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MI f,ITARY MAI'VPIAN;

'Iii.! mil itary-ik!v4..lopod curriculum matorial.:; in thi:;
pakage WY' ;4,14.,ted by the National. Conter for ltes(Nii*ell in
Vocational I.:ducation Military (Xirriculum Project for dinnem-
i nation to the nix r4_1(lional Curriculum Coordination Centers and
Allo instructional materials agencies. l'hc purpose of
di :;nominating these courses WaS to make curriculum mated...IL;
(k.,voloped by the military more accessible to vocational,
educators in the civilian setting.

The course materials were aoluircd, evaluated by project
:staff and practitioners in the field, and prepared for
dissemination. Materials which were specific to the military
were deleted, copyrighted materials were either omitted or appro-
val for their use was obtained. These course packages contain
curriculum resource materials which can oe adapted to support
vocational instruction and curriculum development.
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The National Center
Mission Statement

The National Center for Research in
Vocational Education's mission is to increase
the ability of diverse agencies, institutions,
and organizations to solve educational prob.
ielftS relating to individual career planning,
preparation, and progression. The National
Center fulfills its mission by:

Generating knowledge through research

Developing educational programs and
products

Evaluating individual program needs
and outcomes

installing educational programs and
products

Operating information systems and
services

Conducting leadership development and
training programs

FOR FURTHER INFORMATION ABOUT
Military Curriculum Materials

WRITE OR CALL
Program Information Office
The National Center for Research in Vocational

4 Education
The Ohio State University
1960 Kenny Road. Columbus, Ohio 43210
Telephone: 614/486-3655 or Toll Free 800/

848-4815 within the continental U.S.
(except Ohio)

Military Curriculum
Materials for

Vocational and
Technical Education

Information and Reid
Services Division

The National Center for Research
in Vocational Education

.
1.4

Ark 11
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Military
Curriculum Materials
Dissemination Is . . .

1111111111111=11111111111111111

an activity to increase the accessibility i)1
military developed curriculum maierials to
vocational and technical educators.

This project, funded by the U.S. Office of
Education, includes the identification and
acquisition of curriculum materials in print
form from the Coast Good, Air Force,
Army, Marine Corps and Navy.

Access to military curriculum materials is
provided through a "Joint Memorandum of
Understanding" between the U.S. Office of
Education and the Department of Defense.

The acquired materials are reviewed by staff
and subject matter specialists, and courses
deemed applicable to vocational and tech-
nical education are selected for dissemination.

The National Center for Research in
Vocational Education is the U.S. Office of
Education's designated representative to
acquire the materials and conduct the project
activities.

Project Staff:

Wesley E. Budke, Ph.D., Director
National Center Clearinghouse

Shirley A. Chase, Ph.D.
Project Director
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What Materials
Are Available?

One hundred twenty courses on microfiche
(thirteen in paper form) and descriptions of
each have been provided to the vocational
Curriculum Coordination Centers and other
instructional materials agencies for dissemi
nation.

Course materials include programmed
instruction, curriculum outlines, instructor
guides, student workbooks and technical
manuals.

The 120 courses represent the following
sixteen vocational subject areas:

Agriculture
Aviation
Building &
Construction
Trades

Clerical
Occupations

Communications
Drafting
Electronics
Engine Mechanics

Food Service
Health
Heating & Air
Conditioning

Machine Shop
Management &

Supervision
Meteorology &

Navigation
Photography
Public Service

The number of courses and the subject areas
represented will expand as additional mate-
rials with application to vocational and
technical education are identified and selected
for dissemination.

How Can These
Materials Be Obtained'?
IIIIIIIIIIIIIIMIIMIIIIMIMIIII

Contact the Curriculum Coordination Center
in your region for information on obtaining
materials e.g., availability and cost). They
will respond to your request directly or refer
you to an instructional materials agency
closer to you.

CURRICULUM COORDINATION CENTERS

EAST CENTRAL
Rebecca S. Douglass

Director
100 North First Street
Springfield, IL 62777
21717E124759

MIDWEST
Robert Patton
Director
1515 West Sixth Ave.
Stillwater, OK 74704
405/377-2000

NORTHEAST
Joseph F. Kelly, Ph.D.
Director
225 West State Street
Trenton, NJ 08625
609/292-6562

NORTHWEST
William Daniels
Director
Building 17
Airdustrial Park
Olympia, WA 98504
206/7534879

SOUTHEAST
James F. Shill, Ph.D.
Director
Mississippi State University

Drawer DX
Mississippi State, MS 39762
601/325.2510

WESTERN
Lawrence F, H. Zane, Ph.D.
Director
1776 University Ave.
Honolulu, HI 96822
808/948-7834
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(*.mil. 11.1, 411 . in

This film k is the heath of a ten block course proyeling are if in alectroolo: principles, MO of base. test equirtottatt, oniony prarloces, t In rin nil.ityt,t,
toll tin int), ogdai trehriontini, t lownwo taini.iplos end trouldeshooting basic recuris Prerequisites to this blur k are Win Nil, 11, .inil III ilvPi 0,9
DC cm, rots. At: 1. ac-um. and It(t. cif( rails. Itinch IV Solfil Stare P'rsoctolos coouolus Iwo modulo): envenom 17 tiou, a of arsine-two or, PN porn gams,
denies. transistors, amplifier principles, troubleshooting, road tolrol slate olowones. The gondola wows mid respective hours follow

Modulo) 79
Module .10
11A4lillain .1 t

Mnelnin 37
Module Ij

PN Iiinctions and Diodes (12 how si
Transistors (12 hours)
Amplifier Principles (22 notes)
Troubleshooting Solid State Amplifiers 112 hoursl
Selected Solid State Devices ! 14 hourst

Thus block contains both teacher and student materials. Printed instructor rnateroals include a plan of instruction detailing the units of iillitil.t..ii.,11,
duration of the lessons, nroerron objectives, and stspfrot materials needed. Soudent rnateriall COnsiSt of a student text Used (Or all the Modules.
live guidance package, contarrung °bps:lovas, assignments, and review exercises for each module; and a comprehensive tflograirimeil end On solort
state devices, A (tarsi of modules 29 through 33 for students who have background in these topics and only need to review the motet points op

instruction n also provided.

Thus material is designed for sell. or qtAtii) paced orstrucliOn to be used with the rem/prong none blocks. Most of the materials can be adapted foi
indovelualoted anti uctinn. Some additoonal milda.y manuals and Commercially produced texts are recommended as references, but an) not pooyeled
Audiovosuals suggested for use with the entire tour se consist of 143 videotapes which are rot provided.

Cgrisenil CO% , In Kiehtlitliai IMPLAtilln
.4 , a . t .1888,... .8 10
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MVAkTMENT OF TRY, AIR FORCE
WW2 :;ch of Applied Aerosp Sci (ATC)
Koester Air Force Bane, Mississippi "..)951)4

FOREWORD

PLAN OF INSTRUCTION ;AW.V.,0020-1
20 November 19P)

I. PURPuM: This publication is the pan of instruction (POI) when the
Dares shown on page A are bound into a single document. The POI pres-
cribes the qualitative requirements for Coarse Number ::AQR30020-1, Elec-
tronic Principles (Moduler self-paced) in terms of criterion objectives
and teaching steps presented by modules of instruction and shown duration,
correlation with the training standard, and support materials and
ruidance. When separated into modules of instruction, it becomes Part I
of the lesson plan. This POI was developed under the provisions of
ATCR 50-5, Instructional System Development, and ATCR 52-7, Plans of
instruction and Lesson Plans.

COURSE DESIGN/DESCRIPTION. The instructional design for this course
is nuular Scheduling and Self-Pacing; however, this POI can also be used
fir Group Pacing. The course trains both non-prior service airmen personnel
nd Selected re-enlistees for subsequent entry into the equipment oriented
nnase of basic courses supporting ::03XX, 304XX, 3O5XX, :;09XX and

28XX AFSCs. Technical Training includes electronic principles, use of
tasic teFt equipment, safety practices, circuit analysis, soldering,
M7ital techniques, microwave principles, and troubleshooting of basic
circuits. Students assigned to any one course will receive training only
in tnose modules needed to complement the training program in the equip-
ment nnase. Related training includes traffic safety, commander's calls/
triefinvs and end of course appointments.

. TRAINIZZ EQUIPMENT. The number shown in parentneses after equipment
it.fs,! at Training Equipment under SUPPORT MATERIALS AND GUIDANCE is tne

nlan,:ed number of students assigned to each equipment unit.

This plan of instruction is based on Course Training
aandarc KE52-AQX;0020-1, 27 June 1975 and Course Chart 34E30020-1,
7 dune 1975.

FCR THE COMMANDER

CPR: Tech Tng Gp Prov, 3395
ULI;TRIaTION: Listed on. Page A
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PLAN 01- INSTRUCTION/LESSON PLAN PART I (Continuation Shaot)

COURSE CONTENT

Given a PN junction diode characteristic curve, identify
the points of otructural breakdown; the operating region. CTSs 5a
Means W

(1) Describe the effects of excessive forward or reverse
Lian on atructural treakdown with regard to thermal runaway and
avalanche current.

(2) Identify the normal operating region.

r. Prom a group of PN junction circuit diagrams, select the
arrangement that identifies proper forward bias; proper reverse
Ibia:;. CI5s 5n Meass W

(1) Determine voltage requirements for PType and NType
mt aorLal to accomplish forward and reverse bias on a diode.

1 t. Given a circuit diagram of PN junction diodes indicating (1.5)
1 dixect current paths, select the arrangement that identifies the
. mt,!oity current; the minority current. CTSs a Meass W

;

I (1) Explain forward biasing with respect to majority current
flow.

(2)

(2) Explain how reverse biasing results in minority current

SUPPORT MATERIAL AND GUIDANCE

SL:.:..!ht Iwtructional Materials
PN junctions and Diodes
Semiconductor Principles

001: ; Vicual Ai:1sK ,0-2:11 Solid State Principles

Trlininr. Methods
I Discuss ion (9 hrs) and/or Programmed Self Instruction
CTT Assignments (3 hrs)

1,-;:,r,:ct.ional Guidance

:,.ocific objective assignments to be completed during CTT time in KEPGP-29.
"carriers produced by heat" and "carriers produced by doping". The

snon izz to relate this to a single type of carrier, electron or hole, rather
.n;nority and majority carriers. In the N type material, holes are produced
'.?-11. and electrons are produced by doping. Point out that in "P" type mater

i11 tne minority carriers (electrons) are produced by heat and the majority car
.r(holes) are produced by doping. Majority and minority current flow in

opposite directions.

"LAM OF INSTRUCTION NO
lano-AmnorLA 1 5

IOATE I PAt
nel 1 nr7 r



PLAN OF INSTRUCTION/LESSON MAN PART

IILt k Humor. II

tV

. ,. . . _ ........ _
°Lock TorLr

Solid State Principlen

COURSE CONTENT

Cliileir. FI FL I'

._ .

Electronic Principle:;

1. PN Junctions and Diodes (Module 29)

a. iven a PN junction diode characteristic curve and values
or Forwar ( ! and reverse bias voltage, compute forward bias resistance
comput- rvrne blat: resistance. CTS$ 5a Meas$ W

(1) (13e an energy level diagram to identify the valence,
forbiddf,n And conduction bands of P and N type material.

C.1 Relate the amount of doping to the number of majority
r.arrivrs in both types of semiconductor material.

(;) Explain the effects of heat on current carriers.

(4) Explain junction recombination and electrostatic
field development in P and N material.

N Relate depletion region, barrier width and resistance
to electrostatic field development.

(q Relate changes in temperature to the number of
minority and majority carriers in terms of electron-hole pair
qnerati,,n.

(7) Construct a characteristic curve for a P-N junction
diod and Explain conduction in terms of forward and reverse bias.

(,) Calculate forward and reverse resistance using Ohm's
Law.

DURATION
ov.)

SUPERVISOR APPROVAL OF LESSON PLAN (PART II)
SIGNATURE DATE SIGNATURE DATE

PL AN or ,PossatucTiou NO.
34n0020-1

DATE PAGE NO
20 November 1975 1

rola.' REPLACES !CM CORMS 337. MAR 71. ANC 770. AUG 72. WHICH WILL seATC ANN 7$ '
" usco.
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PLAN OF INSTRUCTION/LESSON PLAN PART I (Continuation Shoot)

COURSE CONTENT

c. Given schematic diagrams for grounded emitter NPN or PNP
transistors in utatic configurations indicating direct current paths,
.wlect the arrangement that identifies the proper direct current
paths. CTS: 5b(1) Mew: W

(1) Identify the grounded emitter configuration.

(2) Identify current flow from negative to positive.

0) Identify electron flow against the arrow.

d. Given a list of statements, select the statement
that describes the forward current transfer ratio (Beta)
for the grounded emitter configuration. CTS, 5b(1) Meass W

(1) Explain Beta as the maximum theoretical current gain
of a grounded emitter configuration.

(2) Given the formula for Beta, explain a change in the output
re:;ulting from a change in the input.

I

i e. Given schematic diagrams for grounded base NPN or Ple...
(transistor configurations indicating direct current paths, select
the arrangement that identifies the proper current paths. CTSa 5b(1)

1 Meant W

(1) Identify the grounded base configuration.

(2) Identify current flow from negative to positive.

(.) Identify electron flow against the arrow.

uiven a list of statements, select the statement than
..1,!:;cri!'es the forward current transfer ratio (Alpha) for the
ii:rounded base configuration. CTS* 5b(1) Mews W

(1) Explain Alpha as the maximum theoretical current gain
of a grounded tase configuration.

i

(2) Given the formula for Alpha, explain a.change in tLe output
;resulting from a change in the input.

Given circuit diagrams for grounded collector NPN or PNP
tranni.stor in static configurations indicating direct current paths,

l'olct the arrangement that identifies the proper direct current
d'....115. CTSt 5b(l) Meass W

(1) Identify the grounded collector configuration.

(2) Identify current flow from negative to positive.

tHSTNUCTION NO
1 3A0R10090-1 17

0.7n ivervp=011.42177 "A" 4?.

(1)

(1)

(3.)

(1)



PLAN OF INSTRUCTION/LESSON K.AN PARI
Amr X11 714', titlf (,)04 (,(011Wir rlrtr

Electronic PrincIpina

IV
1

Solid State Principl,ss
as to It Nukifir n1.01 Pk t ri

COURSE CONTENT

2. Irn:stators (Module 30)

a. ,;ivon the schematic diagram for a properly biased NPN or
tram;btor, determine the effect bias changes have on It:, lot

irk, And I

Ch°
CTSS 5b(1) Mears W

(0 Explain the effect ou barrier
!*literi'ane forward bias.

(:) ixplain the effect on barrier
GdieetorBase reverse bias.

height and width for

height and width for

majority and

on a transistor

(;) Describe current flow with regard to
minority current carriers.

(0 Explain the effects of changing bias
in terms of barrier height, width, IE, In, and IC.

Show how heat effects majority and minority carriers.

Explain I
CDC

in terms of leakage current.

:)escrite how a change in junction temperature affects

. A group of NEI or PNP circuit diagrams, select the
tit identifies the proper biasing method. CTS: 5b(1)

.If-rtz;

(l) Explain normal bias on emmiterbase and collectorbase

1,:') Explain how proper biasing can be achieved through the
!:ne of 1 nr 2 power sources.

2
DURATION
Moue*,

(..1) Give examples of properly biased NPN and PNP transistors.

(1.5)

SUPERVISOR APPROVAL OF LESSON PLAN (PART II)
SIGNATURE DATE SIGNATURE DATE

RI. AN OP INSTRUCTION NO.

2A020020-1
ATC FORM

ARR 7$ 133 ATC Kee.I.r 6.10211

DATE

20 November 1975
PAGE NO.

REPLACES ATC FORMS 337. MAR 73. AND 770. AUG 72. WHICH WILL OE
USED.

Mf 18



PLAN OF INSTRUCTION/LESSON PLAN PANT I (Cavnfinuatit.n 1,6)

COURSE CONTENT

( ) Identify electron flow against the arrow.

h. Given a list of :;tatements, select the statement that dencril)en
the forward current transfer ratio (Gamma) for the grounded collector
configuration. GTSs 5b(1) Meast W

(1) Explain Gamma an the maximum theoretical current gain of
,1-011:wed collector configuration.

0 Given the fiirmula for Gamma, explain a change in the output
re.11t;n from a change in the input.

Me7rement and Critique (Part I of 2 Parts)

1. Measurement test

Tcnt critique

SUPPORT MATERIALS AND GUIDANCE

`t.ment imtructional Materials
1;..P-GP-..0, Transistors

KLP-110

AAto Vi' 1111 Aids
i Transistor Triodes Construction)
7.rv, 10- ci. Transistor Triodes Operation)

(9 hrn) and/or Programmed Self Instruction
AssI-7:ments hrs)

-exidance

(14

ntur:ents specific oUjectives to be covered during CTT time. These
1: 1Pet:.vcr are covered in KEP-GP-30 and the digest for Block IV. Discuss the

"c non" and"grounded" as they apply to transistor amplifier configurations.
:o mec--,ds of identifying the common element of a transistor amplifier. Insure
that all students understand biasing principles. Inform students that Part 1
of the measurement test covers modules 29 and 30.

PL AN OF INSTNuCTION NO.
";AQR;0020-1 November 197$ "" "st

FOPm NEOLACE3 ATC FOAMS 337A. MAR 73, AND 770A, AUG 72, WHICW WILL seATC 133AApp 7s AU: ice*sler 6-o2.1
USED.

1!)



PLAN OF INSTRUCTION/LESSON PLAN PART i

HAW 01. ore. t MM. T OM

_... ...._ ..__
let ,P, K NIDArlf U ni.00( mt.r.

IV I Solid States Principles

COUMIF TITLE

Electromic Principles

1 COURSE CONTENT
_._ .._.

4. Amplifier Principles (Module 31)

a. Given the :schematic diagram for NPN
lmplifit'r configuration and a list of statements,
ment (r.) which describe (s) the effect of input
Input signal voltage changes on current in
voltage; of load resistor changes on actual
power 1.,ain. CTSt 5b(l) Meast W

(1) Using the charalteristic curve,
value :; of Vcc, RL, 1E, I input amplitude,

li.n,'; detrmine the operating point; compute
voltage (Av) and power gain (Ap).

. (2) Describe the changes in AT and
,1 lsing the characteristic curves andl.oad

( ;) Explain the effect on impedance
resulting power gain with changes in R.L.

(4) Develop an output waveform resulting

:. ;iven the schematic diagram for NPN
1.71plifif,r confipiration ..nd a list of statements,
..c:-) .i.-lic:. describe (s) the effect of input

',..rp.it . 1 -nal voltage changes on current in
v.-1t,51 -f load resistor changes on actual
-,./er 'lir.. CTS: 5b(1) Meast W

.

;,1) Recognize that common base configuration
i curvr::. r!pre5ent values of emitter current

2 DURATION 1

ohbw.)

or PNP common emitter
select the state -

signal current and
each element and collector
voltage, current, and

schematic diagram,
construct a load

actual current (-1A-)
1

with variations in
3.

matching and the

frau an input.

or PNP common base
select the state-

signal current and
each element and collector
voltage, current, and

characteristic
rather than base current.

22

(17/5)

(4)

(3)

SUPERVISOR APPROVAL OF LESSON PLAN (PART N)
SIGN ATU RE DATE SIGNATURE DATE
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PLAN OF INSTRUCTION/LESSON PLAN PART I (Continuation Shoat)

COURSE CONTENT

(2) Using the characteristic curve, achematic diagram,
values or Vrr, Vwv, Rr, 1E9 and input amplitude, construct a load
lino; determine rpernting point; compute actual current, voltage
and power rain.

(;) Explain the changes in actual voltage, current and
power gain as the load resistance is changed.

(4) Develop an output waveform resulting from an input.

0. Given the schematic diagram for NPN or PNP common collector
amplifier configuration and a list of statements, select the state
ment(s) which dencribe(s) the effect of input signal current and input
::irnal voltage changes on current in each element and emitter voltage;
of load reaiutor changes on actual voltage, current, and power gain.
CTS: 51(l) Meas: W

(1) Explain that characteristic curves are not normally
Lupplied for a common collector configuration.

(2) Recognize that changes in RL have similar effects on

current, voltage and power gain for All configurations.

(_) Using a circuit diagram with values of Rr,l, RE and input
voltage, justify a gain of less than one for a commorMllector
confiruration.

(4) Develop an output waveform resulting from an input.

:liven a transistor amplifier schematic diagram and a list
f ,t,itementu, select the statement that describes the cause of

distortion; of frequency distortion; of phase distortion.
',1(1) Meas: W

(1) Describe amplitude distrion as it relates to the amount
:1rwwd tias.

(2) Identify the relationship of
xcos:ive input signal level.

(.) Explain frequency distortion
wnpone72t3.

amplitude distortion and

resulting from reactive

(1..) Define phase distortion resulting from reactive componen',..s.

21

(2.5)

(2)
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PLAN CF INSTRUCTION/LESSON PLAN PART I (Continuation Shoot)

COURSE CONTENT

e. (aven temperature stabilized transistor amplifier schematic
liaryamf. and a list of statements, select, the statement(s) that
descriLe(s) how collector current variations are minimized. CTSt 5b(l)
Mena: W

(I) Review the effects of temperature on baseemitter
resistance.

(2) Identify the emitter resistor ea a mesn.1 of minimizl.ng
:.1se clirrent changes with temperature changes.

( ) Y,xplain the degenerating properties of emitter resistors
a :-;rd with bypass capacitors.

(:.) Show the thermistor as a means of limiting base current
wit:: temperature changes.

(5) Lxplain the operation of a Ttypc low pass filter
ktf:two,'n collector and base) in reducing degeneration.

() Describe the use of a forward biased diode in limiting
( ef cas of temperature change.

(') Explain how the reverse biased diode presents a high
rezist,t:x«, to I

f. .given a list of statements, select the statement that describes
!.e capal.ilitins of direct, RC, impedance, and transformer coupling
u- pilatoc to frequency and gain. CTS Ibill Meant W

;I) Iuntify frequency ranges.

) I,2cntify gain relationships throughout the normal operating
fur basic types of coupling.

,) ..xplain low frequency loss in RC coupling.

1..) Describe high frequency loss resulting from the following
.7$,T2 Inco

(a) Stray

Interelernent

(c) Distributed

SUPPORT MATERIALS AND GUIDANCE

' in;itr,('tional Materials

Amplifier Principles

(3)

(2.5)
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PLAN OF INSTRUCTION /LESSON PLAN PART 1 (Continuation Shoat)

COURSE CONTENT--------------^ -
HP-110
Audio VL:mat Aids
TVK ...0-)2,JA, Amplifier Principles

TVV, ,0-.2,5, ftstortiou

TVK :0-41), Conatruction of Load Lines
TIF, 0-4,5, Transistor 5:,abilization
11.4, ,0-',S6, Transistor Audio Amplifier

'il .iini nr. r.qui.pment
Ammo I or Panel 4057 (1. )
(1. )1. I. if 't! Amplifier Trainer 5960 (1)
,i,,,nai ';,.!nerator 4864 (1)
111111,inet,:r (1- )
i'::cilLo:;cope (1)

71.1 i ,; i.n2.1 ;",oi,110(1r,

Di., o,,:>1 Li .n (1 -1 brt; ) ai/or Programed Self Instruction
.17 A. .irruziuntr, ( 5 hr.,:.)

::,, I I ipio lastruetor necr.Lirements
,_aroLy, Lquipment, Supervision (2)

-,[1_troctional (k
LII:larf! that CTT time assicnments are given in KEP-GP-:1 and the Digest for i3lock

I
IV. Discuss the steps used to establish a load line, and show how it is used to

i prudie -in amplifiezoo operation. Have the class perform an exercise and
-11.,.,:Liv-dy plot a luad line on a characteristic curve. Explain the effects of

.vtrlmvtcr chances on all amplifier configurations. An optional laboratory.

,:- ;rt i ;r, can be performed to reinforce the theoritical concepts that have been

1

I

,

i
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PLAN OF INSTRUCTM/LESSONPLANPART 1
1.. *MI UP INS I PIth ton

ei or pi ontunr n LCZn TITLE
IV Solid State Principles

C00 Mg UST LE

Electronic Prinqp1m;

COURSE CONTENT 12
DURATION
(c....*)

Troulieuhooting Solid State Amplifiers (Module )2) 12

(9/,)

1. i;Ilieu a trainer havini; an inoperative transistor voltage (9)
,implifi.q. circuit, schematic diagram, multimeter9 signal generator,
And (.....eilloacupe9 determine the faulty component two out of three
timen. CI31 la, 2c, 2b, 5c Mesas PC

(1) Review the operation of a common emitter amplifier
circuit incorporating an emitter resistor and bypass capacitor.

(2) Identify the effects of the following troubless

(a) Open biasing

(b) Open emitter

(c) Open collector

(d) Open collector load resistor

(e) Shorted collector to emitter.

SUPERVISOR APPROVAL OF LESSON PLAN (FART II)
SIGNATURE DATE SIGN ATURE DATE

. .

NLAN Of insTR TION NO. I OATS PAGE NO.

:;40,50020-1 20 November 1975 , 11

ATE Kowler i-J02ATC FFORM 133 11

REPLACES *TS FORMS 337. PARR TS. AND TM, AGO `2, WHICH WILL OE
AP* TS USED
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01Moilims4 .1111111, .......1.1111111=14101=4./M

PLAN O INSTRUCTION/LESSON PLAN PART (Continuation %a id)

COURSE CONTENT

suriorr .1vitrztEtis cartpilinr,

KKN4.1N-12, Tvoub.lash4;:tiug So :31--.111s

KEE:Lilo

Trainim EqUi2RIEL
Ammeter Panel 4637 (i)
Voltage Amplifier Trniner 5.zyl (1)

Multimeter (1)
Ei3nal Gensrstor, 4864 (1)

On.rilloscope (1)

Methodds
Performance 0 hrs)
CT? Assignments (3 hrs)

Multiple Instructorrements
Safaty, Equipment, Supervisio4U

Instmetional Guidance
Insure CTT time assignments are given in KEP-ST.IV. Stress safety of equipment

peracnnsl, by perfol-minz thp isborstorrexercise in an acceptable manner
an .1 using established waIntenince techniques. Diacass the variables that my be
enc:tuntrad while perfortring the laboratory exercise and the importance of
'7!::.1.1:;t4.:Ig instructor as,11Jt:I.n,:) AM apposed to misusing the timo

cla.la scan through tics =erase to acquire a gen.:v-9 idea or the
procedures bJfcre aseigning them to the trainer*.
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PLAN OF INSTRUCTION /LESSON P6All PART I

N Aur OP If.At HOC TOM cnuniet Tale
ElecIronic Principle:I

st. i?l. 11 Nti mot 04. 111..0eN ilf Li--
___....._________. .,

1V Solid SEilte Principin

COURSE CONTENT

0. !wlt.cted Solid State Devices (Module

a. Vrom a list of atatemelts, select
deqcribe(s) the high and low conduction
juuct[on Transistor. CTS: 51)(2) Meas:

(1) Describe the basic construction
trAn3i:stor.

