support the educational process.

PEDAGOGY

Reviewers and current users appear to be quite satisfied with the manner in which the
content lends itself to a typical course syllabus. The improved pedagogy of the last
two editions seems to support the instructor’s lecture and helps students build the
foundation necessary for future studies. The number of examples continues to grow,
and isolated boldface statements continue to identify important concepts and conclu-
sions. Color continues to be employed in a manner that helps define important re-
gions of characteristics, or identifies important regions or parameters of a network.
Icons at the top of the page, developed for each chapter of the text, facilitate refer-
encing a particular area of text as quickly as possible. Problems, which have been de-
veloped for each section of the text, progress from the simple to the more complex.
The title of each section is repeated in the problem section to identify the problems
associated with a particular subject matter.

SYSTEMS APPROACH

There is no question that the growing development of packaged systems requires that
the student become aware at the earliest opportunity of a “systems approach” to the
design and analysis of electronic systems. Isolated no-load networks are first discussed
in Chapters 8 and 9 to introduce the important parameters of any package and



develop the important equations for the configuration. The impact of a source or load
impedance on the individual package is then defined in Chapter 10 on a general ba-
sis before examining specific networks. Finally, the impact of tying the individual
packages together is examined in the same chapter to establish some understanding
of the systems approach. The later chapters on op-amps and IC units further develop
the concepts introduced in these early chapters.

ACCURACY

The goal of any educational publication is to be absolutely free of errors. There is
nothing more distressing to a student than to find that he or she has suffered for hours
over a simple printing error. In fact, after all the hours that go into preparing a man-
uscript and checking every word, number, or letter there is nothing more distressing
to an author than to find that errors have crept into the publication. Based on past his-
tory and the effort put into this publication, we believe you will find the highest level
of accuracy obtainable for a publication of this kind.

SUMMARIES

In response to current users, summaries are added at the end of each chapter,
reviewing the salient concepts and conclusions. To emphasize specific words and
phrases, boldface lettering is used in much the same manner as a student would use
a highlighting marker. The list of equations appearing with each summary was lim-
ited to those an instructor realistically hopes the student will bring away from the
course.

PRACTICAL EXAMPLES

While the text now has over 80 practical examples, over 40 were added to this edi-
tion and they appear in their own sections. They provide an understanding of the
design process that is normally not available at this level. Practical considerations
associated with using the electronic devices introduced in this text are discussed as
experienced by professionals in the field. The level of coverage is well beyond the
surface description of the operation of a particular product. Networks are reduced for
clarity and equations are developed to explain why specific response levels are
obtained. An effort was made to give some.idea of the range of application for each
device introduced. Too often the student believes that each electronic device serves a
particular purpose, and that’s it. In general, the authors are pleased with the results
of this demanding effort and invite your comments and suggestions so that the content
can be improved upon in the future.

TRANSISTOR MODELING

BJT transistor modeling is an area that can be approached in a variety of ways. Some
institutions employ the r, model exclusively, while others lean toward the hybrid ap-
proach or to a combination of the two. This edition will emphasize the r, model with
sufficient coverage of the hybrid model to permit a comparison between the results
obtained with each approach. An entire chapter (Chapter 7) has been devoted to the
introduction of the models to ensure a clear, correct understanding of each and the
relationships that exist between the two.

Preface



EQUATION DEVELOPMENT

For years the development of the equations for small-signal BJT and JFET networks
avoided the impact of the output parameter r,. In addition, results were often provided
with no idea how they were obtained. Further, approximate equations were provided
with no idea what conditions had to be satisfied to permit use of the equations. For
these reasons, and probably others, the details of each derivation are provided in this
text. The effect of r, was separated for each development to first permit a less com-
plex development. The effect of r, was then demonstrated and the conditions under
which the effect of r, can be ignored were introduced. In most cases, the derivations
are unique to any publication of this type. They were the result of extensive hours
searching for the best path for the analysis. However, the result is a complete devel-
opment of each equation that we hope will remove any doubt as to their validity.

COMPUTER SOFTWARE

In recent editions, both PSpice and Electronics Workbench examples were included.
For this edition Mathcad was added to demonstrate the versatility of the package for
an area such as electronics. Not only can it be used to quickly solve simultaneous
equations, but also long series of calculations can be placed in storage for retrieval
when a particular configuration is encountered. Numerous examples appear through-
out the text, and we believe the student and instructor will find them quite interest-
ing. The detailed coverage of PSpice was expanded slightly, but there is a larger ex-
pansion of the coverage of Electronics Workbench due to its growing popularity. For
all the software packages there is no requirement that the student become versed in
their use to proceed through the text. Although sufficient detail is provided for each
application to permit a student to apply each to a variety of configurations, there is
no requirement that the packages actually be used.

TROUBLESHOOTING

Troubleshooting is undoubtedly one of the most difficult subjects to discuss and de-
velop in an introductory text. A student is just becoming familiar with the character-
istics and operation of a device and now is asked to find an answer to an unexpected
result. It is an art that has to develop with experience and exposure. The content of
this text is essentially a review of situations that frequently occur in the laboratory
environment. Some general hints as to how to isolate a problem are introduced along
with a list of typical causes.

ANCILLARIES

The range of ancillary material is quite extensive, including a laboratory manual to
which new experiments have been added. There is also an instructor’s resource man-
ual, which contains solutions to the in-text problems and the laboratory experiments
as well as a test item file. PowerPoint® transparencies and a Prentice Hall Test Man-
ager are also available.

The CD-ROM included with every copy of the book contains Electronics Work-
bench Version 5 and Multisim circuit files and CircuitMaker Student Version Soft-
ware and circuit files. Circuits appearing on the CD-ROM are designated in the text
by a special icon next to the selected illustration.
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Additional support for the student can be found at www.prenhall.com/boylestad
in the form of an online student study guide. CourseCompass and Blackboard com-
plete the supplements package.

USE OF THE TEXT

In general the text is divided into two main components: the dc analysis and the ac
or frequency response. For some schools the dc section is sufficient for a one-semester
introductory sequence, while for others the entire text may be covered in one semes-
ter by picking and choosing specific topics. In any event, the text is one that “builds”
from the earlier chapters. Superfluous material is relegated to the later chapters to
avoid excessive content on a particular subject early in the development stage. For
each device the text covers a majority of the important configurations and applica-
tions—the text is very complete! By choosing specific examples and applications the
instructor can reduce the content of a course without losing the progressive building
characteristics of the text. Then again, if an instructor feels that a specific area is
particularly important, the detail is provided for a more extensive review.

Robert L. Boylestad
Louis Nashelsky
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