(a) N-Type bar and P-Type

(b) P-Type bar and N-Type

(2) Describe the characteristics
tr3mAStOr.

(a) High conduction between
with a minimum resistance

(b) Low conduction beiween

(31 State two uses of the Unijunction
utilizing a sawtooth generator circuit

h. From a list of statements, select
.!,2,:rliwifi) the conduction conditions of
:sransL.,or. CTS 5b(3) Meas: W

(1) Describe the construction
Tran.:iitor (WET) and identify

(a) the symbols.

(b) the leads.

(c) the "P" Type.

___

_

2
OUR, T1014
0,0.,.

11.

(11/:,)

(2.'0

(1)

33 )

the atatement(s) that
conditions of the Uni-
W

of a unijunction

emitter

emitter

of the unijunction

Base 1 and the emitter

Base 1 and Base 2

Transistor
as an example.

the statements) that
a Junction Field Effect

of the Junction Field Fffect

SUPERVISOR APPROVAL OF LESSON PLAN (PART II)
SIGNATURE PATE SIGNATURE DATE
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I
PLAN OF INSTRUCTION/LESSON PLAN PART I (Continuo Ion Shoat)

COURSE CONTENT

(d) the "N" Type

(2) Describe the requirements for proper biasing and the
offt3ct!J of reverse bias (Gate circuit) on the conduction of the JFET.

()) Explain the development of characteristic curves for a
JFET with respect to channel pinch off and breakdown voltage.

c. Given a schematic diagram of a Junction Field Effect
TrantdrAor amplifier in the common source configuration,
determine the effect input voltage changes have on drain current.
(:TS: 5b()) Meas: W

(1) Identify the schematic diagram of a commcn source
JFI.T nmplifier.

(2) Explain the operation of* the JFET amplifier by
Lnicinc tne

(a) DC Path for current.

(b) signal path.

(,) Determine the effects that the input signal has on
ohtput voltage (Vds) and drain current (Id).

.:. Given a list of statements, select the statement(s) that
tt,:.,:ri:ek,) conduction in enhancement and depletion Metal Oxide
:::orldcondLctor Field Effect Transistor. CTS: 2121 Meas: W

ki) Identify the schematic symbol and leads of the
.0!tal lim.de Semiconductor Field Effect Transistor.

(a) Depletion MOSFET

(0 Enhancement MOSFET

(2) Describe the effect on the number of carriers in
I thlt channel when biasing a depletion type MOSFET and the
conduction of current (Id).

(;) Describe the effect on the number of carriers in
1,:w channel when biasing an enhiMmement type MOSFET and the

1 conduction of current (Id).

27
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PLAN OF INSTRUCTION/LESSON PLAN PART 1 %Cm:lino-moo heel)

0,6

COURSE CONTENT

e. qiven a characteristic curve for a tunnel diode and a
IAA of L.tatements, select the statement(s) that correlate(s)
its operation to arena and points on the curve. CTSs 5bf4),
Meas:

(L) Identify the schematic symbol of a tunnel diode.

Describe the characteristics of a tunnel diode
to ineLuJe

() doping.

(0 barrier width end barrier height.

G) Given a tunnel diode characteristic curve,
identify the

(a) negative resistance region.

(b) peak point.

(c) valley point.

(d) region where tunneling occurs.

(e) normal operating region.

(f) region there conventional diode
conricti. n occurs.

1. 'iver i list of statements, select the statement(s)
'. aL G(!:.rille(s) the effect of a changing bias voltage on the
,':,pacitax.ce of a varactor diode. CTSs 5b(6) Mesas W

(L) Identify the symbol of the varactor diode.

(2) relate the N and P material to the plates of a
capacitor.

(;) Compare the depletion region to the dielectric material of
1 r:apacitor.

(i.) Relate bias voltage and capacitance.

r. ?ram a list of statements, select the statement(s) that
Gf.scril.e(s) the operation of a Silicon Controlled Rectifier in terms
of breaAover voltage; high conduction; holding current. CTS: 5b(5)
Fleas :

(1) Describe a Silicon Controlled Rectifier in terms of

(a) n ber of Junctions. (b) number of layers.
PLAN OF INSTRUCTION NO.

r_-3AQR)0020-1

(.5)

(.5)

I DATE PAGE NO.
20 November 1975

f
15

1 33ATC ,4 "vrc xe4Naer 4.007 REPLACE; ATC FORMS 337A. MAR 73. AND 770A. AUG 72. WHICH WILL OS
APR 73 WU°.

28 r

1



PLAN OF INSTRUCTION/LESSON PLAN PART I (Continuatioa Shoe.)

COURSE CONTENT

1

(2) Using a block diagram of an SCR and a schematic
symbol of a battery, determine the bias (forward or reverse)
at each junction and current direction.

(3) Using an SCR characteristic curve, describe the
operation of the SCR in terms of

(a) breakover voltage

(b) high conduction

(c) holding current

h. Given a list of statements, select the statement(s)
that describe(s) the effect of gate to cathode potential on
breakover voltage of a Silicon Controlled Rectifier.
CTS: 513(S) Meas: W

(1) Using an SCR curve chart and a block diagram of
an SCR, describe the effects of gate to cathode potential on

(a) minority current carriers in Section 2 in
respect to reverse bias and current flow across the J-2
junction.

(b) breakover voltage.

(c) holding current.

i. civen a list of statements, select the statement(s)
that describe(s) the operation of a Zener Diode in terms of
voltage regulation. CTS: 5b(7) Meas: W

(1) Describe the construction of a zener diode in
terms of doping.

5dentify

I 4,4 IN..

(2) Describe the purpose of the zener diode.

(3) Identify the schematic symbol.

(4) Using a zener diode characteristic curve,

(a) forward conduction.

(b) reverse bias break down voltage.

(c) avalanche current.

(d) voltage regulation (BVR).
29

2A0D7nAln.1

(1)

(I)

I OAT 14



PLAN OF 1NSTRUCTION/LESSON PLAN PART 1 Confinuc:.-,

COURSE CONTENT

.111=kr.-.....m.

(5) Using a schematic of the zener diode voltage
regulator, describe the

(a) purpose of the series limiting resistor
in the circuit.

(b) voltage regulation.

j. Given a list of statements, select the one which describes
applications of integrated circuits. CTS: 5b(8) Meat]: W

(1) List applications of integrated circuits to include

(a) airborne equipment.

(b) missile systems.

(c) computers.

(d) spacecraft.

(e) portable equipment.

k. Given a list of statements, select_the one which describes
the physical characteristics of integrated circuits.
CTS: 5b(8) Meas: W

(1) Descrihe the construction of integrated circuits
in terms of

(a) components within a chip.

(b) monolithic circuits.

(c) hybrid circuits.

(2) List advantages of integrated circuits.

(a) Size and weight

(b) increased reliability

(c) Lower cost

(d) Circuit performance

(e) Power requirements.

(.5)

PLAN OF INSTRUCTION NO.
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PLAN OF INSTRUCTICN/LESSON PLAN PART 1 (Continuation Shoat)

COURSE CONTENT

()) Describe disadvantages of integrated circuits.

(a) Low power handling capabilities

(h) Not repairable without replacing
crmplete circuit.

7. Related Traiaing (identified in course chart)

Measurement and Critique (Part 2 or 2 parts)

.t. Measurement test

h. TeLJ, critique

SUPPORT MATERIALS AND GUIDANCE

::tucient Instructional Materials
KrP-GP-33, Selected Solid State Devices
aP-ST-IV
U.P-110

Audio Visual Aids
TVK-30 -412, Field Effect Transistor
TW-;0-417, Tunnel Diode Amplifier

Training Methods
Dir.c,u,nion (11 hrs) and/or Programmed Self Instruction
OTT .1.:,:-i:;nments hrs)

(luidancc

2

1

f-lecific objectives to be covered during CTT time in KEP-GP-33 and portions
f)r Laoc; IV. Stress the doping characteristics of

::1c,cted solid state devices. List the solid state devices to be discussed in
dumilie and cite practical applications for each. Since there are numbers of

i:r,:rwt solid state devices discussed in this module, and each is supported by
._:.(10r(:,,ica1 analysis of operation, stress the importance of logical organization
zooid confusion. Inform students that Part 2 of the measurement test covers

! :Iocules through

At. $W.TRUCTiCsk
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UA!.t
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MODULE 29

JUNCTIONS AND DIODES

Understanding of the basic structure of an
atom is essential to the study of all solid
state devices. Silicon and germanium are the
two basic elements used in their construc-
tion. Figure 29-1 illustrates a single atom
of each element.

The outermost shell of an atom that
contains electrons is the valence shell. Sili-
con and germanium have four valence elec-
trons. When atoms of silicon or germanium
are brought close together, they will share
their valence electrons. This sharing of

ELECTRONS

NUCLEUS

SILICON

ELECTRONS

va Iv i.$

liONDING and if; illustrated in firoire 21-1.

The maximum number of electron:; +fiat
an atom can have in its valence shell i?;

eight and because of covalent bonding, !h^
valence shells of silicon and germanium
appear to be completely filled.

Another significant fact to consider i

the energy positioning of the valence elec-
trons. Electrons have both kinetic and poten-
tial energy. Their kinetic energy is the
result of their movement In orbit about
the nucleus and their potential energy is
the result of being a specific distance frt,on

VALENCE ELECTRONS
OUTER ORBIT
M SHELL
VALENCE SHELL

NUCLEUS

VALENCE ELECTRONS
OUTER ORBIT
N SHELL
VALENCE SHELL

GERMANIUM REP4-594

Figure 29-1. Pictorial Diagram of Atoms

A

VALENCE
BONDS

GE Rm ANILI4.1

ATOMS

REP4 -588 B

Figure 29-2. Covalent Bonding of Germanium Atoms

3 4

ELECTRONS

PI4-589
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411' NUCLEUS

PrP4.-59:

Figure 29-3. Energy Level Diagram of
an Isolated Atom

the nucleus. Figure 24-3 illustrates these
facts. The horizontal axis depicts the length
of electron orbit and the vertical axis depicts
the displacement of the electrons from the
nucleus. Electrons in the third shell contain
more energy than those in the second shell.

Figure 29-4A illustrates two isolated sili-
con atoms separated so that the electron
orbits do not overlap. In figure 29-4B, the

N

i

1#

01STANCE
REP4593

A

distance has been reduced so that the electron
orbits of the valence electrons overlap.
This results in the formation of a con-
tinuous band of energy throughout the
material. This band of energy is referred
to as the VALENCE BAND. Because of
covalent bonding, the valence bands of sili-
con and germanium are completely filled
with electrons.

The valence band of silicon is formed by
the interaction of the M shell electrons.
The next higher shell, the N shell, will also
interact between adjacent atoms and form
the conduction band of energy throughout
the material. In germanium, the interaction
will occur between the N and 0 shells,
forming the valence and conduction energy
bands, respectively.

The area between the shells in any atom
is forbidden for electron orbits. That is, an
electron cannot exist in this area. The inter-
action between the atoms that occurs when
brought close together results in the forma-
tion of the forbidden energy band, and is an
area between the valence and conduction
bands. Because electrical conduction is con-
fined to the valence, forbidden, and conduc-
tion energy bands, we will confine our dis-
cussion to these areas.

FORBIDDEN BAND

M

i%

ENERGY 1 /L 7=4
1 1

Kt:SE5
1

1

I I

NUCLEUS

B

Figure 29-4. Energy Level Diagrams of Silicon Atoms
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/
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\\\
INSULATOR

Figure 29-5. Energy Level Diagrams

CB

FB

VB

M 4 11

M dm. ..m d OM.
IM4M d. dmb MED MI

..m Mom MM dmbd M, M, 41

=lb dm. m,

Figure 29-6. Energy Level Diagram of a
Semiconductor at a Very Low

Temperature

Figure 29-5 illustrates the energy band
relationships that exist between conductors,
semiconductors, and insulators.

The width (in energy) of the forbidden
band is relative to the conductivity of a
material. Silicon and germanium are semi-
conductor materials. Before a material can
enter into electrical conduction, electrons in
the valence band must be provided sufficient
energy to move them into the conduction band.
This energy can be in the form of heat,
light, or an EMF. In a conductor, there is
sufficient heat energy at rdom temperature
to readily move valence electrons across
the very narrow forbidden band, into the con-
duction band. In a semiconductor,' some of
the valence electrons will react to heat energy
and move into the conduction band. The

3

3C

Nye

Figure 29-7. Energy Level Diagram of
a Semiconductor at 25°C

number that moves is dependent on temper-
ature. In an insulator, there is very little
electron movement due to heat because of
the extremely wide forbidden band.

Figure 29-6 illustrates an energy level
diagram of silicon at a very low temper-
ature where there is no movement of valence
electrons across the forbidden band. The
dashes (-) in the valence band indicate the
presence of valence electrons.

When the temperature is increased to 25°
Celsius (room temperature), some of the
valence band electrons will pick up this
thermal energy and move across the forbid-
den band into the conduction band. Figure
29-7 depicts this movement. The result is
a small number of electrons in the conduction
band. Electrons in the conduction band are
FREE ELECTRONS and available for con-
duction. Another significant point to consider
is that for each electron that is elevated
into the conduction band, a vacancy is
created in the valence band. The vacancies
are referred to as HOLES and are repre-
sented on figure 29-7 as 0. They are equal
in magnitude but opposite in polarity to an
electron. The process of elevating an electron
into the conduction band and creating a hole
in the valence band is referred to as
ELECTRON-HOLE PAIR GENERATION.
Holes and electrons will both respond to
an electrostatic field. If an external voltage
source is impressed across a piece of silicon
or germanium, both the holes in the valence



MAJORITY CURRENT
CARRIERS

MINORITY CURRENT
CARRIERS
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Figure 29-8. Energy Level Diagiant of
*-Type Material at 25°C

CB

FB

VB

band and the electrons in the conduction
band will enter into electrical conduction.
The holes move toward the negative voltage
and the electrons move toward the positive
voltage. Current flow will be small (micro-
amperes) and is dependent upontemperature.
Increasing temperature will increase
electron-hole pair generation and thus
increase current. Because of this charac-
teristic, semiconductor materials exhibit a
negative temperature coefficient of resis-
tance. Whea temperature increases, the
resistance of sill on or germanium
decreases.

The structure and electrical properties of
egermanium or .silicon are modified by the
introduction of specific impurities to make
them useful semiconductor materials. The
process of introducing impurities is called
DOPING. When germanium or silicon is
doped with a pentavalent impurity such as
arsenic, the structure is modified so that
the number (concentration) of electron car-
riers in the conduction band is increased
without increasing the concentration of hole
carriers in the valence band. Four of the
five arsenic valence electrons enter
covalent bonds with adjacent atoms and
fifth valence electron is excluded and appears
tri the conduction band of the semiconductor
material. Figure 29-8 shows the result of
adding a pentavalent impurity. The increased
concentration of electron carriers (electrons
have a negative charge) results in the
ma.terial being named N-TYPE MATERIAL.

In the N-type material, the electron car-
riers in the conduction band are referred to

MINORITY CARRIER .MMO CB
ELECTRONS

MAJORITY CARRIER Fit
HOLES

0 0 0 0 0 0 0 0 0 0 0
0 00 00 0 0 r) 0 0 0 vB
90 4 9_0_4 0Q,J2 0-4

4

Figure 29-9. Energy Level Diagram
of P-Type Material

as the MCIORITY CURRENT CARRIERS.
The valence band holes, by comparison, are
few in number and are referred to as the
MINORITY CURRENT CARRIERS. Both
majority and minority carrier concentration
increases with an increase in temperature.

When germanium or silicon is doped with
a trivalent impurity (such as aluminum)
the structure is modified so that the con-
centration of hole carriers In the valence
band is increased without increasing the con-
centration of electron carriers in the con-
duction band. The three valence electrons
of the aluminum impurity enter into covalent
bonds with adjacent atoms. This results in
a deficiency in covalent bonding which pro-
duces a hole carrier in the valence band
of the structure. Figure 29-9 illustrates the
result of adding a trivalent impurity to a
semiconductor. Because the hole carrier
(holes have positive charges) concentration
has been increased without increasing the
electron carrier concentration, the material
is named P-TYPE. In P-type material, the
MAJORITY CURRENT CARRIERS are
the holes and the MINORITY CURRENT
CARRIERS are the electrons. P-type
material also exhibits a negative tempera-
ture coefficient of resistance. Increasing the
doping in both N- and P-type material
increases the concentration of the majority
current carriers.

Combinations of P- and N-type materials
are used in the construction of solid state
devices. The most basic combination is a
simple PN junction diode. This device is
manufactured by the chemical joining of a
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Figure 29-10. PN Junction Diode Pictorial
Diagram

piece of N-type material to a piece of P-
type material as illustrated in figure 29-10.

At the moment the P and N materials are
joined, there will be a movement of elec-
trons from the conduction band of the N-
type material into the conduction band of the
P-type material and at the same time there
will be a movement of holes from the valence
band of the P material to the valence band
of the N material. This action is referred
to as JUNCTION RECOMBINATION and will
eontinue until equilibrium is reached.

The result of this diffusion is the forma-
tion of an area at the junction of the P and

P-TYPE

1

rj

BARRIERBA I

HEIGHT

N .n. .r V.A. 0: ta.m,:t.%, if .1

currant carrier',. In addition, on each siu:
of the IN junction there will be a layer
ionized particles. The N material will b« -o,n.

positively charged and the P material will

hay( a negative charge at the juncture..
This ionization causes the energy batn:, o'

the P- and N -type materials to be displaced
from each other. That displacement results
from the fact that when a negative chargt
is applied to any material, it raises all
the energy luvels of that material and when
a positive charge is applied to a material,
it lowers the energy levels. The displacement
is represented in figure 29-11. The amount
of displacement is called BARRIER HEIGHT
and is proportional to the amount of doping.
As doping concentrations are increased, the
barrier height increases.

The area in the vicinity of the junction that
has no current carriers (holes and electrons)
is referred to as the DEPLETION REGION
and its width is called BARRIER WIDTH.
The barrier width is inversely proportional
to the doping concentration and will decrease
as doping is increased. Increased doping
increases the carrier concentration in the
vicinity of the junction and equilibrium is
reached sooner.

N-TYPE

000Q0
00000d00000lle.

I iie-s4
I $
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Figure 29-11. Energy Level Diagram of Juncticn Barrier Formation
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Alter junction recombination occurs, the
depletion region will act as a barrier to
current flow. An external source of EMF
can be applied to the PN junction diode so
that it eiti.er aids or opposes the flow of
current through the device. This external
EMF is called BIAS which may be qualified
as FORWARD or REVERSE. The effect of
FORWARD bias on barrier height and width
is shown in figure 2.9-128.

Forward bias places a positive voltage on
the P-type material and a negative voltage
on the N-type material. This bias opposes
the junction E field and reduces the barrier
height and width. Forward bias, therefore,
reduces the resistance of the PN junction
and allows majority carriers to cross the
junction.

Figure 29-13 shows the result of REVERSE
bias being applied to a PN junction diode.
Reverse bias places a negative voltage on the
P-type material and a positive voltage on
the N-type material. This bias aids the
junction E field and increases the barrier
height and width. Notice that the majority
carriers in the N and P material are now
aligned with tho forbidden bands of the
adjacent material. This prevents majority

carrier current flow. The minority carriers
are now properly aligned for conduction and
will produce a small current (11A) flow when'
connected in a circuit. A reverse biased RI
junction diode has very high resistance and
a small minority carrier current flow. ..

Figure 29-14 graphically depicts the rela-
tionship of forward and reverse bias voltages
to current flow in a typical PN junction
diode.

In the forward bias portion of the graph,
the resistance of the diode can be computed
using Ohm's Law. For instance, the resis-
tance at point B would be:

3VR a E -5
mA

= 60 ohmsI 0

Di the reverse bias area, the resistance of
the diode at point C would be:

E 80V
8R?. - . 00 k ohmsI 1000A

The solutions readily show that a PN junction
diode offers very little opposition to current

6
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Figure 29.15. Schematic Diagram of a PN Junction Diode Showing Majority and
Minority Current Direction
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Figure 29-16. Physical Appearance of Semiconductor Diodes

flow in the forward bias direction and an
extremely high opposition to current flow in
the reverse bias direction.

A PN junction diode can be destroyed if
excessive forward or reverse bias voltages
are applied. On the graph in figure 29-14,
operation of the diode beyond point E will
cause excessive heat to be generated (Power
= IE). This heat energy will cause an exces-
sive number of electron-hole pairs to be gen-
erated and destroy the semiconductor
material. In the reverse bias direction, when
the voltage becomes excessive (point D),
there is sufficient energy supplied to the
covalent bonded electrons to cause them to
break their bonds and reach the conduction
band. This results in avalanche current and
causes structural breakdown.

The schematic symbol for a PN junction
diode is shown in figure 29-15. The lead
connected to the P-type material is called

8

the ANODE and the lead connected to the
N-type material is the CATHODE. Majority
current direction is from cathode to anode
and minority current direction is from anode
to cathode.

Figure 29-16 shows some typical PN
junction diodes and identifies the cathode
lead. Note the distinctive markings or shape
of this lead.

MODULE 30

TRANSISTORS

Transistors are manufactured by sand-
wiching a thin piece of N type material
between two pieces of P type material or
by sandwiching a thin piece of P type
material between two pieces of N type
material. This results in the formation of
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Figure 30-1. Pictorial and Schematic

the PNP and NPN transistor as shown in
figure 30-1A and B.

Metallic contact points are bonded and
leads are attached to each section. The thin
region is called the base and the other areas
are called the emitter and collector. The
emitter is normally smaller and more heavily
doped than the collector and the base region
is lightly doped. Note that the arrowhead on
on the schematic diagram is on the emitter

41MM..
rew

t

CtitiTCR -BASE COL
!UNCTION ligaratiA Si

o mll +ro
o mll

Diagrams of PNP and NPN Transistors REPO -1

lead and the direction of the arrowhead iden-
tifies the type transistor (NPN or PNP).

Transistors have two P14 Junctions; the
emitter/base (EB) junction and the collector/
base (CB) Junction. For conduction the EB
Junction is forward biased and the CB Junc-
tion is reverse biased. Figure 30-2 shows the
result of forward biasing a NPN transistor,
and figure 30-3 depicts the result of forward
biasing a pNp transistor.

C Citiat014 SAND

POO111001m

04.1110C1 ASO

C

itit+.430

Figure 30-2. Pictorial and Energy Level
Diagram of a Biased NPN Transistor
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Figure 30-4. Schematic Symbols for
NPN and PNP Transistors

The forward bias voltage (VEE) causes an
injection of majority carriers from the
heavily doped emitter region into the thin,
lightly doped base region. Once in the base
region, the injected carriers become
minority carriers. These minority carrier
in the base are subjected to two forces; one
is the attraction of the VEE forward bias
voltage and the other force is the extremely
intense ,,E" field of the CB junction produced
by the large reverse bias voltage (VCC).

0.2V w.... 10y

FORWARD BIAS d

A,

From 92 to 99% of the injected Carriers will
move to the collector. From 1 to 8% of the
carriers will return to the forward bias
source (VEE). The current distribution of
transistors is as follows:

Emitter Current (1E) = 100%
Base Current (1B) = 1 to 8%
Collector Current (1c) = 92 to 99%

The only difference in the operation of the
NPN and PNP transistors is the voltage
polarities and direction of external current
flow. The larger the percentage of transfer
of majority carriers from the emitter region,
through the base region to the collector
region, the more efficient the transistor.
Figure 30-4 indicates the external circuit
current direction and the relative magnitudes
of the current for NPN and PNP transistors.

The significant fact that makes transistors
useful in electronics is the effect that small
forward bias voltage changes have on the
transistor currents. Figure 30-5 illustrates
the controlling effect that forward bias volt-
age changes have on transistor currents in
relation to barrier heights and widths for
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Figure 30-5. Controlling Effect of Varying Forward Bias (NPN, Resulting Electron
Flow (center), and Energy Level (bottom)
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Figure 30-6. Controlling Effect of Forward Bias (PNP), Resulting Hole Flow,
(center), and Energy Level Diagram (bottom)

an NPN transistor. Figure 30-6 illustrates
the same information for a PNP transistor.

Figure 30-7 diagrams the forward bias
voltage relationship with collector c'irrent.

16
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The graph shows the extremely nonlinear
relationship that exists.

Because of this nonlinear relationship,
further discussions about forward bias
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Figure 30-7. Nonlinear Characteristics of Emitter-Base Voltage vs Collector Current
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Figure 30-8. Linear Characteristics of
Base Current vs Collector Current

changes will be referred to as base cu. rent
changes rather than emitter/base voltage
changes. Figure 30-8 shows the linear rela-
tionship between base current and collector
current changes.

Another transistor current that has not
been discussed is the minority current that
flows across the reverse biased CB junction.
This current is in the orderof microamperes

A. PNP

lob ELECTRON CURRENT
IP HOLE CURRENT

RZP4 -634

Figure 30-9. 1030 in an NPN Transistor

and can not be measured when normal tran-
sistor currents are present. To measure this
current the forward bias is removed and the
current observed as illustrated In figure
0-9.

The term I-CB° is used to identify this
current as the current (1) between the
collector/base (CB) junction with the emitter
lead open (0). The magnitude of this current
is dependent primarily upon temperature. An
increase in temperature of 8 to 10° Celsius
will double the magnitude of 1030. Changes
in the value of the VCC supply voltage will

EI

O. 2 v

B. NPN

Figure 30-10. Bias Polarities and Current Directions
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have little or no effect on the magnitude of A trwtreirtoi. c.tia tie l' %nu tek' l i a LA iln

lc uo .

Figure 30-10 shows biasing possibilities
for NPN and PNP transistors using two
voltage sources,

Figure 30-11 illustrates methods of
obtaining the same voltage distributions using
a single voltage source.

following throb basic. configurationo,

I. The Common Emitter (CE).

2. The Common Base (C13).

3. The Common Collector (CC).

, VCC

B

A

RI

mlII
IMIN

+ vcc
R

A

1 B

r "CC

+

Iz 9.8V

RBE

Figure 30-11. Biasing a Transistor from a Voltage Divider
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A. GROUNDED EMITTER ---

OUTPUT

8. GROUNDED BASE --

OUTPUT
INPUT

C. GROUNDED COLLECTOR --

Figure 30-12. Transistor Configurations

Figure 30-12 shows these configurations
and their relationships. Notice that the
grounded element is being used as the com-
mon point of reference in each configuration,
thus the terms COMMON or GROUNDED are
used to identify each configuration.

The common (grounded) emitter config-
uration will be discussed first. In this cir-
cuit, the control that base current (Is)
maintains over collector current (IC) is

REP4-: 302

Figure 30-13. Static CE Configuration Test
Circuit

14

REF4 -638

called the forward current transfer ratio
and is referred to as BETA (8), stated
mathematically as:

Pi
27IC with VCE

constant

Th:. Greek letter Delta (6) in the formula
is used to indicate a change. The value of
beta will be different for each type transistor
that is manufactured. Figure 30-13 shows a
static CE configuration test circuit and
figure 30-14 shows a family of character-
istic curves for a 2N334 transistor. The
static circuit is used to develop the charac-
teristic curves. The curves are normally
developed and provided by the manufacturer.
The curves depict the relationship of col-
lector to emitter voltage to collector current
for different values of base current.

Using the characteristic curves for a
2N334 transistor (figure 30-14), the control
that IB exhibits over Ir. can be computed.
With a constant VCE of 20 V, a 25 pA change
in IB

(from 75 $.4A to 100 AA) results in a

47
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change in IC of 11 mA (from 1.5 mA to
2.6 mA). Thus, the forward current transfer
ratio (BETA) is 44.

In the common (grounded) base configura-
tion, the control that emitter current (1E)
exhibits over collector current (lc) is called
forward current transfer ratio and is
referred to as ALPHA (s). It is stated
mathematically as:

ICa = with VC/3 constant.

As with beta, the valve of alpha differs
Figure 30-1.5. Static CB Configuration Test with each type transistor. Figure 30 -15

Configuration shows- a static CB configuration test circuit

I5
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Figure 30-16. CB Characteristic Curves

ratio and is referred to as GAMMA ( f).
It is stated mathematically as:

and figure 30-16 shows a family of charac-
teristic curves for a 2N334 transistor. The
curves depict the relationship of VCB to lc
for different values of IE.

Using the characteristic curves for a
2N334 transistor (figure 30-16), the control
that 1E has over lc cart be computed. With
a constant VCB of 15 V, a 2 mA change
in IE (from 1 to 3 m A) results in a change
in lc of 1.95 mA (from .95 mA to 2.9 m A).
Thus, the forward current transfer ratio
(alpha) is .975. Note that alpha is less than
one.

In the common (grounded) collector con-
figuration, the control that 1B exerts over
*..1 is called the forward current transfer

REP4-644

AIE
1. with VCE constant.

Output characteristic curves are seldom
prepared for the common collector config-
uration. Gamma is computed by calculating
beta, then adding one (1). The formula now
becomes:

7- / +1

For example, gamma for a 2N334 transistor
would be beta (44) + 1 or 45.

16 49

31



V
0 V

V

V

UV

V

v
CC

C

OV
OUTPUT

pr 04-
Figure 31-1, Common Emitter Amplifier (NPN)

Figure

MODULE 31

AMPLIFIER PRINCIPLES

31-2. Common

Amplification factor is the ratio of the
output changes to input changes and is called
gain. These changes can be in the form of
current, voltage, or power. The amount of
gain realized in a transistor amplifier is
dependent upon the type of configuration and
the value of circuit components. Figure 31-1
illustrates a basic commonemitter amplifier
using an NPN transistor. Components serve
the following functions:

Ql - Amplifying device
RL - Develop output signal
RD - Provide bias
C - Coupling capacitor

OV

_VC

_v CC I
OUTPut

WAVEFORM

r-

.1==.

Emitter Amplifier (PEP)

17

411.1M.

PrP4- to y

On the positive alternation of the input
signal, forward bias is increased, resulting
in an Increase In IE, IB, and jr.,. The voltage
drop across RL (ERL) will also increase,
causing VC (the output voltage) to decrease.

On the negative alternation of the input
signal, forward bias is decreased, resulting
in a decrease in IBP and IC* ERL will
decrease, causing VC to increase. The input
and output voltage waveshapes are ISO° out
of phase.

Figure 31-2 is a common emitter amplifier
using a pNp transistor.

The pN p transistor amplifier operates like
the NPN transistor amplifier .xcept for the
direction of current and the polarity of the

kto
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Figure 31-3. Transistor Amplifier Circuit

voltages. On the positive alternation of the
input signal, forward bias is decreased,
decreasing Ix, IC, and IB. ERL decreases
and VC (ourpot) becomes more negative.
On the negative alternation of the input
signal , IE, IC, and IB increase. ERL in-
creases and VC becomes less negative. The
input and output voltage waveshapes are
no° out of phase.

The significance of the above changes is
their magnitude. In the CE configuration, the
output signal voltage, current, and power
changes are larger than the input signal
changes. The family of characteristic curves
will be used to illustrate this fact. Figure
31-3 is a basic transistor amplifier circuit
with component values and figure 31-4 is the
characteristic curves and load line for this
circuit. The load line is the line that extends
from point A to point B and represents the
relationships between VC and IC for specific
values of IB. The load line is constructed
by considering the two extreme biasing
conditions (cutoff and saturation) for the
transistor. At cutoff, no collector current
will flow and VC would be the applied volt-
age, or 25 V (point A). At saturation, the
transistor's resistance is zero and collector
current would be 5 TEA (point B). Connecting
points A and B result in the load line.

The operating point (1B), often referred to
as the QUIESCENT or Q point, is determined
by using Ohm's law:
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Figure 31-4. Load Line for 2N118 Transistor
(Common Emitter Configuration)
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CC 25VI zB RD *R

BE
250 kit a" "J

Note point Q on figure 31-4. With an IB of
100 pA, VCE = 12.5 V and IC = 2.5 mA.

With an input signai of 50 pA Pk-Pk base
current will vary from 75 pA to 125 pA
(points C and D). On the positive alternation,
when I

B
Increases from 100 pA to 125 pit,

IC increases from 2.5 mA to 3.5 mA and
VC decreases from 12.5 V to 7.5 V. On the
negative alternation, when IB decreases from
100 mA to 75 pA, IC decreases from 2.5 mA
to 1.5 mA, and VC increases from 12.5 V
to 17.5 V. Figure 31-5 summarizes this
action.

Actual current gain (Ai) can be computed
using the values obtained from the load line.
The formula for At is:

Output current change A C 2 mA
Ai 2 Input current change 1/3 50 pA

Therefore, the 2N118 transistor in the CE
configuration, with a load resistor of 5 k
ohms, will have a current gain of 40. Output
current changes are 40 times greater than
input current changes.

18 5/
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Figure 31-5. Load Line Summary

To determine the actual voltage gain (Ay),
the value of the input voltage change (AVBE)
must be first determined. This can be com-
puted by using the formula:

AV
BE = A IB x REB = 50 AA x 3 kfl = .15 V

The voltage gain can now be determined using
the formula:

Output voltage change Ay
CE 10 V

`3/ Input voltage change = AVBE .15 V

RCP4- le'

Output power P out
AP P Input power P in

Output and input power values are determined
using the formulas:

P out = AV
CE x AI

C = 10V x 2 mA = 20 mW

P in = AV
BE x AIR = .I5V x 50mA= 7.5 AW

= 66.6
Therefore:

Therefore a 2IV-18 transistor in the CE
configuration, with a load resistor of 5 k
ohms, has a voltage gain of 86.6. Output
voltage changes are 68.6 times greater than
input voltage changes. The power gain (Ap)
can be determined by using either formula:

Ap = Ai x Av = 40 x 66.6 = 2866

19

P out 20 :WMAP -- =
= 2666P P in 7.50/

The 2N118 transistor in the CE configuration
with a 5 k ohm load resistor has 2666 times
more output power than input power.
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Figure 31-6 snows the circuit diagram,
gain values, characterititic curves and load
line for the 2N118 transistor with a load
resistor of 4.2 knhms. Notice that decreasing
the resistive load increases the slope of the
load tine. Comparing the gain values for this
circuit with the previous Circuit, you should
notice

and
the size of AL affects amplifier

gain and the slope of the itiad line. The Cur-
rent gain increases with an increase in the
slope of the load line (decrease Fti.) and the
voltage gain and decreasing currenrgain. The

4
RI_ 1

l

0 H
INPUT SIGNAL

9

=

1

!OUTPUT SIGNAL

al i

A. NPN CE Amplifier

INPUT SIGNAL

I
6

UTPUT SIGNAL

I
C. PNP CE Amplifier

,.:: . ,' .1...two, 1 t if t:

not he pr. .

12L caused power gate to ittlered,i4,. Power
Kain will be maximum when the impeclancc:.
:tee matched. Impedan - matching will 1.-
discussed later in the Course.

Figure 31-7 illustrates methods i if
arranging the Common emitter amplifier
and shows current direction for NPN and
PNP transistors.

anTTER BYPASS
v EE

CAPACITOR

B. Alternate Power Connection (NPN)

C
t I-1

INPUT

I Du Pig

lot
1

1

I

+ VEE EMITTER BYPASS
CAPACITOR

D. Alternate Circuit (PNP)

Figure 31-7. Common Emitter Amplifier
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Figure 31-8. Common Base Configuration

Figure 31-8 illustrates the common
(grounded) base amplifier using NPN and
PNP transistors. It also depicts the input
and output waveshapes. Consider the NPN
circus t first, On the positive alternation of
the input, forward bias decreases, thus
decreasing 1E, IB, and lc. ERL decreases,
increasing the collector (VC) voltage. On
the negative alternation, forward bias i;..1

increasea, thus increasing 1E, IB, and I.
ERL increases which decreases VC. In tht.
PNP circuit, the positive alternation
increases torward bias, IE, lc, and IB

A

4

7

S

B. PNP

ov

V

'CC

increase and decreases V. The negative
alternation decreases forward bias, thus
decreasing 1E, IB and lc and increasing
VC. Note that the common base amplifier has
no voltage phase shift between input and
output.

The magnitude of the voltage and current
changes can be analyzed using the character-
istic curves and load line. Refer to figure
31-9 and observe the load line for a 2N1I7
transistor. En the common base configuration
with a load resistance (RL) of 4 k ohms,

0

EL'12=2.°==......LME
II= IIIINIEL11 M

PI.ICI MENEM MW
i ! NM
113111 IMLr4=========ri
1111111MCM1EF15211Mlialiikiiiaiiiwroull11'MEW 0 MENEM-SANEiaMill 11111111MIlWIIIIMPU111111 -1-AU IN IMRE
MMMIE 10111 IN if '

o 1513125i6n2o 15 a
VC- COLLECTOR VOLTAGE -VOLTS

COHIAON SASE 3uTPuT CHARACTERISTICS
2H117

B

Figure 31 -0. Load Line for 2N1i7 Transistor (Common Base Configuration)
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the load line falls betw.3en 20 V (transistor
rut off) to lc of 5 mA (transistor saturated).

The quiescent (Q) point is determined by
Ohm's law using the value of RE and
RE13 in the following formula:

(Av). To compute the A , the input volt:4i.,
change must first be determined using lid"
formula:

6vEB
6,1E x REB = 2 tuA x 17567 .35 1,

Using this value and the output voltag,
change (6Ve}3) from figure 31-10, actual

- V
E E -1V voltage gain can be determined.

1
. 1V

2 mA
E RE 4 REB 325P 4.175P 500

output voltage change
QvCB 7.75 "

input voltage change QVAt the Q point IC = 1.95 mA and Val = 12.5 V. Av
EB

35 V

Figure 31-10 summarizes the effect of a 2
mA Pic-Pk input signal. = 22.1

Actual current gain (Ai) can be determined
using the following: The power gain (A p) is computed using the

formula;

output current change 6IC 1.9mA
Ai 3 input current change LI 1E 2mA

A
P out 6Vce x Li 1

C 7.75V x 1.9 mA
p Pin

EB
x pIE .35V x 2mA

= .95
14.725 mW

_21
Actual current gain for a common base

amplifier is always less than one. A common As with the common emitter amplifier, the
base amplifier does produce a voltage gain gain of the common base amplifier is

100I 01. IMP

INPUT

!MINE
I i 111

iii-aamimum/-M-44l
ii

sr . .galizon-
MEI

11 allIMM I inI 4 a

M

EIMININ1
I

111191E1=11ii NUMI/MUM
OOPIPM11 Mlle

ill111

Figure 31-10. Load Line Summary
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Figure 31-11. Common Base Amplifiers

dependent on the value of the load resistor.
Decreasing RL increases the slope of the
load line, increases Ai and decreases Av.
Power gain is dependent on impedance
matching.

Figure 31-11 illustrates some typical com-
mon base amplifiers and shows current
direction for NPN sand PNP transistors.

Figure 31-12 iIltestrates an NPN and a
PNP common collector amplifier with cur-
rent direction. Resistor RE is the output
load resistor.

First, we shall analyze the NPN transistor
circuit in figure 31-12A. On the positive
alternation, forward bias increases which
increases IE, IB and lc. The increased lE
increases the voltage across RE and causes
the output vnit.ii;e to approach zero. On the
negative alternation, lc, ls, is and ERE
decreabe and tou output voltage approaches
. V EE

24

The PNP transistor circuit decreases in
conduction on the positive alternation causing
the output voltage to approach +VEE. The
negative alternation increases conduction
which results in the output decreasing toward
zero. Because the emitter voltage follows
the input voltage changes, the common col-
lector is often referred to as an EMITTER
FOLLOWER. The input and output voltage
waveshapes axe in phase.

Characteristic curves are not normally
developed for the common collector ampli-
fier. To determint the output voltage ampli-
tude, consider the IV pK-Plc input applied
to the common collector amplifier In figure
31-13. Assume, for example, that ft_BE and
RE are equal in resistance and the input
signal will be divided equally between them.
Because of this, the output voltage can
never equal the input voltage and the voltage
gain (AO is always less than one. Current
gain in the common collector amplifier is

57
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VFE
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INPUT

01

F.

ft PNP

Figure 31-12. Common Collector Configuration

higher than in the common base or com-
mon emitter amplifiers. (Gamma 1).

in a common collector amplifier, the output
voltage (VE) is always opposing the input
voltage. For instance, when the input to an
NPN amplifier goes positive, forward bias
is increased with an accompanying increase
in emitter current and voltage. The increased
emitter voltage (more positive) will attempt
to reduce the forward bias and oppose the
action of the input. This action is refer, 711
to as DEGENERATION. Degeneration is the
process of returning a portion of the output
signal 'Tack to the input of an amplifier in

Figure 31-13. Common Collector Amplifier

.v.it
i

ve
0

4
OUTPUT

4

RtP4 -40

such a manner that it cancels part of the
input sigimi, This results ina reduced ampli-
fier gain, hence an Av of less than one in
the common collector amplifier.

increasing the resistive value of the load
resistor (within limits) will result in an
increased voliiii.te gain (approaching one) and
a COrrespuiling decrease in current gain.
The power gain is dependent on impedance
matching. ma.xiinuni power gain is realized
when impedances are matched.

VISTORTION results when there is an
liiitleN ireil change .s the output waveform
of an amplifier. Three ipes of distortion
are frequency, phase, and amplitude. When
the output of an amplifier is changed so that
its amplitude is no longer proportional to
the amplitude of the input signal, amplitude
distortion is present. Operating an amplifier
in the nonlinear region of the dynamic trans-
fer curve will cause amplitude distortion.
When an amplifier is unable to provide equal
amplification for all frequencies applied to
its input, frequency distortion is present.
The primary eauSe of frequency distortion
is the reactive components (inductors and
capacitor0 in the amplifier circuitry.

Wnen some frequencies applied to an
amplifier do not receive the same time
delay as other frequencies, then phase

r;
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Figure 31-14. IC Versus Temperature in
Nonstabilized Circuits

distortion is present. Phase distortion is also
caused by reactive components in the ampli-
fier circuitry.

All semiconductor material is senoitive to
temperature changes. An increase in temper-
ature wiil result in a decrease in the resis-
tance of the material, thus a negative temper-
ature coefficient of resistance. In transis:or
circuitry, the regative temperature cof fit-
cient has a significant effect on the circuit
operation. Figure 31-14 illustrates ; the
changes in output current (IC) of an amplifier
resulting from changes in temperature.

In most instances, this change in collector
current can not be toierated, therefore
temperature staIllizing circuits have been
developed. Collector current variations

INPUT

c,

I

Figure 31-15. Swamping Resistor
Stal. ilization

occur because of emitter/base resistance
(RE B ) changes and IC BO chan ges. RED
changes will be considered first. An increase
in temperature will decrease RED,
increasing forward bias which results in an
increase in 1E, ID and lc.

The use of an emitter swamping resistor
(figure 31-1.5) can minimize the change in IC.
Increases in temperature result in an
increase in the voltage across RE (swamping
resistor) which will tend to oppose the
change in forward bias, thus minimizing the
change in IC. A distirkt disadvantage of the
swamping resistor is that it will produce
degeneration and reduce amplifier gain. This
can be prevented by using a capacitor in
parallel with RE which has a low reactance
to the input signal frequency. Figure 31-16
iilustrates the use of this capacitor.

'ACC

CE

OUTPUT

EMITTER BYPASS
CAPACITOR

Figure 31-16. Placing Emitter at AC Ground
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Figure 31-17. Self-Bias Stabilization

The circuit now compensates for REB
changes caused by temperature without
reducing gain. Figure 31-17 through 31-19
show other methods used to minimize lc
changes caused by temperature.

In the self-bias stabilizing circuit, temper-
ature increase causes IC to increase and
VCR to decrease. This decrease is Coupled
back through RD and decreases forward
bias. The disadvantage of this arrangment
is that RD also couples back part of the
output signal. This degenerative feedback
reduces amplifier gain. The use of a low
pass filter, RDi, RD2 and Cr (figure 31-18)
prevents this loss of gain (degeneration),
while providing temperature stabilization.

Figure 31-20 illustrates the stabilizing
effect that the thermistor, the forwardbiased
diode, and the emitter swamping resistor
have on collector current. Notice that stabi-
lization decreases rapidly between 50° and
75° Celsius.

Figure 31-18. Self-Bias Stabilization
(w/o AC Degeneration)

27

C

Figure 31-19, Thermistor Stabilization

All circuits previously discussed com-
pensate only for REB changes. The
decreased stability above 50° is the result
of ICB0 changes caused by temperature.
Figure 31-21 shows the path for IcBo.

.0/...
twi

25 0 25 50
'tummy*, "c

75 100

Figure 31-20. IC vs Temperature

"'cc
I

'COO ,

..
of

B

I

Figure 31-21. Flow of Irim
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Figure 3I-22, Reverse Biased Diode
Stabilization

The value of 1CBO doubles with an 8 to
10 degree Celsius change in temperature.
At 25° C, Icrio is in the order of micro-
amperes and 'as very little effect on IC.
Above 50° C, IcB0 has become larger and
will result in a notti-eable change in the for-
ward bias voltage across RB. These forward
bias changes will be amplified by the factor
beta (f3) and will result in a significant
change in I. Figure 31-22 shows how a
reverse biased diode can be used to minimize
this change.

REP4-.419

A

a

Reverse biased diode, CIll, replaces RB.
The magnitude of minority current through
CR1 equals Ica° and will change with temp-
erature. Forward bias changes are prevented
anti the only change in lc is the additional
leer,. In other words. CRI. prevents Ica()
k limagem from being amplified by the factor
BETA.

Additional stabilization can be achieved
using a combination of forward and reverse
biased diodes as illustrated in figure 31-23A.
Figure 31-232 graphically illustrates the
comparison.

Amplifiers are seldom used alone . Nor-
mally two or more of them are connected
to achieve desired gain. When the output of
an amplifier is applied to the input of the
next amplifier, they are said to be
C ASCADED.

There are four basic methods of coupling
the output of one amplifier to the input of
the next. They are direct, resistive/
capacitive (RC), impedance and transformer.
Each type of coupling affects an amplifier's
Witty to provide equal amplification at al
frequencies.

;t 5
E

I-.
Z
Wx 4a=
Li
Cr0
t.; 3
LI)
..J
...I0U

A

1z....

ag FORWARD BIASED DIODE
mrm STABILIZEDu,

i,8e
.e.

e MEAL

e .*". CURRENT
4

DOUBLE DIODE STABILIZED

100 12525 50 75

TEMPERATURE °C
B

Figure 31-23. Double Diode Stabilization Circuit and Graph
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Figure 31-24. Direct Coupling with Frequency Response

Figure 31-24A shows an example of direct
coupling and figure 31-248 illustrates the
relationship of gain versus frequency for
this type coupling.

The loss of gain at high frequencies is
caused by the interelement and stray capa-
citances. Figure 31-25 shows interelement
capacitance.

Figure 31-26A shows an RC coupled ampli-
fier and figure 31-268graphically illustrates
the gain versus frequency relationship.

The loss of gain at the low frequencies is
due to the reactance of the coupling

,,vCC

Cce

prp4-436

r---1(- -1
t :

Figure 31-25. Interelement Capacitance
of a Transistor

A
M

P
L
I
T
U
D
E

15 HZ FREQUENCY 20kHz

A B

Figure 31-26. RC Coupled Amplifier with Frequency Response Curve
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Figure 31-27. Impedance Coupled Amplifier with Frequency Response Curve

REPO -441
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Figure 31-28. Transformer-Coupled Amplifier with Frequency Response Curve
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capacitors, (Cl and C2). As with direct
coupling, the loss of gain at high frequencies
is due to intere lement and st ray capacitances.

Figure 31-27 shows an impedance coupled
amplifier with the frequency response curve,

In Impedance coupling, the amplifier load
is an inductor whose reactance is dependent
on frequency. Recall that voltage gain is
dependent on the value of the collector load.
As frequency increases, XL increases along
with the amplifier's gain. The peak-point on
the response curve indicates resonance
between the transistor's interelement capa-
citance and the inductive load. Above this
frequency, the gain drops off because of the
interelement and stray capacitance.

Figure 31-28 represents transformer
coupling and the response curve.

The loss of gain at low frequencies is due
to the low XL of the transformer windings.
Loss of gain at high frequencies is caused
by the circuit capacitances,

BASE 2

EMITTER 7 EMITTER

A

BASE 1

MODULE 33

SELECTED SOLID STATE DEVICES

The Unijunction Tr:mai:Nur

The unijunction transistor (MIT) has twc
conduction conditions and operates similar
to a switch. Figure 33-1 shows the basic
construction and schematic symbols for the
UJT.

When the material between base 1 (BI)
and base 2 (B2) is N type material, the
emitter (E) will be P material. The
opposite is true for the P type UJT. The
point where the emitter region is attached
to the basic material forms a PN junction.
When the PN junction is forward biased,
the UJT is in its high conduction or ON
state. Whta the PN junction is reverse
biased, the UJT is in its low conduction
or OFF state.

BASE 2

EMITTER EMITTER

BASE 2

B

BASE 1

N TYPE

C

Figure 33-1. Unijunction Transistor

31

C 1

i
BASE 1

P TYPE

D
REP4- 814
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Figure 33-2. Pictorial Diagram of UJT
Showing Low Conduction (OFF)

Condition

First consider a voltage applied between B1
and B2 as illustrated in figure 33-2.

The applied voltage will be distributed
evenly across the N material. The emitter
to 81 junction will be reverse biased because
the voltage at the point where the emitter
material is attached to the N material is at
approximately 4.13 V. The emitter current
at this time will be zero and the UJT will
be in its low conduct:on condition. This
situation is illustrated as the peak voltage
point (B) on figure 33-3.

A

0

VOLTAGE
VALLEY

POINT

NEGATIVE RESISTANCE AREA

VOLTAGE
PEAK
POINT

i li0 B IS

EMITTER VOLTAGE

20

RSPB -817

Figure 33-3. UJT Characteristic Curve

32

Figure 33-4 represents the high conduc-
tion (ON) condition of the UJT.

The 15 volts applied to the emitter will
forward bias the emitter-base 1 junction and
a high emitter current will flow. The high
concentration of electrons (carriers) in the
area between E and 81 causes the resisti-
vity of the material to decrease and the
voltage across the N material to be redis-
tributed, as shown. The emitter current
through RI will drop the emitter voltage
from 15 V to 3 V. Referring to figure 33-3,
the UJT is now operating at point C on the
curve.

The area between points B and C on the
curve is referred to as the negative resis-
tance (-R) area because emitter current
increases for a decrease in emitter voltage.
The time for the UJT to change from its
low conduction to its high conduction con-
dition is extremely short and in the order
of nanoseconds (10-9). The UJT is utilized
in instances where fast switching is required.

20V

ISV

101,

SV

3V

2V

IV

REP4-1229

Figure 33-4. Pictoriai Diagram of UJT
Showing High Conduction (ON)

Condition
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REPO -82:

Figure 33-5. Pictorial Diagram and Schematic Symbols for JFETS

e

The Junction Field Effect Transistor (JFET)

The Junction Field Effect Transistor
(JFET) is wrailable in N and p types. Figure
33- 5A illustrates the basic construction of
an N-type JFET and figure 33-58 shows the
schematic symbol for N- and P-type JFETS.

Connecting a voltage between the source
and drain as illustrated in figure 33-6 will

SOURCE

GATE

,,...,..$.,

GATE

result in drain current (ID) and a voltage
drop across the bulk N material. The voltage
between points A and B results in a reverse-
biased PN junction between the gate and the
N material, and produces a cone-shaped
depletion region between the P-type gate
material and the bulk N material. The deple-
tion region completely surrounds the bulk
material. The size of the depletion region
controls the area (called the channel), through

DRA IN

Figure 33-6. Conduction in an N-Type JFET

33*
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Figure 33-7. Effect of Vas on ID
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Much Iii .'an flow. In other words, control-
ling the size of the depletion region controls

Increaeing the drain to source voltage
(VDS) will increase ID and the size of the
depletion region until the depletion region
beconic.b so large that it restricts further
increases in At At this point, the device
is saturated. This point is referred to as
channel pinch-off and further Increases in
VDS will not produce a noticeable increase
in ID.

The effect of VDS changes is illustrated
in figure 33-7. Point VB on figure 33-70
is where the breakdown voltage of the PN
junction is reached.

The size of the depletion region controls
drain current. Figure 33-8 graphically illus-
trates the control that a voltage applied
between the gate and source leads (VGS)
has on ID. Note the similarity to the charac-
teristic curves for a transistor.

The significant difference is that with the
transistor, the base current (13) controls
conduction. whereas in the JFET, the gate
to source voltage controls the conduction.
In other words, the JFET is a voltage-_
controlled device. Small changes in VGS
result in large changes in ID.

The JFET can be used in three basic
configurations. They are the common source,
common gate and common drain. Figure 33-9
illustrates a common source amplifier.

.Notice that no biasing voltage is required.
on the positive alternation, the reverse bias
at the gate-to-source junction is decreased.
This action decreases the depletion region,
increases the channel size and increases
drain current (ID). This results in an in-
creased voltage across the load resistor and
a decreased output voltage (VDS). The nega-
tive alternation increases the reverse bias,
increases the depletion region, decreases
ID and ERL and increases the output (VDS).
The output voltage waveshape is larger than
the input waveshape, and amplification has
occurred. The input and output signal volt-
ages are 180° out of phase. Positive or nega-
tive biasing voltages (VGS) can be used
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Figure 33-8. N-type JFET Characteristic
Curves

with a JFET to move the operating (Q)
point.

The Metal Oxide Semiconductor Field Effect
Transistor (MOSFET)

The construction of an "N" Channel Metal
Oxide Semiconductor Field Effect Transistor
(MOSFET) is illustrated in figure 33-10. The
" P." channel MOi !!'ET uses an N type substrate.

MOSFETS can be divided into the enhance-
ment and depletion types. In the depletion
MOSFET, the channel is heavily doped and

RtP4-:21)
figure 33- 9. .1 FE C Common Source Arn,.!ifier,
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Figure 33-10. Cutaway View of MOSFET
N Channel
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Figure 33-11. N-Channel Enhancement Type
MOSFET
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Figure 33-12. N-Channel Depletion Type
MOSFET

produces high drain currents for smalldrain-
to-source voltages. The enhancement type
MOSFET is lightly doped and ID is small.
Figure 33-11 and 33-12 illustrate the effect
of Vbs and VGS on the channel and ID for
N channel enhancement and depletion
MOSFETS. The lightly doped enhancement
type MOSFET has a large depletion region
which restricts channel area and produces
low drain current. The voltage gradient
produced by VDs modifies the channel
width. A positive gate-to-source voltage in-
creases or enchnces the channel. ID increases
with an increase in the positive VGs voltage.

- 69
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Figure 33-13, MOSFET Symbols

In the heavily doped depletion MOSFET,
the depletion region is small, the channel is
Large and there is a high drain current. The
voltage gradient produced by VDS modifies
the channel and the negative gate-to-source
voltage decreases, or depletes the channel
width. In decreases with increases in the
negativewVGs voltage.

Figure 33-13 shows the schematic symbols
for MOSFETS.
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Figure 33-14. Energy Level Diagram of an
Unbiased Tunnel Diode
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Figure 33-15. Energy Level Diagram and
Characteristic Curve for a Tunnel

Diode

The Tunnel Diode

A Tunnel Diode is an extremely heavily
doped PN junction diode. Figure 33-14 shows
the energy level diagram of an unbiased tunnel
diode.

Ionization at the junction caused by junction
recombination results in the displacement
of the energy bands, so that the conduction
band electrons in the N material are at the
same energy level as the valence band holes
in the P material. The depletion region is
extremely thin. Applying a small forward bias
results in theemoveraent of electrons from the
conduction band of the N material directly
into the valence band of the P material. Holes
in the valence band of the P material move
directly into the conduction band of the N
material. The carriers pass through, or tun-
nel under, the forbidden band as they move
across the PN junction. Figure 33-15A depicts
this movement and figure 33-15B graphs the
voltage and current relationship. The current

coo
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Figure 33-16. Energy Level Diagram and

flow shown on the graph between points 1

and 3, occurs because of this tunneling.

Increasing forward bias changes the rela-
tionship between the energy levels of the N
and P materials. The N material increases
in energy and the P material decreases. Tae
area on the characteristic curve between
points 2 and 3 is where the following acti4,11
takes place. Electrons in the N material
become aligned in energy to the forbidden
band of the P material and the holes in the P
material become the forbidden band of the
N material. This action is illustrated in
figure 33-16.

This increase In forward bias will result
in decreased conduction until the majority
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Characteristic Curve for a Tunnel Diode
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carriers are all aligned with the forbidden
band and current flow is minimum (point 3 on
the curve). Between points 2 and 3 on the
curve, the tunnel diode exhibits a negative
resistance characteristic (-Ft). As forward
bias is further increased, the electrons in
the N material pass into the conduction band
of the P material and the holes in the P
material pass into the valence band of the
ts1 material. This is conventional conduction
and it is illustrated in figure 33-17. The
area between points 3 and 4 on the character-
istic curve represents conventional
conduction.

The Varactor Diode

A capacitor is described as two conductors
separated by a dielectric. A reverse biased

t
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E
N
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(31

VOLTAGE--w
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Figure 33-1 .. Tunnel Diode Energy Level Diagram and Characteristic Curve
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Figure 33-18. Varactor Diode 3cheniatic Symbol and characteristic Curve

junction diode exhibits the properties of a
capacitor. The N and P materials beeonu
the conductors separated by the depiction
region (the dielectric). Varying the reverse
bias changes the width of the depletion region,
thus changing the capacitance of the diode.
A diode designed to be used as a variable
capacitor is called a VARACTOR. Recall the

formula for capacitance: C 2KA .

Using the formula, the effect of changing the
reverse bias on capacitance can be
determined. Increasing reverse bias

GATE

ANODE

P

N

P

N

CATHODE

increases the depletion region (increased
distance - D) causing a decrease in capaci-
tance. Coilvei sely, decreasing reverse bias
increases capacitance. Figure 33 -18 shows
the scheiniitii symbol and characteristic
curve for a varactor diode.

t he Silicon Controlled rectifier

A Silicon Controlled Rectifier (SCR) is a
4 layer. 3 junction device. Figure 33-19 Is
the pictorial thao-ain and schematic symbol
for the SCH. Conduction in the ::;CR can be

ANODE

vs r41-8.17

Figure 33-19. Silicon Controlled itcctitict (SCR) Structure andSchematic Symbol
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achieved by applying anode to cathode volt-
age% and a gate voltage to this cathode.
After conduction 18 achieved, the anode to
cathode voltage and the gate lose control
of conduction. Figure 33-20A iilustrates
how conduction is achieved by the appli-
cation of an anode to cathode voltage an...
figure 33-20B is the characteristic curve.

Section 1 (Si) of the SCR is more heavily
doped than section 2 (S2). Junctions Ji and
J3 are forward biased and J2 is reverse

vOL r: RE 4ERSE

7
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Figure 33-21. Schematic Diagram and
Characteristic Curve for a

Gated SCR
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biased. Au the arm of me 10(1111tirloor":.'
(H ) in moved up (more imsltive), the an, et
to eaththie voltage is increased. The oily,
conduction is the reverse current acro:4
J2. When the anode-to-cathode volia4t.
reaches the breakover voltage (see curs
junction, J2 goes into reverse breakdown
momentarily. This results in the injection
of electron carriers from section SI to
These electrons, once in S2, act as minority
carriers (electrons in P material) and move
easily across the junction (J2). Once ti-tr.%.y
arrive in S3, they again become majority
carriers and move easily across .11. The
result is high conduction and a large voltage
drop across RI; Thu immediately reducer
the anode-to-cathode voltage and brings J2
junction out of reverse breakdown. The
SCR remains in high conduction because of
the continued injection of electron carriers
from S1 to S2. U the current is allowed
to drop below the "holding current" (see
chart), then carrier injection into S2 will
not be sufficient to maintain the level of
high conduction. Notice that the anode-to-
cathode voltage remains relatively constant
for large changes in current. Refer to figure
33-21A and 33-21B to determine the effect
of the voltage on conduction of an SCR.

The application of a gate voltage will
result In gate current and the injection of
electron carriers from S1 and S9 with no
anode-tocathode voltage applied. The result
is that a significantly smaller amount of
anode-to-cathode voltage is required to
achieve high conduction (see chart). The
gate voltage will determine the breakover
voltage required to achieve high conduction.
The holding current determines when the
SCR will drop out of high conduction.

The Zener Diode

A zener diode is a PN junction diode
whose doping has been increased so that it
can operate in the reverse breakdown,
avalanche current area of the characteristic
curve without causing structural breakdown.
While operating in the avalanche current
area, the zener diode will maintain a
relatively constant voltage across it for
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a wide range of currents. Figure ;3-22
shows the schematic symbol and the char-
acteristic curve for a zener diode, By con-
trotting doping, a zener diode can regulate
voltage within the range of 3 to 20 volts
and may be connected in series if a higher
regulated voltage is required,

Integrated Circuits

Integrated circuits are divided into two
categories, HYBRID and MONOLITHIC. In

A
FLAT PACK

the monolithic integrated circuit, all
elements (resistors, transistors, diodes, and
capacitors are fabricated inseparably within
a continuous piece of material called the
SUBSTRATE. U the substrate is N material,
then controlled amounts of P material will
to doped ii to the substrate to form the com-
ponents. Metallic contacts are attached to
these areas and leads are connected. An
entire electronic circuit can be manufactured
on a single piece of substrate 40 by 60
thousandths of an inch in size.

B
IN LINE

Figure 33-23. Package Styles tor Integrated Circuits
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Hybrid integr aded el reuits have the passive
COIllifinients (resistors, capacitorii)deposited
on a substrate made of glass, ceramic, or
some other insulating material. The active
components (diodes, transistors) are then
attached to the substrate. Figure 33-23
shows some typical examples of integrated
circuit packages. One of these tiny packager;
n .ty contain one or several circuits and often
hive several hundred components.

43

Integrated circuits are small in size and
light in weight. They consume very little
power and are highly reliable. This makes
them ideally suited for use in airborne
equipment, missile systems, computers,
spacecraft, and portable equipment. Because
of their construction they are not normally
repaired. 'or example, a monolithic Inte-
grated circuit cannot be repaired and the
entire device is replaced.
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INTRODUCTION

John Bardeen, William Shockley, and W. H. -Brattain are credited with
having developed the transistor at Bell Telephone Laboratories in June,
1948. Initially the device wag referred to as a TRANSFER RESISTOR, but
soon the name was shortened to transistor.

Since its introduction the "transistor" has been constantly improved
until for many uses it is the most efficient and dependable device available
for its field of application. The advantages are that they do not have fila-
ments which require heating, require less power than electron tubes, are
rugged, and have a very low failure rate.

Transistors and associated circuits are especially suited for use in equip-
ments which must be miniaturized. This is because the components are small
and light, can be operated with light compact power supplies, and are rugged.
This last feiture permits simpler, more compact shock and vibration-isolation
equipment to be used. Also, since the components have a very low failure rate,
less storage space for equipment replacement parts is required.

Because of the continuous advance of solid state technology, semiconductor
devices and circuits are being used more and more, both in military and

.... commercial electronic equipment.

It
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INSTRUCTIONS

Thin student workbook in a programmed text. When using this programmed text, you learn
by actively responding to each bit of information before proceeding to the next. You are
allowed to proceed at your own pace. Don't rush, but don't loaf. THIS IS NOT A TEST.

Each learning stepconsisting of the information, plus an instruction on how you are to
respond (when needed), and your responseis called a frame. Each frame contains diagonal
lines /////////////////1//. Use a 5 x 8 card, or heavy paper you can't see through, as a
mask. Slide the mask down the page until you expose the first diagonals.

Read the information and either:

a. fill In the blanks) in a sentence to complete it correctly,
b. follow the Instructions in the frame, or
c. go to the next frame. Some frames don't require a response.

After you respond, slide the mask down to the next solid line which runs across the page.
The correct response appears above that line. Compare your response with the correct one.
If your response is Incorrect, reread the information to see why the correct, printed vssponse
is really correct. Write that response next to yours, slide the mask down to the next /111/1,
and start the next frame.

Get a mask, slide It to the /////M/1/1/1/1/11/ below and try a practice frame.

1. Maine, Virginia and Florida are coastal states. Massachusetts also borders the Atlantic,
so it Is a ( ).

(After you have written your answer, move the paper to the solid line and compare
your response with the correct one;)

./1/11/11/11/11/1//11

coastal state

Since your learning In every frame usually depends on what you also learned in the preceding
frame, DO NOT SICIP ANY FRAME.

TURN THE PAGE AND BEGIN
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I. ',AMC ATOMIC THEORY

This lesson teaches basic atomic theory. First, you will learn about the /structure
of matter. including elements, compounds, molecules, and atoms. Then. the /structure
of the atom will be covered.

Quite possibly, you may have already learned some of this material In a prior
course. U so. this part of the program is designed to let you skip the parts you may
already know.

STRUCTURE OF MATTER

1. Choose the phrase or phrases in the secondcolumn that best describe the word in the first
column. U aU answers are correct, move on to frame 17; otherwise. proceed with frame
2.

1. compound a. smallest unit of an element
2. atom b. combination of elementn
3. element c. smaUest unit of a compound
ettootecule d. made up of atoms

/,'//1/1/////////////
1. b 2. a 3. d 4. c, /1

2. Matter is any substance that has mass and occupies space. Since water has mass and
occupies space, it is an example of ( ).

/ / / / / // / /// / // / / / // /

matter

3. Stone is matter because it has ( ) and occupies ( ).

111/1/1/11/11/11/1//

mass space

4. Wood, waver, and oxygen are examples of the three states of matter. The three states a; e:

a. ( b. ( c. (

////////////////////
a. solid b. liquid c. gas

5. AU matter is composed of elements. Elements cannot be reduced into simpler substances
nor built up from simpler substances. Oxygen cannot be decomposed or made from other
substances. so is ( ).

///// /1/1/1/1/ 111/11

an element

1



6. Hydrogen ie alien an element. It too cannot . . . .

/ / / / / / / / / / / / / / / / / ///

be deconiposed nor made from other substances.

7. Water is made with oxygen and hydrogen. Water (is/ls not) an element

/////://////////////
Is not

0. When elements are combined to form another substance, they produce a compound.
Water is ( )

11111111111111111111

a compound

9. The compound water is made by combining oxygen and hydrogen. which are (

////////////////////
elements

)

IC). The smallest particle of a compound that retains all the properties of the compound is a
molecule. A drop of water contains many ( ) of water.

////////////////////
molecules

11. If the compound carbon dioxide was broken down to the smallest particle that could be
identified as carbon dioxide. that particle would be a ( ).

//////////////////i./
molecule (of carbon dioxide)

12. When a molecule of a compound is reduced even further, the compound no longer exists.
In its place are the ( ) that were originally combined to form the compound.

////////////////////
elements

13. The smallest unit of an element that can still be identified as that element is called an
atom. Since compounds are made of elements. molecules of compounds are made of

) of elements.

////////////////////
atoms

2
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14. The smallest units of oxygen and hydrogen are (

////////////////////
atoms

15. If the atoms of oxygen and hydrogen are conibined, a ( ) of the compound water
Is produced.

////////////////////
molecule

16. Choose the phrase or phrases in the second column that best describe the word in the
first column.

I. compound
2. atom
3. element
4. molecule

1. b

a. smallest unit of an element
b. combination of elements
c. smallest unit of a compound
d. made up of atoms

1/11///1/////// 1111/

2. a 3. d 4. c, d

ATOMIC STRUCTURE

Match the word In the second column with the appropriate word In the first column. If all
answers are correct. move on to frame 30; otherwise, proceed with frame 18.

I. electron a. positive
2. proton b. neutral
3. neutron c. negative
4. atom

////////////////////
1. c 2. a 3. b 4. b

18. Elections. protons, and neutrons are
the most important parts of an atom.
In the diagram. the nuttleus, or center
of the atom, is composed of ( PROTONS

and ( )

////////////////////
protons neutrons

NEU IRONS

3



lg. Electrons circle about the nucleus of an
atom In paths called orbits. In the dia-
gram, label the parts which represent
electrons.

////////////////////

ELECTRON

ELECTRON

20. Electrons and protons have opposite electrical charges. Electrons have a negative
charge. Protons have a ( ) charge.

////////////////////
positive

21. The charges of electrons and protons are represented by signs. A positive (+) sign is
used to denote a proton; an electron is represented by a ( ) sign.

////////////////////
negative (-), minus

22. The electrical charges of electrons and protons are EQUAL and OPPOSITE. Because of
this, the negative charge of an electron and the positive charge of a proton ( ).

///////1/1/1/1/1/1//'

cancel each other.

23. When the electrical charges of an electron and a proton cancel, the resultant charge is
).

////////////////////
neutral, zero

24. A neutron can be thought of as a combination of a proton and an electron; therefore, the
electral charge of a neutron IA )

////////////////////
neutral. zero

4
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25. Protons are ( ) and neutrons Are ( )
//////////////////II

positive neutral

:%. 13anne protonn and neutrons make up the nucleus of an atom. `lac overall charge of the
bilrieliS In ( ),

/ / / / / / / / / // / / / / / / / / /

positive

27. Particles with opposite electrical charges attract each other. Particles with the same
electrical charge. then. ( ) each other.

////////////////////
repel

28. Two electrons will ( ) each other.

////////////////// /1
repel

29. A proton will repel a ( )
////////////////////

protor

30. A proton will attract (

/ 1/7//////////i/i .

In electron

31. The nucleus has a ( ) Charge.

...
////////////////////

positive

32. The nucleus attracts ( )

/ / /

electrons

5
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11 K10.01'1411:0 044(We .It .4 ex,..it !Opera ill 11144 r orbits around the (

/1,,///11////1/,,'.. I

nucleus

.14. 144.0 111144' of their - void
to orbit by the (

).

orbital :wed, <leetronm TEND to break away. Rut. they are kept
) ot the ( ).

ail/II/L/ II i if la

attraction Mit' IOUS

..._____.

35 Normally, the number of electrons in an
atom Is equal to the number of protons
in the nucleus. In the diagram, the num-
ber In the nucleus represents the num-
ber of protons. There should be ( )
orbital electrons.

111111118, MUM/

two

36. Since opposite charges cancel out. an
ttom that aas the same number of
p~otons a .d electrons is electrically
neutral. In the diagram, the atom (is/is
not) neutral.

NUCLE11`..)

."'"------"'''

011/1111.71111//1/1

is not

37. If an atom has three electrons and throe protons, it is eiectricallY (

/////////////////a/

neutral

),

38. Match the word in the second column with the appropriate word in the first column.

1. electron a. positive
2. proton b. neutral
3. neutron c. negative
4. atom

1111/111/11/1/111111

1, c 2, a 3. b 4. b
6
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39. The orbits of electrons ."ay be thought of as being arranged lii concentric shells around
thin ( ) Itt an MOM.

////////////////////
nucleus, center

40. Each :Melt ;fart .t maximum number of ( ) that it can hold.

////////////i///////
plectrons

a' ..i. Tae maximum number of electrons that each shell can hold depends upon the
"distance" of the shell from the nucleus. Referring to the table listing the "electron
structure of atoms" (page 11), what is the MAXIMUM number of electrons that can be
held in the first shell, which 1 X the one that is closest to the nucleus?

////////////////iii/
2

41.b. What Is the MAXIMUM number of electrons that can be contained in the second shell
of a.nj atom? In the third shell? In the fourth shell?

//i///iiiii ii//////i
8 18 32

41.c. Based on this, a general rule can be stated as follows: The first shell can hold up to
( ) electrons; the second shell can hold up to ( ) electrons; the third
shell can hold up to ( ) electrons; and the fourth shell can hold up to ( )
electrons.

/ill/I/Hi/di/Nil
2 8 18 32

(Although there are atoms with up to 7 shells, these atoms are not important in the
study of transistors.)

4I.d. Is it necessary for all of the preceding shells to be filled before a new shell can be
started?

//lib ////////i1.11/

No. (In atoms having up to 3 shells all the inner shells ARE filled, but this is not
true ir. atrxris having more than 3 shells. The reason for this is believed to be that
the furtile: the distance each shell is from the nucleus, the less influence the nucleus
has ov : :- electrons in the shell.)

-- 0
...., ,...
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42.a. By studying the table closely, another important rule for the number of electrons in
each shell ran be derived. What is the maximum number of electrons that an In.
contained In .4 shell 11."11IAT SHELL. I3 THE OUTEHMOSV HatELL?

////////////////////
8

42.h. Studying the table again, what is the maximum number of electrons that can be con-
Wiled IN THE NEXT TO THE OUTERMOST WELL?

//////////////////li
l8

42.e. Thus, as another general rule, it can be stated that: The OUTERMOST shell of an
atom can hold no more than ( ) electrons and the next to the outermost shell
can hold no more than ( ) electrons.

////////////////////
8 le

43.a. In your own words. state the rule defining the MAXIMUM number of electrons that
can be contained in each shell (up to 4 shells), and give the EXCEPTIONS to the rule.

////////////////////
The first shell can hold up to2 electrons, the second shell can hold up to 8 electrons.
7.1e third shell can hold up to 18 electrons, and the fourth shell Can hold up to az
electrons. But, whenever a shell is the OUTERMOST shell, it can only hold up to 8
electrons and whenever a shell is the NEXT TO THE OUTERMOST shell, it can
tmly hold up to 18 electrons. (This will become apparent by studying the table.)

43.b. If the atom had four shells, the third shell could hold (

//////////////, /., //
18

) electrons.

43.c. In an atom with only four shells, the fourth shell could hold up to t

////////////////////
8

) electrons.

43.d. In an atom with five shells. the fourth shell could hold (

////////////////////
18

8

) electrons.
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43.r. In an atom with six shells, the fourth shell could hold (
third shell ( ) electrons.

////////////////////
32 18

) electrons, and the

_ -- - - ---_-_-,-,----- ----- - -...-___ ..- -----------... -- -,-"^------, ^ -
43. f. In an atom with seven shells, the third and fourth shells could still only hold (

and ( ) electrons. respectively.

////////////////////
18 32

)

44. Although there are some atoms with up
to 7 shells, this transistor course enlv
covers materials whose atoms have up
to 4 shells. Such an atom could have at
the most 36 electrons. List the correct
number of electrons per shell for the
atom in the diagram.

a. ( )
b. ( )
c. ( )
i ( )

a. 2

////////////////////
b. 8 c. 18 d. 8

45. Each shell must be filled to capacity before the next shell can contain any electrons. It
the first shell Is incomplete, there (might/cannot) be electrons in the second shell.

/////////, //////////
cannot

46. When an atom has 36 electrons, how many protons must it contain for the atom to be
neutral?

////////////////////
36

47. Ii an atom was electrically neutral and had 18 protons in its nucleus, how many electrons
would It have in its first, second, and third shells?

////////////////////
first shell: 2 second shell: 8 third shell: 8

9
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SUMMAItY

1. Matter is any IlliblitAll that halt Makin
and occupies space.

2. Matter exists in three ntaten: solid,
liquid. and gas.

3. Elements cannot be decomposed into
simpler substances nor built up from simpler
substances.

4. Compounds contain two or more dif-
ferent elements in chemical combination.

5. A molecule is the smallest particle of
a compound that retains all the properties
of the compound.

8. tn atom Is the smallest part of an
element that can still be identified as that
element.

7. An atom is composed primarily of elec-
trons, protons, and neutrons.

8. At the center of an atom is the nucleus,
which contains protons and neutrons.

9. Electrons circle about the nucleus in
paths called orbits.

10. Elect:ms nave a negative electrical
chargs.

11. Protons have a positive electrical
charge.

12. Neutrons are electrically neutral.

13. The nucleus of an atom has a positive
electrical charge.

10

14. Like charges repel :tad opposite charges
attract.

15. Electrons tend to break away from atom::
because of their orbital speed.

16. Electrons are kept in orbit by the attrac-
tion of the nucleus.

17. Normally, the number of electrons in an
atom is equal to the number of protons in the
nucleus.

18. An atom with the same nu m be r of
protons and electrons is electrically neutral.
If it has more electrons than protons, the
atom has a negative charge. U there are
more protons than electrons, the atom has a
positive charge.

19. The orbits of electrons may be thought
of as being arranged in concentric shells
around the nucleus of an atom.

20. No atom has more than seven shells,

21. There is a maximum number of
electrons for each shell.

22. The first shell can hold up to 2 elec-
trons, the second, 8; the third, 18; the
fourth, 32.

23. However, the outermost shell, regard-
less of whether it is the third, fourth, etc.,
can hold no more than 8 electrons.

24. The shell next to the outermost shell
can only hold up to 18 electrons.
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ELECTRON STRUCTURE OP ATOMS

ATOMIC

MMUS
SOW ATOMIC

NUM'
AMU

SIM 1TriATOM
I 2 3 4 5 I 2 5 II 1.

1 Hydr °Ion N I 50 tin Sri 2 14 18 4 0 0

2 Helium He 2 SI Antimony Sb 2 18 III li

3 Lithium Li 2 t S2 tellurium re 2 III IS 6
4 Belythum B. 2 1 53 Iodine I 2 18 lB I
S Boron B 2 3 54 Xenon Xe 2 18 18 8

6 Carbon C 2 4 SS Cesium Cs 2 III III S I
1 Nitrogen N 2 S 56 Barium Bs 2 III 18 8 2
8 Otygen 0 1 6 S7 1 ant hunum la 2 18 18 'i 2

9 Fluorine F 2 1 58 Cerium Ce 2 III 19 9 2
10 Neon No 2 59 Praseodymium ?r 2 18 20 9 2
11 Sodium Na 2 1 60 Neodymium NO 2 18 21 9 2
12 Magnesium Mg 2 2 61 Promethium Pm 2 18 22 9 '
13 Aluminum Al 2 3 61 Samarium Sm 2 18 23 9 2
14 Silicon Si 2 4 63 Europium Eu 2 18 21 9 2
15 Phosphorous P 2 S 64 Gadolinium Gd 2 II 2S 9 2

16 Sulphur S 2 6 65 Terbium lb 2 18 26 9 2
17 Chlorine CI 2 7 66 Dysprosium Dy 2 18 11 9 2
18 Argon A 2 8 67 Holmium Ho 7 18 28 9 2
19 Potassium K 2 8 1 68 Erbium Er 2 18 29 9 2
20 Calcium Ca 2 8 2 69 Thulium Tm 2 18 30 9 2
21 Scandium Sc 2 9 2 70 Ytterbium Yb 2 18 31 9 2
22 Titanium Ti 2 10 2 71 lutetium IA 2 18 32 9 2
23 Vanadium V 2 11 2 72 Hafnium HI 2 18 32 10 2
24 Chromium Cr 2 13 1 73 tantalum is 2 18 32 11 2
2S Manganese Mn 2 13 2 ; Tungsten W 2 18 32 12 2
26 Iron Fe 2 14 2 75 Rhenium Re 2 18 32 13 2
17 Cobalt Co 2 15 2 76 Osmium Os 2 18 32 14 2
28 Nickel Ni 2 16 2 72 Iridium Jr 2 18 32 IS 2

29 C000er Cu 2 li I 78 Platinum Pt 2 18 32 16 2
30 Zinc In 2 18 2 79 Gold Au 2 18 32 18 I
31 Gallium Ga 2 18 3 IS Mercury Hg 2 18 32 18 2
32 Germanium Ge 2 18 4 81 Thallium II 2 18 32 18 3

33 Arsenic As 2 18 S 82 Lead Pb 2 18 32 18 4

34 Selenium Se 2 18 6 &I Bismuth R. 2 18 32 18 S

35 Bromine 8r 2 18 I Ili Polonium Po 2 18 32 18 6
36 Krypton Kr 2 18 8 85 Astitine At 2 18 32 1$ 7

31 Rubidium Rb 2 18 8 I 86 Radon Pr+ 2 18 32 18 8
3$ Strontium Sr : 1E B 2 87 Francium it 2 18 32 18 ; 8 1

39 Yttrium l' 2 R 18 9 2 U Radium Ra 2 18 32 18 ' 8 2
40 Zirconium Zr 2 is 101 i i aa actinium Ac 2 18 32 18 9 2
41 Niobium fib 2 111 :1 i 90 I Thorium Th ' 18 32 19 9 2
42 fillybdenum Ma 2 8 18 13 1 91 Protactinium P3 i 18 32 20 9 2

43 Tethetoum Te 2 8 18 14 1 92 Uranium U 2 18 32 21 9 2
44 Rutiimiurri Ru 2 8 18 IS 1 93 Neptunium ND : it 18 32 22 9 2

45 Rhodium Rh 2 8 18 16 1 94 Plutonium Pu 2 8 18 32 23 9 2

46 Palladium Pe 2 8 18 18 0 95 Americium Am 1 8 18 32 24 9 2

IT Silver Ag 2 3 18 18 1 96 Curium Cm 2 8 lB 32 2S 9 2
48 Cadmium Cd 2 8 18 18 2 97 Berkelium Bk 2 8 18 32 26 9 2

49 Indium in 2 8 18 1$ 3 98 Californium CI 2 8 18 32 27 9 2

lim% 1164 .1 4s44 SOW/ Si SO ftsaillit AN .S `Or comaire Itre ot bctsliv 106 Inpos !meets
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IL BASIC ELECTRON THEORY

In the first lesson, you learned that atoms are made up of electrons, protons, and
neutrons and that electrons are In motion and tend to break away from the atoms.
This lesson will teach you about energy levels of electrons according to quantum
theory, and how (410141'0M earl be moved. Then you will learn what valence electron.;
are and how they :let In electrical conductors, Insulators, and semiconductors.

QUANTUM THEORY

1. The quantum theory states that an electron can be moved out of its shell if enough energy
(In the form of light, heat, magnetic fields, etc.) is applied to or lost by the electron.
That electron can .nove to a ( ) that is ^loser to or further from the nucleus.

1111111111111a, /111

shell

2. If the electron loses e.. ugh energy. It will mo re to a lower shell. If it gains enough
energy, It will move to a ( ).

/1/1/1/1/1/1/1/1////

higher she ..1

3. What would have to be done to the elec-
tron shown in the diagram to move it to
the shell Indicated?

1111111/1/1111111111

Add enough energy to it.

4. What would have to be done to the elec-
tron shown in this diagram to move it to
the shell indicated?

11//1111111111111111

Take enough,energy away from it.

12
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To move in electron to a higher shell, its energy level must be (increased/decreased);
to move it to a lower shell. its energy level must be (increased/decreased).

1/1/11/11/111/8111/

Increased decreased

6. The units of energy contained by an electron are called quanta. It we add two quanta of
energy to an electron. it might move to a ( ).

/11/////////////////
higher shell

1. A certain amount of energy must be added to or taken from an electron's energy level
for that electron to move out of its shell. U the energy level does not change enough,
the electron will ( ).

11111111111111111111

stay in its shell

8. Assume 3 quanta must be ADDED to the
electron shown in the diagram to move
it to the next shell. Indicate the new
position of the electron U 2 quanta are
imparted to it.

111111111111/1111111

NO CHANGE
IN POSiTION

La. U more than enough energy is added, the extra energy will have no further effect
unless it is enough to move the electron to a higher shell.

U 3 quanta had to be :tdded to an electron to move it to the next higher shell. and 4
quanta were added to it, would the electron move to the higher shell?

/11/////////////////
Yes

ri 1

1
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Now ttilleh Of the 4 441Mitil WAN MAU:illy used by the eieelron?

/////7/////7////////
3

-^
9.e. What rifeet did thft extra quantum have?

/////ili////////////
none

10.a. Assume that in electron In the first
shell of an atom has a particular
energy level. Assume further that
2 quanta must be ADDED to the
electron to move it from the FIRST
to the SECOND shell. and that 4
quanta must be ADDED to move it
from the FIRST to the THIRD shell.
Indicate the new position of the elec-
tron if 3 quanta are added toil

I/i///////////////li

10.b. What if the electron were in the third shell and 4 quanta were taken away from it?

1/11/1/1//://///////

The electron would move to the first shell.

IL Since energy must be added to an electron to move it to a higheir shell, the electrons in
the higher shells have (higher/lower) energy levels than those inithe lower shells.

1//8/1////7////////
higher

12. Which shell has the highest energy level?

.///////////////////

14

The outermost or highest shell.

4



Sr

VALENCE ELECTRONS

13. The outermost shell of an atom Is called the valence Anil. 104o-trona In this shall are
known as valence electrons. Since they are In the outermost shell, valence electrons
have the ( ) energy levels.

ii//////////////////
highest

14. U enough energy is added to a valence electron, It will move out of the valence shell.
Since there is no next higher shell, this freed valence e i e c tr on will move out of the

///////// /////// ////
atom

The tendency of atoms to give up their valence electrons depends upon a character-
istic called "chemical stability." An atom is said to be stable If Its valence shell
Is full; that Is, when the valence shell contains eight valence electror.s. When thu
valence shell of an atom Is more than half full, the atom tends to take on electrons to
complete Its valence shell. When an atom's valence shell Is less that half futl, the
atom tends to give up electrons.

15. The less valence electrons there are in the valence shell, the easier it is to fre them.
Which atoms would more readily give up their valence electrons: atoms with ,lne valence
electron or atoms with five valence electrons?

//// /// // /// /7/

Atoms with one valence electron-

16. . e electrons that are freed are called free electrons. When free electrons leave
ate they can take part in the flow of electric current. Therefore, the fewer the valence
electrons in a material, the easier It in for the material to conduct ( ).

// ///// // / /// /// // //

electric current

17. Since the outermost shell can only have up to 8 electrons, an atom that has 8 valence
electrons is considered stable. This means that its valance electrons are difficult to

).

///////////1/0/1//
free

rt



18.a. Choose the atom which would more easily release its valence electrons.

////////////////////
2

18.b. Which atom would not easily give up electrons?

////////////////////
1

19. Electric current is composed of free electrons that were removed from the (
shell.

////////////////////
valence

)

CONDUCTORS, INSULATORS AND SEMICONDUCTORS

20.a. Materials that easily conduct electric current are called conductors. Conductors
have many ( ) electrons.

////////////////////
free

20.b. The valence shells in the atoms of conductors have only a few (

////////////////////
valence

) electrons.

21. Most metals have a large number of free electrons, which makes them good (

////////////////////
conductors

)

16

97

1)7



1),
22.a. A inaterial that cannot conduct electric current is called an insulator. An insulator

'las few or no ( ).

// // //// // / // WM/

free electrons

22.b. The valence shells in the atoms of insulators have many (

/ / / / / / / / / / / / / / / / / ///

valence electrons

).

23. Glass, ribber, and mica have very few free electrons, and so are good (

/ / / / / / / / / / / / / / / / / ///

insulators

).

24.a. Some materials can provide enough free electrons to conduct current, but not enough
to be called good conductors. These materials are known as semiconductors. Which
of the following conducts more current?

1. conductors 2. semiconductors

Milifill/M//////
1. conductors

24.b. Which of these conducts more current?

1. insulators 2, semiconductors

/ / / / / / / / / / / / / / / / / ///

2. semiconductors

25,a. The manner in which materials conduct electric current can also be described in
terms of resistance,

Conductors offer a (high/low) resistance to current flow.

/ / / / / / / / / / / / / / / / / ///

low

25.b. Insulators offer a (high/low) resistance to current flow.

////////////////////
high

C: c.
1.1,_'
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..... - ........ _ __ . . _
25,c. Semiconductors have (more/less) resistance than conductors. but (snore /less) than

insulators.

///////////////////1
more less

__

25.d. Metals offer a ( ) to current flow.

////////////////////
low resistance

26. In contrast to low-resistance materials, high-resistance materials have very few
( ). But the outermost shells of their atoms have many ( )-

////////////////////
free electrons valence electrons

27. Semiconductors are neither good ( ) nor good ( ).

////////////////////
conductors insulators

28. Very little energy has to be applied to a conductor to free its valence electrons and
cause the flow of ( )-

////////////////////
current

29, A great deal of energy is needed to cause current flow in (

////////////////////
insulators

)-

30. Semiconductors require more energy for current flow than ( ), but less than
( )

//////////7/////////
conductors insulators

18
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31. The amount of energy needed to cause
current flow in any material can be
represented by anenergy-band diagram.
The conduction band represents the
level of energy that must be reached by
an electron for it to be freed. There-
fore, it represents the energy level at
which ( ) will flow.

,.
rt
.....z ario.,1111a116....../IIMIPI

CONDUCTION BAND

FORBIDDEN BAND

VALENCE BAND

cL

4..2,
LOWER ENERGY BANDS

_,
U..) (THESE LOWER BANDS ARE OF

NO INTERESt IN THE STUOY
OF TRANSISTORS)

/ I/ // / / // / / / / / / /I / / /

current

32. The valence band in the diagram corresponds to an atom's highest (

////////////////////
energy

) level.

33. The forbidden band represents the amount of energy that must be added to an electron's
energy level to reach the conduction band. The wider the forbidden band, the ( )

the energy required.

/ // / / // / / / / // / /// / / /

greater. more

34. If energy is added to the valence electrons, but the total energy still does not reach the
conduction band, there will be no ( ).

///////////////a///
current flow

35. The width of the forbidden band determines how easily a substance will conduct. The
wider the forbidden band, the ( ) easily a substance conducts.

////////////////////
less

36. The wider the forbidden band, the greater the energy that must be added to the (
electrons for conduction to take place.

////////////////////
valence

)

I ( : 1)
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37. An insulator would have a very wide ( ) band.

/////////i/1/ NOW

forbidden

38. The forbidden band of semiconductors is narrower than that of ( ), but wider
than that of ( ).

/////*/ /7///ir ill // /

insulators conductors

39. In a conductor, the valence and conduction bands overlap so that no ( band
exists.

10/7/1/11/11/71/7/1

forbidden

40. The forbidden band of a semiconductor represents less required energy than the forbid..
den band of (

11/011/1/11/11/1/11

an insulator

41. The conduction band of a conductor represents a slight increase of energy above the
1 band.

///1/01/11/1//////1

valence

42. Match the energy level diagrams with the appropriate substances.

`Nf...0 2 ncN BAND

roRRIODEN BAND
z

Ir

.,z;_ENCE ELND

a. conductor

1. b.

CONNCTION BAND

FORBIDDEN BAND

VALENCE BAND

CONDUTQN BAN7

VALENCE RANO

2 3

b. insulator c. semiconductor

////i/IIIIii1/1/11/1
2. c. 3. a.

20
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43. The energy needed by an electron to cross the forbidden band is expressed in electron
volts. Therefore. the width of the forbidden band can be measured in ( ).

////////////////////
electron volts

An electron volt is a unit of ENERGY. One electron volt is the ENERGY acquired by
an electron after it has been accelerated through a potential of 1 volt. Do not confuse
an electron volt with a volt, which is a unit of electromotive force (EM F).

44. lf, to go from the valence to the corduction band, an electron must acquire 3 electron
volts of energy, then the width of the forbidden band is ( ).

////////////////////
3 electron volts

45. In insulators, at least 4 ev (electron volts) have to be imparted to an electron to move it
from the valence band to the conduction band. Therefore, the width of the forbidden band
in insulators is ( ) ev or more.

////////iffilllill/I
4

46. For semiconductors, from 0.7 ev to 1.1 ev must be imparted to an electron to move it
from the valence to the conduction band. This means that the width of the forbidden
band in semiconductors is at least ( ).

/ / / / / / / / / / / / / / / / / ///

0.7 ev

47. For conductors, as little as 0.01 ev is needed to move an electron into the (
band.

////////////////////
conduction

).

48. If the width of the forbidden band of a substance is between 0.7 ev and 1.1 ev, that
substance is ( ).

////////////////////
a semiconductor

21
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SUMMARY

I. An electron can he moved to a higher
shell if enough energy is applied to tt.

2. An electron can be moved to a lower
shell if enough energy is lost by it.

3. The units of energy containedbymi elec-
tron are called quanta.

4. In the higher shells, the electrons have
higher energy levels.

5. Valence electrons arc in the outermost,
or valence, shell of an atom.

6. Valence electrons have the highest
energy levels.

7. U enough energy is applied to a valence
electron, it can be freed from the atom.

8. The fewer the valence electrons in the
valence shell, the easier it is to free them.

9. Free electrons are those which have
been removed from the valence shell.

10. Free electrons take part in electric
current flow.

11. Conductors have a large number of free
electrons.

12. Most metals are good conductors.

13. Insulators have very few free electrons.

14. Glass, rubber, and mica are good insu-
lators.

15. Semiconductors are neither good con-
ductors nor good insulators.

16. Very little energy is needed to cause
current flow in conductors.

17. A great deal of energy is needed to
caNse current flow in Insulators.

22

18. Semiconductors require more energy fur
current flow than ronductors, but lesn than
insulators.

19. The amount of energy needed to cause
current flow in any material can be repre-
sented by an energy-level diagram.

CONDUCT ION BAND

FORBIDDEN BAND
e

VALENCE BAND

INSuL ATOR

CoNDUCIJON BAND

FOREKDEN BAND

VALENCE BAND

SEMICONDUCTOR

CONDUCTION BAND

VALENCE BAND

CONDUCTOR

20. The wider the forbidden band, the
greater the energy that must be imparted
to an electron in the valence band to raise
Its energy level up to the conduction band.

103

0



21. Insulators have a very wide forbidden 25. The width of the forbidden band can be
band. measured in electron volts.

26. The width of the forbidden band in inau.
22. Semiconductors have narrower forbidden lators is 4 or more electron volts.
bands than insulator's.

23. Conductors have no forbidden band.

27. The width of the forbidden band in
semiconductors is 0.7 to 1.1 electron volts.

28. Conductors need as little as 0.01 elec-
24. Electron energy 18 expressed In elec- tron volts to raise the energy level of a
tron volts. valence electron into the conduction band.

I ( 1
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III. SEMICONDUCTOR THEORY

In the previous lesson, you learned how electrons are freed to produce current
flow. and tun,/ Monne materials can conduct current more easily than others. You also
learned that semiconductors are neither good conductors nor good insulators. This
lesson will cover tiw structure of semiconductor materials and will teach you some
facts about serniconduetor characteristics. Then you will learn about how certain
impurities ran be added to semiconductor materials no that they can conduct current
more freely.

SEMICONDUCTOR CHARACTERISTICS

l The atoms in a semieonductor material are arranged In a CRYSTAL LATTICE structure.
This structure is maintained by a condition called COVALENT BONDING: covalent
bonding is brought about by the sharing of valence electrons between two or more
adjar..nt ( 1.

, ELECTRON -PArR FICNID
e."-IvAi EN r 90N0'

CRYSTAL LATTICE STRUCTURE

atoms

2. Germanium and silicon are the most commonly used semiconductors In electronics.
Their atoms are arranged in a ( ) structure.

24
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crystal lattice
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3. The valence electrons or adjacent germaniunt and silicon semiconductor atoms are
shared to form a common bond. This Is knows as ( ) bonding.

////////////////////
covalent

4. Germanium and silicon atoms have four
valence electrons. To form a covalent
bond, these atoms share their ( ).

////////////////////
valence electrons

COVALENT
BONDS

5. This covalent bonding or sharing process effectively gives each atom a total of eight
electrons in its ( ) shell.

////////////////////
valence, outermost

8. In each atom, four of the shared electrons are its own and four are borrowed from
adjacent ( ).

/////////!//////////
atoms

7. Since covalent bonding results in each atom seeing eight electrons in its valence shell,
a semiconductor crystal is (stable/u.tstable).

/////////////////,'//
stable

8. Because electron sharing forms stable valence rings, pure germanium and pure silicon
might seem to be fairly good (conductors/insulators).

////////////////ii"/

insulators

25



9 lint, because of thermal agitation, the valence electron:4 can break their (
bon In

covalent
_

10 With thermal energy Imparted to them. tlectroits can move from the valence band into
the ( ) hand.

conduction

11 When an electron has moved into the conduction band_ It can take part In ( ) flow.

Current
_ .

12. For an electron to take part in current flow, it must first break the ( ) bond and
leave the ( ) band.

covalent valence

13. The vacancy in the crystal lattice struc-
ture, which is created by an electron
leaving a covalent bond, is called a
"hole.- Therefore, the loss of an
electron by an atom c reates a ( ).

hole

32

Hal LEFT BY
AN ELECTRON

14 The hole in a covalent bond will be
eliminated if it is filled with an (

electron

26
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15 The electron that filled the hole in the
eovalent bond loft a hole In another
covalent bond. Therefore, both the
( ) and the ( ) moved.

II I 1 / / / / / / / / / / / 1 /

electron

FIRST HOI E NOW BEING
FILLED IJY ELECTRON
FROM LOWER BONO

HOLE LEFT BY ELECTRON
IN MOVING IN DIRECTION

OF ARROW

hole

16. At normal temperatures, thermal agitation causes electrons to leave their covalent
bonds in a random manner. Therefore, holec are also produced in a ( ) way.

////////////////////
random

17. The electrons that are released at random, because of thermal agitation, may drift from
covalent bond to covalent bond. Holes also ( ) at random.

/////////,/////////././

drift

'8. Semiconductors have electrons and holes that (

/1/111/// y I 1///////

drift, move random

) about at ( ).

19.a. However, under the effects of an elec-
trical field, such as the field produced
by a battery, the free electrons and
the holes will no longer drift in a ran-
dom manner.

FREE ELECTRON
_,vALENcE

A ' ELECTRONS

-(5--T-+- I

-411111.

FREE ELECTRONS

(Continue° on next page)

i 0 S

H

Il
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A:entitle that a valence electron from atom 1 acquires sufficient energy (thermally.
or in some other way) to leave the valence band and move into the conducthmt band.
This FREI.: electron, under the influence of the electric field will move towards the
positive battery terminal. When a free electron leaves the positive side of the semi-
conductor material and enters the external circuit, another free electron enters the
neo,ative side of the material from the external ell'euit.

Notice that a vacancy (hole) has been left
In the valence band of atom 1 because one of
its valence electrons moved into the conduct-
tion band. Under the influence of the external
field, a VALENCE electron from atom 2 may
acquire enough energy to leave atom 2 and
fill the hole in the valence band of atom 1.

Similarly, a valence electron from atom 3
may fill the hole in the valence band of atom
2, and a valence electron from atom 4 may
fill the hole in the valence band of atom 3.

The vacancy, or hole in the valence band of
atom 4 may then be filled by a FREE electron
from the external circuit.

CD (1) -(1)

FREE ELECTRONS

FREE ELECTRONS

®- -CD- -0-

114+

FRFE ELECTRONS

This discusSion described the action of a single electron and hole under the influence
of an external field. Tn an actual semiconductor crystal, many free electrons and
holes would be present to support current now.

In a semiconductor crystal, conduction Is by (
electrons.

/1/ "Pig 1/1//////1,1;

free valence

) electrons and (

I9.b. The movement of FREE electrons in a semiconductor is Identical to the movement of
free electrons In a metallic conductor such as copper. (True/False)

//////////// 'MI '1/
True

28
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19 r When a valence electron acquiren enough energy to leave the valence band and enter
the ribminetton band. it leaven a vacancy in the valence band called a (

////////////////////
hole

19.d. The absence of an electron from a normal covalent bond represents a localized
positive charge. Therefore a hole may be considered as a particle similar to an elec-
tron but having a ( ) charge.

////////////./M///./
positive

19.e. Furthermore, the hole can be THOUGHT OF as a particle that moves much like an
electron under the influence of an electric field, BUT IN THE OPPOSITE DIRECTION
to that of an electron. However, it is very important to remember that a hole is simply
a CONVENIENT device for describing. . . .

////////////////////
the MOVEMENT OF VALENCE ELECTRONS from covalent bond to covalent bond.

1 9. f. fi the polarity of an electric field is
such that free electrons are moving
in the direction of the arrow, indicate
by arrows the direction of hole current
flow and valence electron flow.

/////////////,///////

FREE ELECTRONSw111.
HOLES410

VALENCE ELECTRONS

FREE ELECTRONSmmrmito
HOLES

vALENCE ELECTRONS

19.g. Since electrons are negative current carriers, holes may be considered (
current carriers.

/1/.///////////////1/
positive

29



DOPING

20. Pure germanium and silicon materials have only a few current carriers, so that they can
provide only a small amount of ( ) flow.

//////.//////////////
current

21. in order to be more useful in electronic circuits, the current carriers in semiconductors
must be (increased/decreased).

Pi/WM/WNW/
Increased

22. Current carriers in semiconductors can be increased by the addition of certain impuri-
ties. Germanium and silicon have impurities added to them so that the number of free
electrons or ( ) is increased.

////////////////////
holes

23. Germanium and silicon atoms have ( ) valence electrons.

////////////////////
four

24. Each germanium or silicon atom shares
its valence electrons with ( )
other atoms.

////////////////////
four

COVALENT
BONDS

25. This sharing effectively gives each atom ( ) valence electrons.

////////////////////
eight

30
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26. Each atom with eight valence electron- tends to be (

////////////////////
stable

27. If any of the atoms which are sharing valence electrons have less than eight valence
electrons. the CRYSTAL LATTICE STRUCTURE will have (a deficiency/an excess) of
electrons.

////////////////////
a deficiency

28. if any of the atoms have more than eight valence electrons, the CRYSTAL LATTICE
STRUCTURE will have (a deficiency /an excess) of electrons.

/ / / / / / / / / / / / / / / / / ///

an excess

29. If a pentavalent impurity such as arsenic, whose atoms have five valence electrons, is
added to a germanium crystal, each of the arsenic atoms becomes a part of the semi-
conductor ( ) structure.

////////////////////
crystal lattice

30. in order to maintain covalent bonding of the crystal lattice, only four of the five valence
electrons of the ( ) atom are required.

////////////////////
arsenic, Impurity

31.a. Because of this, the germanium crystal
lattice structure will contain an excess
( )

#32

EXCESS
ELECTRON

'////////18/P1/1/

electron

112
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31.b. When a semiconductor material contains an excess of electrons it is called N-type
material. Doping a semiconductor material with a pentavalent impurity results in

) material because. . .

////////////////////
N-type

the material contains an excess of electrons.

32. If a trivalent impurity such as indium, whose atoms contain three valence electrons, is
added to germanium. each of the indium atoms becomes a part of the semiconductor

) structure.

////////////////////
crystal lattice

33. Since an indium atom has only three valence electrons, the covalent bonds created will
lack ( ).

////////////////////
one electron

34.a. This lack of one electron produces a
).

/7/1/1/p///////////

hole

34.b. Since a hole can be considered a positive charge, semiconductor material that contains
an excess of holes is called ) material.

////////////////////
P-type

32
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35 An element whose atom have five valence electrons IN called a pr tavalent impurity.
Using the table giving the maximum lumber of electrons per shell, choose the pentavalent
atom from those shown.

SHELL

1--- i-
2 8 IR 1?

MAXIMUM suM8ER
OF ELECTRONS

////// 7 ////// /1// //

2

36. An element whose atoms have three valence electrons is called a trivalent impurity.
Choose the trivalent atom from those given.

I / / / / /,, / / / / / ///

3

37. Elements which provide excess electrons are called donor Impurities because they
donate excess electrons to the semiconductor. Pentavalent elements such as arsenic,
phosphorus, and antimony are ( ).

// '/ii / /,' / / / / / / / / ///

donor impurities

33
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38. The
__

nucleus of the pentavalent atom
_

exerts only a very weak influence over
the excess ( ).

ilI111IAlit
VA:PM
*32 .

////////////////////
electron

EXC SS
ELECTRON

39. At normal room temperature. enough thermal energy is available to cause the excess
electron to break away from the ( ) atom.

////////////////////
donor, pentavalent, impurity

40. The free electron then drifts through the ( ) structure of the germanium.

////////////////////
crystal lattice

41. Germanium or silicon crystals containing excess electrons, which are negative carriers.
are called (N/P)-type semiconductors.

////////////////////
N

42. Elements which create holes are called acceptor impurities. Trivalent elements such as
indium. galium, and boron are ( ).

////////////////////
acceptor impurities

43. When a trivalent or acceptor impurity
is added to *semiconductor. a deficiency
of ( ) is created.

////////////////////
electrons

34
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44. Germanium or silicon crystals with an excess of holes, which are positive carriers, are
called ( )-type semiconductors.

////////////////////
P

45.a. The effect of creating excess electrons
in semiconductors can be examined in
terms of energy-level diagrams.

Without the pentavalent impurity, the
width of the forbidden band is ( )

electron volts.

A

////////////////////
0.7

CONDUCTION
BAND

F DR BIDDEN
BAND

VALENCE
BAND

PURE GERMANIUM
SEMICONDUCTOR

0 7 P.

45.b. With the pentavalent impurity, the
overall width of the forbidden band for
the valence electron is ( )

electron volts.

CONDUCTION
6ANO

DONOR ELECTRON
0 OSer FORBIDDEN MO VALENCE ELECTRON,,,,,,,d,i, FOR6100EN RANO

DONOR ELECTRON
0 71v

ENERGY LEVEL.

////////////////////
0.7

,,,,,
VALENCE

eano

DOPED GERMANIUM
SEMICONDUCTOR

45.c. Only four electrons from the pentavalent impurity atom are needed to take part in
covalent bonding, and the fifth electron in the crystal structure is only loosely bound
to its parent atom (impurity atom). Therefore, the energy level of the free donor
electron is higher than that of the electrons held in covalent bonds, so that the for-
bidden band for donor electrons is ( ) ev.

////////////////////

0.05

31.1
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45.d. Zn N-type semiconductors, the free donor electrons become the main current carriers:
therefore, the effective forbidden band is reduced from ( j to ( ) by
the addition of impurities.

////////////////////
0.7 ev 0.05 ev

46.a. Creating holes in semiconductors similarly affects the (

////////////////////
energy

) level distribution.

46.b. In P-type material, the trivalent impurity effectively decreases the width of the
( ) band.

////////////////////
forbidden

46.c. This occurs becuase the attraction of the holes effectively increases the energy level
of surrounding ( ).

////////////////////
electrons

47. This addition of a donor or pentavalent impurity to germanium or silicon produces
( )-type semiconductors.

////////////////////
N

46. N-type semiconductors have an excess of ( ), which drift freely in the crystal
lattice structure.

////////////////////
electrons

49. When an EMF (electromotive force) energy is applied to an N-type semiconductor, the
free electrons can take part in ( ) flow.

////////////////////

current

36
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50.a. Although N-type semiconductors are made to have no holes, thermal energy causes
some valence electrons to break their bonds, leaving some holes. Then, when enough
energy is applied, other ( ) will be freed to fill these holes.

////////////////////
valence electrons

50.b. As these valence electrons move from one covalent bond to another, they will cause
( ) current to flow.

////////////////////
hole

51.a. But, in N-type material, there are many more free electrons then there are thermally-
produced holes. Therefore, the electrons in N-type material are caned the (majorityi
minority) carriers.

////////////////////
majority

51.b. The holes in 14-type material, then, would be called (

////////////////////
minority

) carriers.

52. The addition of acceptor or trivalent impurities to germanium ...,r silicon produces
( )-type semiconductors.

////////////////////
P

53. P-type semiconductors have a deficiency of valence electrons, which produces an excess
of ( ) in the covalent bonds.

////////////////////
holes

54. When energy is applied to a P-type semiconductor, valence electrons will leave their
covalent bonds to fill holes. But in doing so, they leave new holes in their wake. This
causes an apparent movement of the holes, which is known as ( ) flow.

////////////////////
hole current
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55. Although P-type semiconductors are made to have no free electrons, t he r m al encrgY
causes some valence electrons to break their bonds and drift through the crystal lattice
structure. Then, when energy is applied to the semiconductor, these free electrons form
( ) current flow.

I/WM/MP/ill/1
electron

56.a. But, holes produced by doping are much more numerous than electrons freed by
thermal agitation. Therefore, in P-type material, holes are the ( ) carriers

////////////////////
majority

56.b. The minority carriers In P-type material are (

//I //./88//7////7//
electrons

)
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SUMMARY

I, The atoms In a semiconductor form A
CRYSTAL LATTICE structure.

2. The crystal lattice structure is main-
tained by COVALENT 130NLING,

3. Covalent be is the sharing of
valence electrons between adjacent atoms.

4. Germanium and silicon atoms have :our
valence electrons.

5. Covalent bonding effectively gives each
atom eight valence electrons, making a pure
semiconductor stable.

6. Because of THERMAL AGITATION,
some valence electrons break their covalent
bonds and become available for current flow.

7. A HOLE is a location in a covalent
bond that has been vacated by a VALENCE
electron.

8 A hole is simply a com.-..nient device
for expressing the motion of valence elec-
trons.

9. Holes and electrons can move about and
recombine in a random marther.

10. Holes and electrons re called
CURRENT CARRIERS. .soles are positive
carriers and electrons are negative carriers.

11. impurities are added to semiconductors
to increase the number of current carriers.
This process is called DOPING.

I2. Impurities can be PENTAVALENT or
TRIVALENT elements.

13, Pentavalent atoms have five valence
electrons.

14. Trivalent atones have three v ale nc e
electrons.

15, Pent.evalent elements, which produce
free electrons, are called DONOR impu-
rities.

16. Trivalent elements, which create holes,
are called ACCEPTOR impurities.

17. In terms of energy-level diagrams,
adding impurities to semiconductors effec-
tively decreases the width of the forbidden
band.

18. A P-TYPE semiconductor cont ains
many holes.

19. A N-TYPE semiconductor contains
many free electrons.

20 The MAJORITY CARRIERS in P-type
material are holes.

21. The majority carriers in N-type material
are electrons.

22. In P-type material, thermal agitation
produces a few free electrons.

23. In N-type material, thermal agitation
produces a few holes.

24. The MINORITY CARRIERS in
material are electrons.

P-type

25. The minority carriers in N-type material
are holes.
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IV. SEMICONDUCTOR DIODES

In the previous le 'son, you learned about 1'- and N-type nenticonductorn, and how
holes and free ogectrons can move about in these materials. In this lesson, yogi will
learn how a nenticonductor diode can be formed by combining a P- and an N-type
semiconductor, and how this diode works with different types of bias voltages. Then,
the application of a !ii) ecif Lc type of diode, know as a Zener (reference) diode, will
will tw covered.

°N CHARACTERISTICS

1. The trivalent acceptor impurity atoms that are added to P-type semiconductors have
( ) valence electrons.

/711/111///////,' '//,'

three

Before the trivalent acceptor atoms are added to a semiconductor, they are electrically
neutral; they have tt t same number of ( ) and ( ).

///////// ////,f//////
electrons protons

3. Whe 1 a pentavalent donor atom becomes part of the semiconductor crystal lattice
structure, it gives up an ( ).

//1//."/////,/,"/.1/8

electron

4. When a trivalent acceptor atom becomes part of the semiconductor structure, it case
create a hoie in an adjacent semiconductor atom by taking on an ( ) from the
adjacent atom.

/1/ 1///11/ ',/i/l."1,'

electron

5. Since the acceptor impurity atom originally had the same nu rube r of protons and
electrons, the extra electron causes the acceptor atom to become ( ) charged.

/ ///////////////////
negatively

6.a. The semiconductor atom that gave up the electron to the impurity atom takes on a
( ) charge.

40
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positive
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The space left by the electron hi Called a (

s.c. The hole rtrprcnents the

1.

////////////////////
hole

_ .

) charge.

/////11/////////////
positive

7.a. 13-type semiconductors, then, have two
types of charged atoms: negative impu-
rity atoms, and positive semiconductor
atoms (holes).

In the diagram, a negative
circle represents a (

sign In a
)
////////////////////
negative atom (ion)

P

0. 0, 0,
0. 0 +0+

7.b. The positive atoms, or holes, are shown as:

////////////////////
a plus sign.

7.c. The circles around the negative sign indicate that the negative charge is less apt to
move. The majority current carrier, then is made up of ( ).

////////,'///////////
holes

7.d. However, it is important to keep in mind that TEE OVERALL CHARGE of the P-type
material remains neutral because the negative charge of the acceptor atoms is balanced
by the positive charge of the ( 1 created in the material.

////////////////////
holes

8. The pentavalent donor Impurity atoms that are added to N-type semiconductors have
) valence electrons.

/Mil/ill/M/1/1/1
five
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4. 13efoiethePentavaien t donor atoms are added to a semiconductor, they are also electri-
cally ( ).

Pi/ /////8/1/11

neutral

10. Since the donor impurity atom gives up an electron, the donor atom becomes (
charged.

11/1///////////////1
positively

11. However, the OVERALL CHARGE of the N-type material remains NEUTRAL because
the positive charge of the donor atoms is balanced by the negative charge of the (
created in the material.

/////// ////////////
free electrons

12.a. N-type semiconductors, then, have
two types of charged particles:
positive impurity atoms, and free
electrons.

In the diagram, the positive atoms
are shown as:

N

/ /// ////////////111
Plus signs in circles

12.b. The free electrons axe shown as:

/Mit/Hifi/fit/Hi
negative signs

12.c. The circle around the plus sign indicates that the positive charge is less apt to move.
The majority current carrier, then, is made up of ( ).

/fifigfigfififig/
electrons

13. The majority carriers in P-type material are ( ).

WM/a/WM/fit
holes
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14. The majority carriers in N -typo material are (

////////////////////
electrons

15. Although both N. and P-type materials are electrically neutral overall, when they are
"Joined" together, there is some attraction in the immediate area of the junction. The
holes on one side of the junction attract some free electrons from the other side of the
Junction. The free electrons cross from the N section to the P section and fill ( ).

/////////,///////////
holes

It is convenient to speak of PN junctions as being "joined" together. Actually,
however, a PN junction can be formed only by a chemical process in which the
P-type and the N-type material form a single crystal. In fact, a PN Junction diode
or a transistor would not work if the junctions were mechanically joined.

o.

18. Since the N section was initially neutral, loss of some of its electrons leaves it with a
( ) charge.

////////////////////
positive

17. The positive charge of the N section increases as the number of departed (
increases.

////////////////////
electrons

)

18. Eventually, the positive charge of the N section will be enough to prevent additional
electrons from leaving because of the force of ( ).

ppiiii/7/////////
attraction

19. The P section was initially neutral. But, because some of its holes have been filled with
electrons from the N section, the P section becomes ( ) charged.

111/1///////////////
negatively

20. When additional electrons from the N section attempt to approach the junction, not only
are they restrained by the attraction of the positive charge in the N section, but they are
also ( ) by the ( ) charge of the P section.

//UP/MI/Pi/Pi/
repelled negative

43

121



21. Because current carriers have com'rined, the area around the junction will have an
absence of ( ) and ( ).

//ill/Willi/WM
holes free electrons

22. This area around the junction is called the DEPLETION REGION because of the lack of
holes and electrons. Choose the diagram which most accurately represents this condition.

P N

C)+ C)+ C) 4.

C)+ 0+ 0 4.

t

P N

0+ 0+ 0
0+ 0+ 0

2

///////////////////i
2

23. Because of the depletion region, restraining forces are set up at the ( ) of the
two sections.

////////////////////
junction

24. The restraining force present at the junction may be REPRESENTED by a battery. Since
the P section has a negative charge and the N section a positive charge, a battery that
represents these forces would have its negative terminal connected to the ( )

section and its positive terminal connected to the ( ) section.

////////////////////

P N
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25.a. Chose the diagram which correctly represents the restraining force present at the
junction.

+r- 1- - -,
$ I ; I N

0+ 0+ 0
0+ 0+0

N

0+ CD, 0
0+ 0.0A

2

////////////////////

25.b. This force is due to the ( ) region.

//////i/////////////
depletion

26. By representing the restraining forces with a battery, it is shown that electrons attempt-
ing to travel from the N section to the P section encounter the opposition of the battery
and are ( ).

////////////////////
repelled

27. Also, the effective battery at the junction also repels the ( ) that might come
from the P section.

////////////////////
holes
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28, In a PN diode, the electrons in the N
section have a tendency to move over
the junction and combine with ( ).

///////////1/1/1////

holes

p N

4-

29. However, this tendency is opposed by the restraining potential built up across the
( ) region.

////////////////////
depletion

30. To aid the flow of current through a PN junction diode, an external battery can be
connected across the diode to move the electrons in the N section toward the ( ).

////////////////////
junction, P section

31. Add a battery to the PN diode in the P N

diagram so that the electrons in the N
section will cross the junction.

////////////////////
P N

MI

46
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32. However, a significant amount of current will not now unless the battery potential
exceeds that of the restraining potential across the ( ).

////////////////////
junction

33. Electrons from the negative terminal
of the battery enter the ( )
section of the diode and cause free
electrons to move toward the ( ).

////////////////////
N junction

III

34. In the N section, the free electrons are called the (

////////////////////
majority

) carriers.

35. In the P section, the battery potential
must also get the holes to overcome
the ( ) at the junction.

+ ++

. ////////////////////
restraining potential

HI

36.a. The positive voltage of the battery
causes a ( ) electron to break
its bond and leave the P section.

////////////////////
valence

128
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36.b. The valence electron leaves a ( ) in a covalent bond.

//Milli/Hi/MR/
hole

36.e. This hole then attracts an electron
front another covalent bond, leaving
a hole in that bond. This process
continues, and the hole apparently
flows toward the ( ).

4-

////////////////,'///
junction

36.d. In the P section, the holes make up the ( ) carrier.

/PH/MI/MP/74W

majority

37. When the battery potential is higher than the restraining potential, free electrons and
holes cross the ( ).

////////////////////
junction

38. After they cross the junction, some of the holes and free electrons (

////////////////////
combine

).

39.a. When holes and free electrons combine at the junction, they are "lost."

However, for each combination that occurs, an electron leaves the P section and
enters the ( ) battery terminal.

////////////////////

positive
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39.b. The electron that leaves the P section starts another ( ) in motion toward the
junction.

/111111111/11/11111/

hole

39.c. Also, for each electron-hole combination at the junction. an electron from the negative
battery terminal enters the ( ) section.

111/11111111/1111111

N

39.d. This free electron then flows toward the ( ).

////////MH/MM
junction

39.e. The free electrons from the N section that combine with holes in the P section become
valence electrons caught in a covalent bond. They therefore replace the ( )
electrons that leave the ( ) section.

////////////////////
valance P

39. f. The free electrons that enter the N section (
covalent bonds in the P section.

///////M/HM/M
replace

) those that flU holes in the

40. Free electrons in the N section are ( ) current carriers.

NH/Mil/Mil/Hi
majority

41. Holes in the P section are ( ) current carriers.

1/1////1/18/////M
majority

42. Since the free electrons in the N section and the holes in the P section are replaced as
they flow through the diode, the current is carried by ( ) current carriers.

Mil/WM/Mill/
majority

1341
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43. When a diode is biased so that it allows majority carriers to flow, it is said to be biased
in the FORWARD direction. Forward bias overcomes the ( ) at the junction to
allow current flow.

////////////////////
restraining potential

44. The restraining potential is more easily overcome with higher ( ) bias.

////////////////////
forward

45. The curve shwa that as the forward
bias voltage is increased, the forward
current through the PN diode is ( ).

t
:rea
Ii
Wt

////////////////////
increased

0 FORWARD BIAS. VOLTAGE

46.a. When the battery potential to the diode is reversed, the voltage applied to the diode is
called ( ) bias.

////////////////////
reverse

46.b. Add a battery to the diagram showing
reverse bias.

////////////////////
P N

.. .101. ..

ill
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47.a. Electrons from the negative terminal

of the battery enter the (
section of the diode.

///////M/H/88//
P

47.b. These electrons All ( ) in
covalent bonds in the P section.

.111
.1.1

/11////////11/////11

boles

MM.

MM.

III

47.c. The negative voltage of the battely
repels the electrons from one hole to
another toward the junction. This
causes thel holes to move away from
the ( ).

////////////////////
junction

411

48. The positive voltage of the battery
attracts free electrons out of the

) section and away from the
).

/////////8/M/M/
N junction

P N

.11111 -11111*

51
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49.a, With reverse bias, the holes in the P section and the free electrons in the N section
are attracted (away fromitowald) the junction.

1/177,1/11/7//1/7/1/7

away from
---------------- --. - --- - -- --- -..
49.b. These majority current carriers cannot (

current cannot ( ).

/1//////////////////
combine flow

at the junction; and majority

50. However, you will recall that there are some free electrons in the P section because of
thermal agitation. These free electrons in the P section are ( ) current carriers.

//////////1/11//////
minority

51. Also. there are some holes in the N section because of thermal agitation. These holes in
the N section are ( ) current carriers.

////////////////////
minority

52.a. With reverse bias. the ( ; carriers act similar to the majority carriers with
forward bias.

///////////////////1
minority

52.b. Due to the battery potential. the mi-
nority carriers (free electrons in the
P section and holes in the N section)
accumulate at the ( ).

111/111111111111

junction

r

P N

IN

52
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52.c. The negative terminal of the battery
tends to move an electron into and
through the ( ) section.

////////////////////

I'll

P

52.4. When an electron flows into the P
P Nsection, a free electron from the P

section crosses the ( ).
egv,

1

////////////////////
Junction

'Ii

52.e. When the free electron crosses the
junction, it encounters a ( )
in the N section.

////////////////////
hole

52. f. The free electron fills the hole. For current to continue to now, an electron must then
leave the ( ) section, and a new hole must be ( ).

////////////////////
N created, produced

53
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5-1C. The positive terminal of IIu battery
tends to pull a free electron out of
the N section, and also applies a force
of (attraction 'repulsion) on the val-
ence electrons at that end of the N
section.

"////////////m/
attraction

52.h. The free electron from the P section
that crossed the junction allows a free
electron to Qow out of the ( )

section.

//////////// ////////
N

52.1. The free electron from the P section
that filled the hole in the N section
became a valence electron. Its energy
level went down from the conduction
band to the valence band. It therefore
had to give up ( )

///////////////i/M
energy

CONDUCTION BAND

FORBIDDEN BAND

VALENCE BAND

52.1. The energy given up by the electron is transmitted through the crystal structure and
aids the positive battery potential to free a ( ) electron at the other end of the
N section.

54

////////////////////
valence
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52.k. This produces a ( ) there.

////////////////////
hole

52.1. That hole is flied by another ( ) wiectron. which creates a (

WM/WM/WM
valence hole

52.m. The hole, then, apparently moves
toward the ( ).

N

////////////////////
junction

III

52.n. At the junction, the process continues. A ( ) from the P section crosses over
to fIll a ( ) in the N section.

////////////////////
free electron hole

53.a. The minority carriers are "lost" when they combine at the junction.

But for each combination, a free electron left the N section, and a valence electron
was freed to produce a new ( ).

////////////////////
hole

53.b. Also, an electron from the negative battery terminal enters the ( ) section for
each combination.

////////////////////
P

55
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... .__. .._
53.c. Since the free electron that enters the P section and the new hole produced in the N

section replace the minority carriers that combined at the junction. ( ) current
flows.

minority

54. Therefore, current through a diode connected to reverse bias is controlled by (
current carriers.

'/1/"/ '' '//"./// ///

minority

)

. ..._ ._ _

55. At normal operating temperatures there are much (more 'less) minority carriers than
majority carriers.

' //,',"/ '/0///,//// ',0 '1 "./

less

56. Therefore, minority carrier current is much (more/less) than majority carriers.

/:/,fitit/////,'/

less

57, Reverse bias gives much (more/less) diode current than ( ) bias.

/////////7/ '////////
less forward

58. Since with forward bias majority current flows, and with reverse bias minority current
flows, a PN diode will conduct less current with ( ) bias.

,/,/////////////,/,/////,/

reverse

Actually, minority carrier current flow exists whether the diode is reverse biased
or forward biased. However, with forward bias the majority carrier current flow is
so much greater than the minority carrier current flow that minority carrier current
flow can usually be ignored. With reverse bias there is no majority carrier current
flow so that minority current is the only current that flows. And, in many cases it is
so small that it can be ignored.

Since there are so few minority carriers in a junction diode, the level of the bias
voltage has very little affect on the amount of reverse current that flows. However,
since the NUMBER of minority carriers INCREASES as TEMPERATURE IN-
CREASES, the amount of reverse current will increase as temperature increases.
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59. Choose the phrases in the second column that match those in the first column.

1. forward bias
2. reverse bias

4. low current
b. majority current
c. high current
d. minority current

//////11/////////11/
1. b., c. 2. a., d.

60. A comparison of forward and reverse
bias can be made with a diode charac-
teristic curve. The diagram shows that
for equivalent values of voltage, forward
bias provides more ( ) than re-
verse bias. -VOLTS

MEARS()

//////1/1/111/////1/

current

l(MA )

+VOLTS
(FORWARD)

61. A sharp increase in current occurs where the forward bias overcomes the restraining
potential at the ( ).

/11/1111/11/1///////

junction

62. Reverse-bias current flow is due to (majority/minority) carriers.

////////////////////
minority

63. However, as the value of reverse bias
voltage applied to a PN diode is in-
creased, a point is reached at which
there is a sharp increase in reverse
( ).

I INA)

MD

-VOLTS +VOLTS

REVERSE

14,A)

////////////////////
current
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64. This sharp increase In reverse current occurs when minority electrons, passing through
the PN junction, gain sufficient energy to knock off many valence ( ) bound to the
crystal lattice structure.

////////////././//1/ '.'

electrons

65. Electrons removed from the crystal lattice structure have their energy levels raised
from the valence band to the ( ) band.

////////////////////
conduction

66. The energy levels of several valence electrons may be raised to the conduction band
from the energy imparted by the collision of one ( ) electron.

/ / / / / / / / / / / /! / / / / / / / / ///

minority

67. With high reverse bias voltages, each valence electron may in turn free several more
electrons, until a considerable ( ) results.

////////////////////
current

68. This sharp increase in reverse current
is called avalanche breakdown. Label
the portion of the curve representing
where avalanche breakdown starts.

-VOLTS

////////////////////
I OAAS

-VOLTS

AVALANCHE
BREAKDOWN

I MAI

REVERSE

FORWARD

+ VOLTS

58
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69. The voltage at which avalanche break-
down occurs is called the breakdown
voltage. Label the point indicating the
breakdown voltage.

I(MA)

-VOLTS

AVALANCHE
BREAKDOWN RE VERSE

/ / / / / / / / / / / / / / / / / ///

BREAKDOWN
VOLTAGE

-VOLT S
.e."

-----"'
AVALANCHE
BREAKDOWN

I NM

FORwARO

(VERSE

+VOLTS

...e....A0NwARo

fVOLTS

I 44A)

70. A high reverse current would damage anordinarydiode; but, because of special construc-
tion techniques, certain diodes are not damaged when the breakdown voltage is exceeded
and ( ) occurs.

////////////////////
avalanche breakdown

71.a. This symbol is the schematic repre-
sentation of a diode:

When the diode is forward biased,
electron current flows "against" the
arrow:

When the diode is reverse biased,
. . . . electron current flows:

////////////////////
very little, no
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71.b. DRAW the output voltage waveform
that wilt appear across load resistor
RI.,

0 VOA_}'.

I.,, ////,/,/ ,///

0 VOLTS _FL
71.c, DRAW the output voltage waveform

'hat will appear across ItL. °--

0 VOLTS 11 1111.

//p/./g//p/.1/1////
0 VOLTS

71.d. With the voltage polarities indicated,
is this diode forward or reverse
biased?

/

forward

71.e. On this diagram, draw a battery that
will reverse bias the diode.

//////////////1/11//

OF-
(IF

L _1

71.f. Add a diode to this circuit that will
result in the output shown. Draw
polarities (.4.) on the diode.

//////111/111/1/7.111

0 VOLTS
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ZENER (REFERENCE) DIODES

72. Diodes that are made to operate in the breakdown region are called Zener diodes; they
are also known as reference diodes, avalanche diodes, and breakdown diodes. Zener
diodes, then are used in ( ) bias applications.

////////////////////
reverse

73. The Zener breakdown region can be used In certain circuits for voltage regulating,
clipping, and limiting. In the schematic. the Zener diode is being used as a ( )-

+ RI

FILTER
OUTPUT
FROM
POWER
SUPPLY ZENER

REGULATED
OUTPUT
VOLTAGE

////////////////////
voltage regulator

74. The output voltage is also the ( ) volt Age for the Zener diode.

////////////////////
bias

75. The curve shows that the Zener diode is
biased by the output voltage in the center
of the ( ) region.

BIAS POINT

-vOLTS

ZENER ,
REGION

////////////////////
Zener

I Imp

I (MA)

+voLTS

61
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76. it the output or bias voltage Increases, the current through the diode will (increase/
decrease) sharply.

////////////////////
increase

77. This diode current and the load current flow through the series (

////////////////////
resistor (RI)

).

76. The increase in current will cause an ( ) in the voltage drop across RI.

////////////////////
increase

79. A bigger voltage drop across RI means that the voltage will be decreased to its normal
value at the ( ).

////////////////////
output

80. U the output voltage decreases, the current through the (

////////////////////
diode

) will decrease.

81. Since the current decreases, the voltage drop across the (

/////////////////////
series resistor (RI)

) will decrease.

82. Because of the smaller voltage drop across the series resistor, the voltage will increase
to Its normal value at the ( ).

////////////////////
output

83.a. Thus, a Zener diode used as a voltage regulator tends to maintain a steady output
voltage by varying the ( ) through the series resistor.

////////////////////
current

62
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63.b. A Zener diode operating with avalanche current works weII as a regulator because
small changes in voltage cause ( ) changes In current.

////////////////////
large

SUMMARY

1. When a PN junction diode is formed,
some of the electrons in the N section cross
the junction and combine with holes in the
P section.

2. A loss of electrons leaves the N section
with a positive charge, which prevents
further electrons from crossing the junction
by the force of attraction.

3. A loss of holes through combination
with electrons from the N section leaves
the P section with a negative charge, which
also prevents further electrons from cross-
ing the junction by the force of repulsion.

4. The area around the junction is called
the DEPLETION REGION because of the
absence of free electrons and holes.

5. The restraining force at a junction can
be represented by a battery. Electrons are
repelled by the negative potential and holes
are repelled by the positive potential.

P

-14+
r - - ' '

e I
P N

0+ 0, 0000
6. FORWARD BIAS of a PN diode allows

the majority carriers to flow. This is ac-
complished with the application of a positive
potential to the P section and a negative
potential to the N section.

1 4 i-.t c

7. The negative potential repels electrons
toward the junction and the positive potential
repels holes toward the junction.

8. When the external potential exceeds
that of the restraining potential, electrons
and holes combine at the junction.

9. For each combination, an electron enters
the N section from the negative battery
terminal and an electron reaches the P
section and goes to the positive battery
terminal.

10. Current is carried by electrons in the
N section and by holes in the P section.

11. As the forward bias voltage increases,
the current through the diode increases.

12. A forward-biased diode is biased in the
low resistance direction.

13. Reverse bias inhibits the majority
carriers from flowing. This is accomplished
with the application of a positive potential
to the N section and a negative potential
to the P section.

14. The negative potential attracts holes
away from the junction and the positive
potential attracts electrons away from the
junction, preventing majority carriers from
flowing.

15. Minority electrons in the P section and
minority holes in the N section are repelled
toward the junction where they combine to
form minority current.
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16. At normal operating temperatures, mi-
nority Or reverse current Is very small, so
that a reverse biased diode Is said to be
biased in the high resistance direction.

17. U the value of reverse bias voltage is
Increased, a point will be reached at which
there is a sharp Increase in reverse current.
This is called AVALANCHE BREAKDOWN.

16. Avalanche breakdown occurs when mi-
nority electrons gain enough energy to free
valence e 1 ec trona by collision.

10. The voltage at which avalanche break-
down occurs is called the BREAKDOWN
VOLTAGE.

20. A Zener (reference) diode isconstructed
so that the breakdown voltage can be
exceeded without damaging the diode.
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21. Once avalanche breakdown occurs, a
small change In voltage causes a compara-
tively large change in current. This charac-
teristic is made use of In voltage regulation.

22. In a typical voltage regulator circuit, if
the output voltage Increases, the current
through the Zener diode increases sharply.
This increases the voltage drop across a
series resistor, thereby decreasing the out-
put voltage to its normal value. The reverse
action occurs when the output voltage de-
creases.

FILTER
OUTPUT
FROM
POWER
SUPPLY ZENER

REGul ATE D
OUTPUt
VOLTAGE
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V. TRANSISTOR FUNDAMENTALS

lit the preceding section, the operation of semiconductor diodes was explained. Now,
another element is added to the diode to form a transistor. It is shown how P and N
materials are combined in forming PNP and NPNtransistors, and how the schematic
symbols represent them. Finally, the basic operation of PNP and NPN transistors is
analyzed, with reference to biasing, current flow, gain, and the effects of an input
signal.

TRANSISTOR CLASSIFICATIONS

I. The two most common transistors are the PNP and NPN types. There are other clas-
sifications, such as PNPN and NPNP, but the three-element ( ) and ( )
are used most often.

////////////////////
PNP NPN

2.a. A PNP transistor consists of an extremely thin strip of N-type material between two
relatively wide strips of ( )-type material.

////////////////////
P

2.b. An NPN transistor consists of . . . .

////////////////////
a thin strip of P-type material between two wider N-type sections.

11-

3. A low resistance contact is
attached to each ( ) of the IN) IP) IN)

transistor for circuit connections. P N P

I I
F

7

1

L-- LOW RESISTANCE CONTACTS

////////////////////
section, strip, element

4. The sections of NPN and PNP transistors are joined so that the two similar sections are
(adjacent/separated).

////////////////////
separated

(Continued on next page)

.1 C4̀if I
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Keep in mind an important point that was mentioned in the pr e v ious section; junc-
tions are not physically "joined" or "butted" together.

It is convenient to speak of a PN Junction as being "joined" together, but diode or
transistor junctions can be formed only by a chemical process.

5.a. The three basic elements of transistors are known as: (1) emitter, (2) base, and (3) col-
lector. The base is the center element; it is always a ( ) strip of material.

thin

5.b. The element that sends the current carriers Into the base is called the (

emitter

)

5.c. The element that ultimately collects the current carriers is known as the (

collector

I

8. The base is always between the ( ) and ( ) elements.

emitter collector

1. This is the circuit symbol for a
transistor. The element indicated
by an arrow is the ( ).

EMIT TER COLLECTOR

BASE

emitter

8. Label the three elements of a
transistor.

EMITTER COLLECTOR

BASE
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9. The direction of the emitter arrow on the circuit symbol indicates whether the transistor
is a PNP or NPN type.

PNP

The arrow always points towards the (

NPN

)-type material.

iilli/H////11//////
N

10. Draw a circuit symbol for an NPN transistor.

ii//////////////////

11. Draw a circuit symbol for a PNP transistor.

////////////////////

12. Transistors are made so that the (
of material.

) and ( ) elements use the same type

////////////////////
emitter collector

13.a. If the emitter is P-type material, the collector must be (

////////////////////
P

)-type material.

13.b. If the emitter is N-type material, the ( ) must be P-type material.

11111/i/1111111111/1

base
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13.c. In the transistor represented by
the circuit symbol, what material
is used in the base?

////////////////////
N

14. Draw two transistor circuit symbols: one for the NPN type, and one for the pNp type.
Give the name of each element and label each element with the type of material it uses.

////////////////////
PNP NPN

EMITTER COLLECTOR EMITTER COLLECTOR

P P N N

N

BASE

P

BASE

NPN OPERATION

15. For the transistor to work as an amplifier, it must be connected so that it has an input
circuit and an output circuit. The amount of current in the input circuit should control
the amount of current in the ( ).

////////////////////
output circuit

16.1. In a transistor, the emitter and
base form one )unction, and the
base and ( ) form another
junction.

IEMITTER BASE COLLECTOR

////////////////////
collector

16.b. The ( ) would then be common to both the emitter and collector.

////////////////////
base
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17. U the emitter-base section wore connected as the input circuit, the ( ) section
would form the output circuit.

////////////////////
base-collector

18.a. The amount of current that flows in the base-collector section should be controlled by
the amount of current that flows in the ( ).

////////////////////
emitter-base section

18.b. Then, if a circuit is set up so that a signal voltage will change the emitter-base cur-
rent, the ( ) current would also change.

////////////////////
base-collector

19. U the base-collector junction were
forward biased, it voted conduct
current In the low resistance di-
rection. The amount of current that
would flow would depend mostly on
the collector bias battery.

To make the base-collector current
relatively independent of collector
bias, the base-collector junction
should be ( ).

FORWARD
CURRENT

..--
REVERSE

VOLTS
.-----

////////////////////
reverse biased

FORWARD0.VOLTS

REVERSE
CURRENT

20. The emitter-base current should not be independent of bias voltage since it must be
varied by a signal voltage. The emitter-base junction, then, should be ( ).

////////////////////
forward biased

21. The base-collector junction is ( ) biased, and the emitter-base junction is
( ) biased.

////////////////////
reverse forward

1 5 i I
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22.a. In an NPN transistor, in order to
bias the emitter-base junction in
the forward direction, the free
electrons In the emitter and the
holes in the base should be forced
toward the junction.

The emitter should be connected
to the ( ' battery terminal.

N P N

+ +

+ +

+ +

EMITTER BASE COLLECTOR

////////////////////
negative

22.1), The bade should be connected to the ( ) battery terminal.

////////////////////
positive

23.a. In an NPN transistor, In order to
bias the base-collector junction in
the reverse direction, the free
electrons in the collector and the
holes in the base must be forced
( ) the junction.

N P N

I

+ +

I

+ +
+ +

EMITTER CASE COLLECTOR

////////////////////
away from

23.b. The collector is connected to the ( ) battery terminal.

////////////////////
positive

23.c. The base is connected to the ( ) battery terminal.

////////////////////
negative

'10 1` 1

ti/



24. Show how the bias batteries should
be connected to this transistor.

///////i////////////

25. Since the emitter-base Junction is
forward biased, the battery needed
in that circuit can be ( )
than the one used with the base-
collector to get the needed current
flow.

11,=1,1 N N

1-----IIII--
////////////////////

smaller

28.a. The emitter and base are forward
biased. If the emitter and base
bad the same amount of current
carriers, the free electrons from
the emitter would cross the Junc-
tion and fill ( ) in the
base.

r-

EtAi T TER BASE CP. I. ECTOR
N P N-----# #

# #

////////////////////
holes

28.b. For each combination that would occur, an electron would elter the ( ) and
leave the ( ).

////////////////////
emitter base

I 5 2
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26.e. This would produce endtter-bane ( ) flow.

////////////////////
current

26.d. However, in the transistor, the base is doped less than the emitter and is much thinner
than the emitter, Therefore, there are fewer ( ) in the base than there are

) in the emitter.

////////////////////
holes free electrons

26.e. As a result, MOST of the free electrons that cross the junction ( ) combine with
holes.

////////////////////
cannot, do not

26. f. The free electrons from the emitter become (majority/minority) carriers in the base
region.

////////////////////
minority

26.g. As these minority electrons diffuse through the base, they will be (attracted into/
repelled away from) the collector region by the influence of the collector battery.

WM/Mil/8/W/
attracted into

26.h. In the section on PN junction diodes, it was shown that under reverse bias conditions,
current is carried by ( ) carriers and is very ( ).

////////////////////
minority very low, small

26. i. But, in the case of a transistor, the emitter acts as a continuous source of (
carriers for the collector junction.

////////////////////
minority
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26. J. Therefore, even though the collector Junction is reverie biased, a relatively (
current flows.

////////////////////
large. high

27.a. To sum up, the ew' 4te r -base
diode is ( ) bladed.

EMITTER BASE COLLECTOR
N P N

+

1--
+ +

+ +

////////////////////
forward

.0111-e--1111-

27.b. Many free electrons cross the Junction from the ( ) to the ( ).

////////////////////
emitter base

27.c. Since the base has relatively few ) to combine with the emitter electrons, only
a few electrons flow out of the ( ) to the battery.

////////////////////
holes base

27.d. The base-collector is ( ) biased.

////////////////////
reverse

27.e. The electron current flowing out of the collector to the battery would usually be lim-
ited by the few free electrons the base would normally have. But, many ( )
from the ( ) have accumulated there.

////////////////////
free electrons emitter

27. f. The ( ) in the base cross the junction into the (
current to flow.

////////////////////
free electrons collector

) to allow collector
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28.a. Most Of the electrom4 that pass through the collector OltI(ANALL.Y come from the
( )

/Mr /7/i/id/ill/I/
emitter

2e .b. -1-icer-Wo-r.41:: flue :iiti6u- 'la ot i;(.;inTtiiOi."--eiiieni that -60,7vs depends on the amount of
( ).

/1/1/1//////////////
emitter current

N.. Ordinarily, with a diode biased in the reverse direction. the reverse current is small
because of the ( ) amount of minority carriers.

---
///////////////01/

low, small

29.b. In an NPN transistor. free electrons In the base are (

//////////////////i/
minority

) carriers.

29.c. During operation, most free electrons in the base are supplied by the emitter biased
in the ( ) directica; these ( ) carriers, then, become plentiful in the
( ),

forward

iii/id/ii//1/1/7/1/
minority base

29.d. As a result, collector current, is relatively (

///y////////////////
high

)

29 e. Since the collector bias is larger than the emitter bias, the collector demands more
current than the ( ) can supply.

////////////////////
emitter

29.1. Emitter current, then. controls ( ) current.

////////////////////
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30.a. If the emitter-base bias battery
Is variable, and the bias voltage
Is increased, emitter current
would ( ).

////////////////////
Increase

30.b. M a result, collector current would ( ).

////////////////////
increase

31. U the emitter-base bias voltage is decreased, both (
would go down.

////////////////////
emitter collector

) and ( ) current

32.a. To make the NPN transistor work as an amplifier, a signal input is added in the
emitter circuit and an output load resistor is added in the collector circuit.

INPUT

EMITTER BASE COLLECTOR

The input signal voltage either aids or opposes the emitter battery voltage. This varies
the ( ) bias.

////////////////////
emitter

32.b. When the emitter Was varies, the emitter ( ) varies.

////////////////////
current

15
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32.c. When the emitter current varies, the ( ) varies.

////////////////////
collector current

32.d. The varying collector current produces a varying (
RL.

////////////////////
voltage

I- " - --
) drop across load resistor

32.e. Although the emitter and collector current variations are almost the same, there is a
relatively large size load resistor in the output circuit. Therefore, the output voltage
variations are ( ) than the signal voltage variations.

////////////////////
larger, greater

33. Since the output voltage variations are greater than the input voltage variations, the
transistor provides a ( ) gain.

1/11/11/11/1/11/1/1/

voltage

34.a.

SIGNAL
INPUT 4.

RI. SIGNAL
OUTPUT

When the signal input goes NEGATIVE, it (aids/opposes) the bias battery.

////////////////////
aids

34.b. When the signal aids the bias battery, emitter and collector currents go (

////1///////////////
up

).
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34.c. The increased collector-current causes a greater voltage drop across ( ).

////////////////////
load resistor 111..

- - --- -----_-_-_-..-.,---
34.d. The signal 'output. then. goes more ( ).

IIIIIIIIIIIIIIIIIIII

negative

34.e. Since the input and output signal both went more negative, there (is/is no) phase rever-
sal in this circuit.

/ / / / / / / / / / / / / / / / / ///

is no

34.1. The output phase is (the same as/different from) the input phase.

////////////////////
the same as

35.a. The current from the emitter
follows two paths: down through

..... the base, and through the ( ).

////////////////////
collector

35.b. Only about 2 percent of the emitter current goes down through the (

////////////////////
base

)

35.c. About ( ) percent of the emitter current goes through the collector.

////////////////////
98
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35.d. The percentage of emitter electrons that flows through the external bane circuit is
) percent.

////////////////////
2

35.e. The emitter current represents ( ) percent of the current.

////////////////////
100

35.f. The collector current is about ( ) percent of the emitter current.

////////////////////
98

36.a. The emitter current is the input current of the circuit, and the collector current is the
) cur rent.

////////////////////
output

36.b. The current gain of the transistor circuit is computed with: output current
input current

What is a typical current gain for this type of transistor circuit?

////////////////////
.98

36.c. There is also a resistance gain because the resistance of the emitter-base Junction is
much lower than the resistance of the ( ) junction.

////////////////////
collector-base

output resistance
36.d. ( ) gain.input resistance

////////////////////
resistance
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36.e. Using Ohm's law, current gain x resistance gain a ( ) gain-

/ / / / / / / / / / / / / / / / / ///

voltage

37. Given: (a) Emitter-to-base resistance of 100 ohms.
(b) Collector-to-base resistance of 10.000 ohms.
(c) Assume 98 percent of the current leaving the emitter reaches the collector.

Find voltage gain.

////////////////////

resistance gain a 10,000
2 100

100

current gain = .98

voltage gain = 100 x .98 = 98

16

38. Power gain can also be found by multiplying the voltage gain by the (

////////////////////
current

) gain.

39. Given: (a) Current gains .98
(b) Voltage gain = 98

Find power gain.

////////////////////
power gain = 98 a .98 = 96

PNP OPERATION

40. The PNP transistor works essentially the same as the NPN transistor. However, since
the emitter, base, and collector in the PNP transistor are made of materials that arc
different from those used in the NPN transistor, different current carriers flow in the
PNP unit. In any event, the amount of current that flows in the base-collector section of
a PNP transistor should also be controlled by the amount of current that flows in the
( ).

////////////////////
emitter-base section
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41. As with the NPN transistor, the collector-base junction oI the PNP transistor is biased
so that the output current is relatively independent of collector-base voltage. This means
that the collector-base junction is ( ) biased.

////////////////////
reverse

42. The emitter-base junction oI a PNP transistor is biased so that input current is easily
varied. In other words. the emitter-base junction is ( ) biassd.

////////////////////
forward

43.a. In a PNP transistor, to forward
bias t he emitter-base junction,
the holes In the emitter and the
free electron in the base should
be forced toward the ( ).

P N O

EMITTER USE COLLECTOR

////////////////////
junction

43.b. The negative battery terminal should be connected to the ( ).

////////////////////
base

43.c. The positive battery terminal should be connected to the (

////////////////////
emitter

)

44.a. To reverse bias the collector-base junction, the holes in the collector and the free
electrons in the base should be moved (toward/away from) the junction.

////////////////////
away from

44.b. The collector Is connected to the ( ) battery terminal.

////////////////////
negative
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44.c. The base is connected to the ( ) battery terminal.

////////////////////
positive

45. Draw a properly biased PNP transistor.

////////////////////
EMITTER BASE CCti.ECTCO

P

I

-11-1--III
46.a.

I1

EMITTER BASE C4XLECTOR
P N P

II-e--IIII-
The operation of a PNP transistor is very similar to that of an NPN transistor. Since
the emitter-base junction is forward biased, emitter holes and free base electrons
(combine/separate) at the junction.

/ / / / / / / / / / / / / / / / / ///

combine

46.b. When a combination takes place, an electron enters the ( ) and leaves the
( )

/ / / / / / / / / / / / / / / / / ///

base emitter

46.c. This produces emitter-base (majority/minority) current flow.

////////////////////
majority
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46.d. The base is not as thick and as heavily doped as the emitter. Therefore, the r e are
fewer ( ) in the base than there are ( ) in the emitter.

////////////////////
free electrons holes

46.e. As a result, most of the holes at the junction ( ) combine with free electrons
from the base.

////////////////////
do not

46. f. However, the holes at the junction attract valence electrons from the (

////////////////////
base

)

46.g. When a valence electron from the base is freed and combines with a bole from the
emitter, a ( ) is produced in the base.

////////////////////
hole

46.h. Thus, holes are effectively transmitted to the base from_the ( ).

////////////////////
emitter

46.1. As a result, the number of MINORITY carriers in the bast is increased. This allows
more valence electrons from the collector to cross the base-collector junction to fill
boles in the base and, therefore, a (higher/lower) collector current can flow.

////7///////////////
higher

47.a. To sum up, the emitter base junction is ( ) biased.

1/1/1/1/, ///////////

forward

47.b. The base-coIlactor junction is ( ) biased.

////////////////////
reverse

82
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47.c. Collector-base current Is limited by the few (

////////////////////
holes

) in the base.
o

47.d. However, the forward current of the emitter-base section causes extra ( ) to
be produced in the base.

////////////////////
boles

47.e. This allows a higher ( ) current to flow.

////////////////////
collector

48.a. Most of the electrons that flow through the collector combine with holes in the base that
originally were supplied by the ( ).

////////////////////
emitter

48.b. Therefore, the amount of collector current that flows depends on the amount of (

....- ////////////////////
emitter current

).

49.a. Normally, a reverse biased diode produces little reverse current because of relatively
few ( ) carriers.

////////////////////
minority

49.b. In a PNP transistor, minority carriers in the base are (

////////////////////
holes

)

40.c. Holes become plentiful in the base because they are effectively transmitted from the
( )

////////////////////
emitter

83
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49.d. Asa result, collector current is relatively high. even though it is ( ) current.

////////////////////
TOW. UM

49.e. Because the collector bias is larger than the emitter bias, the collector demands more
current than the ( ) can supply.

////////////////////
emitter

49. f. Therefore. emitter current controls ( ) current.

////////////////////
collector

50.a. As with the NPN transistor, the
PNP transistor can be used as
an amplifier by adding a signal
input in the ( ) circuit,
and a load resistor In the( )

EmiTTER BASE COLLECTOR

iNFUT R. OUTPUT

////////////////////
emitter collector

50.b. The input signal varies the emitter bias, thus varying the emitter (

////////////////////
current

)

50.c. This varies the collector current and produces a varying (

////////////////////
output

) voltage.

50.d. The output voltage variations are greater than the input voltage variations because of
the relatively large ( ).

////////////////////
load resistor
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51.a. A positive-going Input signal aids
the forward bias, (increasing/
decreasing) the emitter and col-
lector currents.

EMIT TER RASE COLLFCTOR

41.
INPUT OUTPUT
SIGNAL SIGNAL

lL
-15

////////////////////
increasing

III

51.b. The increased collector current causes a greater voltage drop across RL, making the
output signal more ( ).

////////////////////
positive

51.c. Since the Input and output signals go positive simultaneously, they are (in/out of) phase.

////////////////////
in

52.a. Total current flows through the
)

////////////////////
emitter

52.b. About 2 percent of the total current flows through the base; therefore. about 98 percent
of the total current flows through the ( ).

////////////1///////
collector

52.c. The emitter current is the (input/output) current of the circuit, and the collector cur-
rent is the ( ) current.

////////////////////
input output

85



52.d. Current gain v ( ) current divided by ( ) current.

////////////////////
output input

..._.....
52.e. II about 98 percent of the emitter current flows through the collector, the current gain

is about ( ).

/ ////////////// /////
.98

53.a. The input resistance is (higher/lower) than the output resistance.

////////////////////
lower

output resistance
53.b. ( ) gain.input resistance

////////////////////
resistance

54.a. Voltage gain = ( ) gain x ( ) gain.

////////////////////
current resistance

54.b. Voltage gain can also be expressed as:

Voltage gain - ( ) voltage
,
( ) voltage

//// ///////////// ///
output input

N

55. Power gain = ( )gainx( ) gain.

////////////////////
voltage current

86
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56.a. Given: 1. Emitter-base resistance = 200 ohms. 1

6
2. Collector -base resistance - 9,000 ohms.
3. Assume 97 percent of the total current Howe through the collector.

Find voltage gain.

////////////////////
,000

resistance gain =
9

= 45
21A0

current gain =
100

.0797

voltage gain z .97 x 45 = 43.65

56.b. Find power gain.

////////////////////
power gain a 43.65 x .97 z 42.34

REVIEW

57. In the transistor amplifier circuits
you have been studying up to now.
the base of the transistor is used in
both the emitter and collector cir-
cuits. The circuits are therefore
called common ( ) circuits,

1/1

////////////////////
base

The common base circuit is seldomused in Polaris equipments. However, it is being
taught in this course because you must learn how the common base circuit works
before the other types of circuits can be understood.
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58a. Does the common base amplifier actually provide a currant gain?

////////////////////
No. The gain Is about .98. Ths output current changes are slightly less than the input
current changes. But, It is still common practice to refer to this as current GAIN.

58.b. Does it provide voltage gain?

////////////////////
Yes, because although there is a slight current loss, the large load resistor pernllte
a greater output voltage variation. (E .1, IR)

58.c. Does it provide power gain?

/ / / / / / / / / / / /,. / / / / ///

Yes, because the voltage gain is much greater than the slight current lose. (P . El)

59. In the common-base transistor circuit, what kind of bias is used for the emitter-bass
input circuit?

////////////////////
forward bias

80. What kind of bias Is used for the base-collector output circuit?

/////////////////.///
reverse bias

el. When the input signal varies, how does it affect the emitter-base bias?

////////////////////
It varies the bias; or, aids or opposes It.

82. What does this bias variation do to the emitter current?

////////////////////
It varies the emitter current.

83. Bow does this affect the collector current?

////////////////////
The collector current changes in almost the same way.

88
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64. How does this changing collector current produce an a-c output voltage?

////////////////////
It causes a varying voltage drop across the output load resistor in the collector circuit.

65. How Is voltage gain computed?

////////////////////
output voltage
Input voltage or current gain x resistance gain

66. How is current gain computed?

////////////////////
output (collector current)
input (emitter) current

67. How is power gain computed?

////////////////////
current gain x voltage gain

68. How much of the emitter current flows out of the base?

I/ ///////////////, /
about 2 percent

69. What is the circuit you have been studying called?

////////////////////
common base

70. Why is it called the common base circuit?

////////////////////
Because the base is common to both the input (emitter) and the output (collector) cir-
cuits.
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7L. Why do moat of the free electrons that go from the emitter to the base continue to the
collector?

////////////////////
Because the base is doped less and is thin. it does not have enough holes to combine
with the electrons; and so the attraction of the collector bias draws them to the col-
lector circuit.

72. Does the common-base transistor circuit cause any signal phase reversal?

8//////////////////
No

73. In a junction transistor, which section is thinnest?

////////////////////
base
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SUMMARY

i. A PNP tranststor consists of an ex-
tremely thin strip of N-typo material
between two relatively wide sections of

P-type material.

2. An NPN transistor consists of an ex-
tremely thin strip of P-type material
between two relatively wide sections of

N-type material.

3. The three elements of a transistor are;
(1) emitter; (2) base; (3) collector. The
base is always the thin strip of ma-
terial between the relatively wide
emitter and collector sections. The base
is also dope d less than the other
sections, and so the base has less
carriers.

4. In the schematic symbols for transis-
tors, the arrow points towards the
N-type material.

PNP

EMITTER COLLECTOR

(1)- MATE RI AL) (P MATERIAL)

N

BASE
(N-MATERIAL)

PNP SYMBOL

NPN
EMITTER COLLECTOR

(N.mATERIAL 1 (NmATERIAL)

I
BASE

(P MATERIAL)

NPN SYMBOL

5. In a transistor amplifier, the current
in the input circuit controls the current
in the output circuit.

8. The input circuit of the common base
amplifier is the emitter-to-base section;
the output circuit is the collector-to-
base section.

7. Since the emitter-base is f or war d
biased, input current depends on the
emitter-base voltage. Since the col-
lector-base is reverse biased, output
current is relatively independent of the
collector-base voltage.

FORWARD
CURRENT

..--.
REVERSE

vOLTS
REV vOLTS

FORWARD IP.

REVERSE
CURRENT

8. In an NPN transistor, the emitter-base
Junction is forward biased by connect-
ing the negative battery terminal to the
emitter and the positive battery ter-
minal to the base. The collector-base
junction is reverse biased by connecting
the positive battery terminal to the col-
lector and the negative battery terminal
to the base.

DA* !IIP BASE :OLLECTOR
N P N

I-
4- 4. - - - --

F-
1

4- 4-

4 4.

1 _, H-- .dp--- 1--

9. Because the emitter-base is forward
biased. free electrons from the emitter
cross the junction to fill holes in the
base.
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10. For each combination, an electron from
the battery enters the emitter and one
leaves the b a se to go to the battery.
This produces emitter-base majority
current flow.

11. Because the base Is doped less and is
touch thinner than the emitter. there
are fewoe holes in the base than there
are free electrons in the entl tie r.
Therefore. most of the emitter free
electrons do not combine with base
holes.

12. The free electrons that do not combine
with base holes cross the junction into
the collector. For each electron that
cross the collector-base junction from
the base, an electron leaves the col-
lector to go to the battery.

13. Since the electrons that flow through
the collector come from the emitter,
the amount of collector current that
flows depends on the amount of emitter
cur rent.

14. To make a transistor work as an ampli-
fier, a signal input is added in the
emitter circuit and an output load resis-
tor is added in the collector circuit.

INPUT

EMPTIER BASE COLLECTOR

17. The relatively high value of the load
resistor produces an output voltage
variation that is considerably greater
than the signal input voltage.

18. When a PNP transistor is used, the
emitter-base is forward biased by con-
necting the positive battery terminal to
the emitter and the negative battery
terminal to the base. The collector-
base is reverse biased by connecting
the negative battery terminal to the col-
lector and the positive battery terminal
to the base.

EMPTIER BASE COLLECTOR
P N P

f . . . . f f f f f
. . + . . f f f f f
. . . . . f f f f

1t

19. The emitter-base junction is forward
biased; free base electrons cross the
junction to fill emitter holes.

20. For each combination, an electron from
the battery enters the base and one
leaves the emitter to go to the battery.
This allows n.ajority current to flow.

21. Since there are fewer free electrons in
the base than holes in the emitter, most
of the holes in the emitter cannot com-
bine with the free electrons from the

OUTPUT base.

15. The input signal varies the forward
bias, thus varying the emitter current.

16. When the emitter current varies, the
collector current varies. The varying
collector current produces a varying
voltage drop across the load resistor.

92

22. The holes that do not combine with free
electrons attract valence electrons from
the base. Thus, many of the emitter
holes are effectively transmitted to the
base.

23. This provides more base holes to com-
bine with electrons from the collector.
This allows higher current to flow in the
collector.



24. Since the electrons that flow through
the collector combine with holes that
are originally supplied by the emitter,
the amount of collector current that
flows depends on the amount of emitter
current.

25. The NPN and PNP circuits just de-
scribed are called common-base cir-
cuits. because the base is common to
both the Input and output.

26. The common-base circuit amplifies the
input signal, but does not change its
phase.

27. In the common base circuit, the
(collector) current is about 98% of the
input (emitter) current. Current gain is
output current divided by input current.

171

A typical current gain for a common-
base amplifier is .98. It is always less
than i for a common-base amplifier.

28. The common-base circuit provides re-
sistance, voltage, and power gain.

output resistance29. resistance gain * input resistance'

30.
output voltage

1vo_tage gain * --t-- * currentinput voitage

gain x resistance gain.

31. power gain - current gain x voltage
gain.

32. In a junction transistor, the base sec-
tion is very thin, so that it has very
few majority and minority carriers of
its own.
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VI. TRANSISTOR AMPLIFIERS

The previous lesson covered the basic theory of the transistor, and how it provides
amplification. This lesson analyzes in detail. and compares, the three common types
of transistor circuits: common base, common emitter, and common collector.

COMMON BASE

This transistor circuit is called a (

OUTPUT

) ( ) amplifier.

111/1/////////////1/

common base

2. In the common base amplifier, the input signal is applied to the (

////7////////1/.///71

emitter

)

3. The output signal appears across load resistor Rc in the (

////////////////////
collector

) circuit.

4.a.

OUTPUT

In an HPN common-base amplifier, a positive going input signal applied to the emitter
(increases/ decreases) emitter bias.

////1/111/////111///

decreases

94
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4.b. Decreased emitter Was reduces emitter and, therefore, (

////////////////////
collector

) current.

4.c. With reduced collector current, the drop across the collector load resistor goes
( ).

////////////////////
down

4.d. This causes the collector voltage, or output, to go up, or in the (

////////////////////
positive

) direction.

4.e. Therefore, in an NPN common-base amplifier, a positive going input signal produces a
( ) going output signal.

////////////////////
positive

5. a.

In a PNP common-base amplifier, the collector voltage is

////////////////////
negative

)

5.b. The actual negative voltage that is at the collector depends on how much voltage is
dropped by the ( ) Rc.

////////////////////
load resistor

i 7P
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5.c. It the toad resistor drops less voltage, more of the col ector bias voltage is applied to
the collector. The collector then would be more ( ).

////////////////////
negative

5.d. If the load resistor dropped more voltage, the collector would be (
It would go in a ( ) direction.

////////////////////
less positive

) negative.

5.e. With a PNP common base amplifier, a positive going input signal applied to the emitter
(increases/decreases) emitter bias.

////////////////////
increases

5.f. This increases emitter and, therefore, ( ) current.

////////////////////
collector

5.g. With increased collector current, the drop across the collector load resistor (increases/
decreases).

////////////////////
increases

5.h. This makes the collector voltage ( ) negative.

////////////////////
less

5.1. The collector voltage, or output, then, goes in a (

////////////////////
positive

) direction.

S. j. Therefore, in a PNP common-base amplifier, a positive going input signal produces a
( ) going output signal.

////////////////////
positive
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6.a. PNP and NPN amplifier circuits use opposite emitter bias polarities. Therefore, the
same phase input signals affect the emitter bias voltages in both circuits differently.
U a signal aids the bias in the NPN, the same signal will ( ) the bias in the PNP.

////////////////////
oppose

6.b. However, since the NPN and pNP circuits also use opposite collector bias polarities,
the same phase input signals will produce ( ) phase output signals in both circuits.

////////////////////
the same

7. Therefore, in the common-base amplifier, there is no ( ) reversal between the
input and output signals.

/I ///////// ////// // /

phase

8. In the common-base amplifier, output current (Ic) is ( ) current. Input current
as) is ( ) current.

INPUT R,

17)

11

////////////////////
collector emitter

OUTPUT

9.a. Current gain in a common base circuit is output current divided by input current.

The output current is the ( ) current, and the input current is the (
current.

////////////////////
collector emitter

9.b. Therefore, the formula for gain can also be written as . . . .

/ / / / / / / / / / / / / / / / / ///

collector current
emitter current
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0.c. The ilftlibol for collector current is ( )
/WM/WO/WO/

lc

0.(I. The symbol for emitter current la ( )
///1 //////////////1/

le

9.e. The symbol for CURRENT GAIN in a common baw ( ircuit is 0 (alpha) Using the SYM-
BOLS, the formula for alpha can also be written as . . . .

/////////h/////////
Ic

Ct. = re

10. Given, emitter current (le) = 12 MA
collector current (Ic) = 11.4 MA

Find .1 .1.

iiiiliiii//////iiiii
tc 11.4a = = - 95le 12

11. In the common-base amplifier. Ic is originally supplied by le; and Ic is always slightly
less than Ie. Therefore, the formula for alpha (0.) shows that the current gain of a com-
mon-base amplifier is always less than ( ).

///////1////1///////
1. unity

12. The current gain is less than 1 because part of the emitter current enters the base and
does not reach the ( ).

////////////////////
collector

13. Although the current gain is less than 1. the common base circuit provides a resistance
gain because the output resistance is much ( ) than the input resistance.

/4/W/7i/id/Mi./
higher
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14. E - 1K.

The high RE:i1STANCE gain, together with a CURRENT gain of close to 1, results in a
( ) gain.

///////////////////,'
voltage

15. Pi- El.

Since there is a VOLTAGEgain, and a CURRENT gain close to 1, the circuit also pro-
vides a ( ) gain.

/// /1//////// ///////
power

16. E =1R

P v 12R

Basically, the voltage and power gains are due to the (

////////////////////
resistance

) gain.

17. There Is a resistance gain because the output resistance is much higher than the
( )

// /////// ////// //// /
input resistance

18. The input resistance of the common base circuit is usually between 30 and 100 ohms.
Therefore, the output resistance must be much ( ) than this.

///////////7////7/li
higher

19.a. The output resistance of the common base circuit is generally about 1 or 2 megohms.
However, if a load resistor of this size were used, an unusually large collector battery
would be needed. The value of the load resistor, then, is ( ) than the output
resistance.

////////////////////
smaller. less
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le.b. The size of the load resistor, though, is still much greater than the circuit's (
resistance.

20.

////////////////////
input

I

COMMON EMITTER

The transistor circuit 'holed is called a ( ) amplifier.

////////////////////
common emitter

21. In the common emitter amplifier, the input signal is applied to the (

////////////////////
base

)

22. The output signal appears across the load resistor Re in the (

////////////////////
collector

) circuit.

23.a. In the NPN common emitter amplifier, a positive going input signal (increases/
decreases) base-emitter bias.

////////////////////
increases

100



23.b. Aiding the forward bias (increases/decreases) the collector current through the load
resistor.

////////////////////
increases.

23.c. Increased collector current results in a larger voltage drop across the load resistor.
This causes the collector voltage. or output to go down, or in a ( ) direction.

////////////////////
negative

23.d. In the common emitter amplifier, then, apositive going input signal causes a (
going output signal.

////////////////////
negative

)

23.e. Therefore, in the common emitter circuit there (is/is not) a 180* phase reversal be-
tween the input and output signals.

////////////////////
is

24. Since PNP and NPN common emitter circuits use opposite base-emitter bias polarities.
a certain phase Input signal has opposite effects on the base-emitter bias in these cir-
cuits. However, since these circuits also use Opposite collector bias polarities, the phase
of the output signal in both circuits is ( ).

////////////////////
the same

25. In the common emitter amplifier, the current in the Input circuit is ( ) current.

/mum/nu/mu
base
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26. Mane current In very small in comparison to ( ) or (

////////////////////
emitter collector

27. The output current is the ( ) cur rent.

/////////iiii//////:

collector

) eurrents.

29. Collector current is much greater than ( ) current.

////////////////////
base, input

29. Current gain - output current
input cur rent

Therefore. the common emitter circuit produces a considerable ( ) gain.

////////////////////
current

30.a. The symbol for collector current is ( ).

/7//////////////////

Ic

30.b. The symbol .for base current is ( ).

//////////////i/////

lb

30.c. The symbol for current gain in a common emitter circult isf3 (beta). Using the SYM-
BOLS. the formula for beta can be written as . . . .

II/1/1/11/11/////1/1

a - Ic

31.a. What is the formula for alpha? Use the symbols.

////////////////////
lc

a = Ie
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31.b. The formulas for alpha and beta might at first seem to be the same because they both
divide output current by input current. Are they actually the sante?

////////////////////
No.

-- -

31.c. What is the difference between alpha and beta?

/ / / / / / / / / / / / / / / / / / / '

To find alpha, the input current is emitter current; but to find beta, the input current
is base current.

32. Since the emitter current is the total current in the transistor circuit, find the collector
current (Ic) and then finda in a common emitter circuit that has an emitter current (le)
of 5 MA and a base current (lb) of 0.1 MA.

/ / / / / / / / / / / / / / / / / / / /

lb 4 Ic r. Is

le lb = Ic
Ic 2 5 - .1 = 4.9 MA

,- Ic 4.9= IT) . T °49

33. The base-emitter junction is ( ) bias. d.

////////////////////
forward

34. Therefore, the input circuit is biased in the forward or (

////////////////////
low

35. The base collector junction is ( ) biased.

////////////////////
reverse

) resistance direction.

36. Therefore. the output circuit is biased in the ( ) resistance direction.

////////////////////
high

I S I
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37. Besides having a high current gain, a cummon emitter also has a (

/////////////////7//
resistance

) gain.

38. with high current And resistance gains, the common emitter Will have a large (
gain.

/11///////11/7/11/1/

vultage

38. Given: input resistance = 2.000 ohms
output resistance = 10.000 ohms

a 49
Find voita?:e gain.

MI/ ;WM/ II/ ////

resistance gain = 10
2,00000

0
5

voltage gain = current gain x resistance gain = 49 x 5 = 245

40. P = EI

Since the common emitter circuit has high current and voltage gains, there will also be
a very high ( ) gain.

////////////////////
power

41. Given: = 49
voltage gain = 245

Find power gain.

1/11//////1/1/1/1///

power gain = voltage gain x current gain = 245 x 49 = 12,005

42. In a common emitter circuit, there are high voltage and power gains because of high
) and ( ) gains.

////////////////////
current resistance
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43. The input resistance of a common emitter circuit is typically 000 to 2,000 ohms. There-
fore, the output resistance must be more than ( ) ohms.

////////////////////
2,000

44. A typical output resistance of the common emitter circuit is about 500,000 ohms. As with
the common base circuit, the actual load resistor would be considerably (lower/higher).

////////////////////
lower

4' A. What is the input current in the common emitter circuit?

////////////////////
base current (Ib)

45.b. What is the input current in the common base circuit?

/////// ////////////
emitter current (Ie)

45.c. What are the output currents in both of these circuits?

////////////////////
collector current (Ic)

45.d. Why is the base current (Ib) so small?

////////////////////
Because most of the emitter current (Ie) goes to the collector.

46.a. Current gain in a common emitter circuit is called beta ( 8 ). What is it called in a
common base circuit?

////////////////////
alpha (Cl )

46.b. What are the formulas for a and /3 ?

a // / ii ii /// ///// // /

Ic n _ Ic- Ie I-) lb

156

105



48.c. Which would always be greater, a or f3 7

//////////17/////17/

N3 (beta)

47. Which type of transistor circuit does not reverse the signal phase?

////////////////////
common base

COMMON COLLECTOR (EMITTER FOLLOWER)

48. This transistor amplifier is called a ( ) amplifier.

////////i/////1/////
common collector

The common collector amplifier is usually referred to as an "emitter follower."
Therefore, it will be called an emitter follower in this section. Keep ir. mind, how-
ever, that the collector is common to both the input and output circuits Just as the
base is common to the input and output circuits of the common base amplifier and
the emitter to the input and output circuits of the common emitter amplifier.

49.a. In the emiter follower (common collector) circuit, the input signal is applied to the
)

iiiiiiiiii/i/o////
base

49.b. The output signal appears across the load resistor (Re) in the (

////////////////////
emitter

) circuit.
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49.e. Bypass capacitor C places the ( ) at A-C ground potential.

////////////////////
collector

50.a. In the NPN emitter follower, a positive going Input signal (aids/opposes) the forward
bias.

////////////////////
aids

50.b. Aiding the forward bias (increases/decreases) the current through the load resistor.

////////////////////
increases

51.a. The increase in current flow through load resistor Re makes the output voltage more
( ).

////////////////////
positive

51.b. Thus. in the emitter follower cirmit. there (19/18 not) a 180° phase shift between the
input and output circuits.

////////////////////
is not

52. In any circuit. current gain equals ( ) current divided by ( ) current.

////////////////, Ill
output input
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53. In the emitter follower, the current in the input circuit iH ( ) current.

//id/Mu/a/W/7
base (lb)

54. Current in the output circuit is ( ) current.

//7, //i Jai/Midi*/

emitter (le)

55.a. In the emitter follower circuit, current gain equals ( ) current divided by
) current.

////////////////////
emitter base

55.b. Using SYMBOLS, the formula for current gain in an emitter follower is:

////////////////////

lb
Iecurrent gain = --

Although alpha (Q) is used to denote the current gain in a common base circuit, and
beta (/3) is used for the common emitter circuit, THERE IS NO SPECIAL LETTER
USED TO DENOTE THE CURRENT GAIN OF THE EMITTER FOLLOWER CIR-
CUIT, Instead, a special formula using /3 is used. This is done because the common
emitter circuit is the one that is most widely used in the electronics industry, and so
i; is of most interest to design engineers. As a result, the transistor manufacturers
usually include /3 in their typical characteristics for the transistors they make. Oc-
casionally, a is also given. The following frame shows how the formula for emitter
follower current gain (using /3) is derived.

55.a. emitter follower Ie
current gain lb

and
Ic

=

In the formula for emitter follower current gain, the emitter current, le. is actually the
sum of the other currents. Substitute these currents as an expression in place of Ie
and rewrite the formula.

////////////////////

Ic + lb
Ib

gain =
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56.b. You now have: gain le # lb
lb

. This can be expressed as:

le lbgain - -rb. + ii

The second fraction shows lb divided by lb. Anything divided by itself is equal to 1.
Rewrite the formula with this suhstitution.

1111111111/111111111

lcgain= +1
lb

50.c. You now have: gain = lc + 1. 11 you look at the beginning of this frame, you will seelb

that the expression Ic equals 1 )lb

1/111111111111111111

io

56.d. Rewrite the formula using beta.

////////////////////
emitter follower current gain = 13+ 1

57.a. You can work out a simple problem to show that 13 + 1 is the current gain of the
emitter follower circuit. Assume you have a circuit with an emitter current of 8 MA,
and a base current of 0.2 MA. Find the gain directly by dividing le by lb. What is it?

1111111111111111/111

ie 8 MA
curre:)t iiIIn = Tb 2 0,2 MA =

30

57.b. Now find the current gain by finding a and then adding 1. What is it?

Hu/hi/hail/Hu

.g' 1111

Ic = le lb

Ic = 6 MA - 0.2 MA= 5.8 MA

n_ 5.8 MA
1 0.2 MA

current gain = 29 + 1 = 30
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58. The internal resistance of the tran-
sistor between the base and emitter
is labeled ( ).

///////1///////ii/i/
Rbe

59.a. Rbe is in series with the load resistor ( ).

////////////////////
Re

59.b. The input signal is effectively put across the series resistances Rbe and Re. Therefore.
the voitage drop across Re is ( ) than the input voltage.

////////////////////
less

59.c. Because of this, the emitter follower has a voitage gain of (

////////////////////
less than 1

).

60.a.

110

With the emitter follower circuit redrawn, you will be able to see that the voltage gain
of the circuit is less than 1 because the resistance gain is much less than 1.
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\it)
The emitter follower circuit Ina common collector circuit. The base and collector
form cireuit,

//////////////////8

-^ ----------
60.1), The bane and collector are (

input

) biased.

////////////////////
reverse

60.r. The input circuit has a ( ) resistance.

////////////////////
high

60.d. The emitter and collector form the ( ) circuit.

////////////////////
output

60.a. Current flows easily from emitter to collector. Therefore, the output circuit has
) resistance.

//,'/////////////////
low

60.f. Resistance gain output resistance low resistance
input resistance high resistance

The emitter er has a resistance gain of ( )
//UM /Hi Hu

less than 1

61. the output resistance is typically between 100 and 500 ohms. Therefore, the input resist-
ance must be more than ( ) ohms.

////////////////////
500
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62. A typical input resistance Is 500,000 ohms. In comparison with the input resistance of
the other circuits, this is very (high/low).

////////////////////
high

63. In the common base circuit, the Input signal is applied to the (

////////////////////
emitter

)

64. In the common emitter circIdt, the input signal is applied to the (

////////////////////
base

).

65. The common collector circuit is known as an ( ).

////////////////////
emitter follower

66.a. In the common base circuit, the output signal is taken off the (

////////////////////
collector

)

66.b. In the common emitter circuit, the output signal is taken off the (

////////////////////
collector

).

66.c. In the common collector circuit, the output signal is taken off the (

////////////////////
emitter

)

67.a. What is the formula for current gain in the common base circuit? Use symbols.

////////////////////

Ic
C7. re-
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87.b. What is the formula for current gain in the common emitter circuit? Use symbols.

////////////////////

R -t

87.c. What is the formula for current gain in the emitter follower circuit? Use symbols.

////////////////////
lecurrent gain la+ 1 = z

RELATIONSHIP OF ALPHA AND BETA

IL

Although the common emitter circuit is the one that is most often used, the common
base circuit is still used to a large extent, particularly in sine wave oscillator cir-
cuits. Since manufacturers usually only give R in their transistor characteristics,
It is still often necessary to know a . However, this is not really a problem because
there is a definite mathematical relationship between O. and R. U you know one, you
can easily find the other using the proper equation. The following frames show you
how these equations L.re derived.

A lc88. p = . To set up the relationship between a. and R, you must express Ic and lb in

terms of a . Q= ?

////////////////////
is
le

lc
69. a. 2 re

Rearrange the formula to solve for Ic.

////////////////////
Ic =ale

70. Therefore, since Ic = Q le, insert it in the formula forR .

////////////////////
n IC a.le
P a 16 1r
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71.a. PeQ l
m

Now you must express lb in terms of 0.

Ic = a Ie. in this rearranged formula for a , Ic can be expressed in terms of lb and le.
How are lb and le related to lc?

/I /I /I /I /I /I /I /I /I /I

le - lb = lc

71.b. Substitute le - lb in the formula Ic = a le.

/////M/7/MMM
Ie -lb -ale

71.c. le - lb = a Ie. Transpose a le and - lb.

MM/M/i/iMM
le - a le = lb

71.d. Ie - a Ie = lb can also be expressed as lb = le - a Ie. Simplify the right side of the
formula.

/I /I 1 1 /I /I /I /I /I /I /I

lb = Ie(1-a )

71.e. Substitute Ie(1 -a) for lb in the formula fora.

MM/7/8/////fill
b cale
P Ie(1-a )

C le'72 . /3 C- le (1-a )

F. for out le.

mNHmiiimmi

a `"1-a

73. What is the relationship between alpha and beta?

////////////////////

13. eir
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74.a. The equation a -81 will allow You to flnda when a is known. Now you must derive

the equation that will let you find a, when a Is known. The above equation can be re-
arranged to produce a formula in terms of a .

a -A. Cross multiply the terms In this equation.

/IIMM/M///////
a- a - aa.

74.b. a . C. ao.. Transpose -aa- from the right to the left side of the equation.

////////////////////
C., +RC. =a

74.c. a +/303. = a Simplify the left side of the equation.

////////////////////
0- (1+a ) - a

79.d. a (i+a ) =a . Divide both sides of the equation by 1 + a .

iii ill/ llimilloll
1 +a

75. Write the two equations that show the relationship between a and a .

millillim mill/
aa . 7 a- rc.ltr:

76. Alpha Is used for current gain in a common (

/////M/MMUM
base

) circuit.

77. Beta is used for gain in a common ( ) circuit.

Mll/////M/M/ll
emitter
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78. If a transistor in a common base circuit has a current gain of 0.96, find the current gain
if the same transistor were used in a common emitter circuit.

////////////////////
a = 0.96

' .04

0 = 24

79. If a transistor in a common emitter circuit has a current gain of 75, find the current
gain if the transistor were used in a common base circuit.

/// mu // mum //
0 = 75

a. 0
r..--a-

75az pm
75

Q. =
76

a . .987 (approx.)
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SUMMARY

I. The collector of a transistor gathers the
current which comes from the emitter.
The current from emitter to collector
passes through the base. The bias volt-
age between the base and emitter of a
transistor controls collector current.

2. In the common base amplifier, the input
signal is applied to the emitter, and the
output signal appears across the toad
resistor in the collector circuit. In an
NPN common base amplifier, a positive
going input signal decreases collector
current, making the collector voltage go
more positive. In a PNP common base 8.
amplifier, a positive going input signal
increases collector current, and be-
cause of the direction of current flow,
makes the collector go in the positive
direction. In both NPN and PNP com-
mon base amplifiers, there is no phase
reversal between the input and output
signals.

through the load and, because of the di-
rection of current flow, makes the col-
lector more negative. In both NPN and
PNP common emitter transistors, the
input and output signals are phase-
shifted 1806.

7. Current gain in the common emitter

collector current divided aamplifier, called beta ( ), equals
base cur-

rent, and is usually much greater than
I. The circuit also provides resistance,
voltage, and power gains.

3. Current gain in the common base am-
plifier, is c all e d alpha ( a ), and
equals collector current divided by
emitter current. Alpha is always less
than I.

4. The common base amplifier provides
resistance, voltage, and power gains.

5. The input resistance of the common base
amplifier is usually between 30 and 100
ohms. The output resistance is gener-
ally about 1 or 2 megohms.

O. In the common emitter amplifier, the
input signal is applied to the base and
the output signal appears across the
load resistor in the collector circuit.
In the NPN common emitter amplifier, 11.
a positive going input signal increases
the collector current through the load
causing the collector voltage to go in
the negative direction. In a PNP com-
mon emitter amplifier, a positive going
input signal decreases collector current

The input resistance of a common
emitter circuit is typically 800 to 2,000
ohms. A typical output resistance is
about 500,000 ohms.

9. In the emitter follower, the input signal
is applied to the base and the output
signal appears across the load resistor
in the emitter circuit. In an NPN
emitter follower, a positive going in-
put signal increases the current through
the load resistor, making the output
voltage go more positive. In a PNP
emitter follower, a positive going input
signal decreases the current through
the load resistor and, because of the
direction of current flow, causes the
output voltage to go in the positive di-
rection. In both NPN and PNP emitter
follower amplifiers, the input and out-
put signals are in phase.

10. Current gain of an emitter follower is
a 4.1; it equals emitter current di-

vided by base current. The circuit also
provides a power gain, but the voltage
gain is always less than I.

12.
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The output resistance of an emitter fol-
lower is typically between 100 and 500
ohms. A typical input resistance is
500,000 ohms.

a ...4._ ....g_
s i. o. °- 14.a
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VII. TRANSISTOR BIASING AND STABILIZATION

The preceding section dealt with the basic common base. common emitter, and
common collector amplifiers in their simplest forms. However, these circuits as
they were shown are rarely used because they are affected too much by the inherent
sensitivity of transistors to temperature changes. This section shows how practical
transistor circuits use bias and stabilization methods to compensate for temperature
effects. The common emitter circuit is used in the examples since it is the most
commonly used circuit.

BIASING METHODS

The behavior of a transistor under various bias conditions can be represented by a
group of curves called "characteristic curves." These curves are provided by the
manufacturer and are usually given for the common emitter configuration. Sometimes
they are given for the commonbase configuration and, occasionally, for both the com-
mon base configurations. Because the common emitter configuration is used so fre-
quently in the Polaris system, it will be the one discussed here.

R b

The values of Rb, Re, Eb, and Ec in this common emitter amplifier determine the
bias currents and, therefore, the "operating point" of the transistor. The operating
point, is the bias level that establishes a STEADY LEVEL OF COLLECTOR CUR-
RENT FOR ZERO INPUT SIGNAL VOLTAGE. This will be discussed shortiy.
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0 1
1.a. This is a group of characteristic curves for a typical transistor connected in the com-

mon emitter configuration.

14 _I---..-_4--,--1.---1.--.4__I-__

a
D 6

-i 4
6

0

a

r--------- 174

I

t
4

5 10 15 20 25
COLLECTOR VOLTS

The curves show how collector current varies for different values of ccllector voltage
and ( ).

////////////////////
base current

You will recall that the amount of collector current depends upon the level of the
base-collector bias voltage and the emitter-base bias voltage. Yet here, emitter-base
CURRENT is plotted rather than emitter-base VOLTAGE. This is done because
emitter-base bias voltage is VERY SMALL and difficult to measure. A specific
amount of base current will flow for a specific emitter-base bias voltage. And, since
base current is relatively easy to measure, it is standard practice to plot base cur-
rent rather than base voltage. Keep inmind, however, that the amount of base current
is dependent upon the emitter-base BIAS VOLTAGE.

1..). From the characteristic curves, you can see that the amount of collector current that
flows depends upon . . . .

////////////////////
collector voltage and base current (emitter-base voltage).

l.c. Therefore, the operating point of a transistor. which is the bias levels that establishes
the level of collector current for zero input signal voltage, is determined by . . . .

///////// ///////////
collector voltage and base current

o
4.1)9)
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1.d. Assume a transistor with a collector voltage of 7.5 volts and a base current of 80 micro-
amperes. From the characteristic curves, how much collector current will flow in this
circuit?

/////// /////// ///// /

about 3.3 milliamperes

I.e. Now assume that the base resistor is changed so that 120 microamperes base current
flows, Collector voltage is not changed and remains 7.5 volts. How much collector cur-
rent will flow?

////// /// // /////// //
about 6 milliamperes

1.f. Now let's go back and connect the original base resistor into the circuit so that base
current again becomes 60 microamperes. If the collector voltage is increased to 15
volts, how much collector current will flow?

/////// //////// // ///
about 3.6 milliamperes

1.g. Summarizing:

COLLECTOR VOLTAGE BASE CURRENT COLLECTOR CURRENT

7.5V 60 MA 3.3 MA
7.5V 120 MA 6.0 MA
15V 60 MA 3.6 MA

What conclusion can you draw from these figures?

// // ////////// //////

A small change in base current results in a relatively large change in collector
current. The amount of collector cu:-rent depends MOSTLY on the amount of base
current (and, therefore on the emitter-base BIAS VOLTAGE).

1.h. Define operating point. Which two transistor parameters determine the operating point
of a transistor? Which one of these two parameters has the most affect on the operating
point?

//// ///////// ///////
The operating point is the bias levels that establish that amount of collector current
that flows for zero input signal voltage.

collector voltage and base current (emitter-bail.; bias voltage)

base current

120
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2.a. Along with the operating curves, the transistor manufacturer usually lists maximlm safe
operation values such as the maximum voltages that can be applied to the collector and
emitter, the maximum permissable collector current, and the maximum collector power
dissipation.

Al long as the applied voltages and currents are kept below these maximum values, the
transistor will not be ( ).

////////////////////
damaged

2.b. Sometimes, a maximum power dissipation curve. represented by a dotted line, is given
with the operating curves, as shown on the diagram below. If the operating point is to the
left of this curve, the transistor will operate safely. To the right of the curve, the tran-
sistor may be ( ).

14 -- 4 ,
1 1 1 I 1

12
eja. 01PE% t(It 240

i
aiw

2

a , MAXI
POWER

MUM

tt' 6 1- DISSIPATION
laJtj CURVE

f5 4-
2

0y p.

Oti
t
5 10 is

COLLECTOR VOLTS

////////////////////
damaged

20 25

To obtain a good understanding of biasing, it will be worthwhile to go through a typi-
cal problem to show how the valaes of circuit components are determined to set a
desired operating point.

The exact manner in which you go about determining the operating point depends upon
what you start with. For example, in some cases, you may have a particular power
source or particular transistor availablethatyoumustuse; in other cases you will be
able to select a power source or a transistor. Sometimes you must use a specific load
while other times you will have some leeway in selecting the value of the load. In
some cases you will be "stuck" with II certain level input signal and in other cases
you may have control over what the input signal level will be. Many times you can use
the "typical values" provided by the transistor manufacturer and, at other times,
these values may not be suitable for your particular application. All of these things
affect the way in which you go about selecting the operating point.

(Continued on next page)
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In the following example, assume:

1. You must use a 1200-ohm load

2. You have a couple of 12-volt batteries (power sources available).

3. You have a transistor with enough gain to amplify the input signal to the desired
Level.

The following frames show how to use this information to set the operating point.

....,
3.a. The first thing you must do is construct a "load line." A load line is a lit.e that is

drawn on the transistor characteristic curves to show what happens when a load is con-
nected into the collector circuit and the input current varies. The load line will show
the behavior of the collector circuit between the points of maximum collector voltage
(minimum .collector current) and minimum collector voltage (maximum collector cur-
rent). To construct a load line, you must locate these points.

First, what is the maximum collector voltage that is possible in the circuit you are
designing?

////////////////////
12 volts (the battery voltage)

3.b. What wouid be the level of collector current if the collector voltage is at 12 volts?

////////////////////
0 (essentially)

3.c. Plot this point (collector voltage-12 volts, collector current-0 MA) on your answer
sheet.

////////////////////

10 15

COLLECTOR VOLTS
25
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3.d. Now compute the maximum collector current that can flow. You know that you must use
a 1200-ohm load and a 12volt battery. Therefore, you can use ohms law to compute
maximum collector current.

////////////////////

Ic (max.) a Ec (max.) 12We Tztu 0.1A, or 10 MA

3.e. It maximum current (10 MA) is flowing in the collector circuit, what will be the value of
collector voltage?

////////////////////
0 (essentially)

3.f. Plot this point (collector current-10 MA, collector voltage-0 volt) on your answer
sheet. (Use the curves given with answer 3.c.)

14

t2

r
go

16- ________-----------
4-1rti. ... ..-r ...
2

...

i 0w

5 to 15 20 25
COLLECTOR VOLTS

////////////////////
I' t- I
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3.g. Now that the maximum collector voltage and the maximum collector current are known,
an operating LOAD LINE can be drawn between these two points, as shown below. The
line is drawn between ( ) MA collector CURRENT and ( ) volts collector
VOLTAGE.

14

12

g1

3

LOAD 2
LINE

0
10 IS

COLLECTOR VOLTS

////////////////////
I0 12

25

4. Now that the load line has been drawn, the next step is to select the operating point
ALONG THE LOAD LINE. You can see that the load line cuts through many possible
operating curves. Each curve represents a specific value of ( ).

////////////////////
base current

The position of the operating point on the load line is usually chosen to permit the desired
amount of signal swing. For example, suppose you needed an a-c output signal with an
amplitude of 10 volts peak-to-peak.

12
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if you select point A as the operating point, the collector voltage would vary between about
1 volt and 11 volts (5 volts above and 5 volts below the operating point). No amplitude dis-
tortion would be introduced; that is; the a-c signal would not be CLIPPED at either peak.

Now suppose the operating point was set at point B.

5 10 15 20 25
COLLECTOR vOos

Notice that, with no input signal, the collector voltage would be about 9 volts. Now the
desired 10 volt peak-to-peak a-c output signal could not swing 5 volts above the operating
point; it would be clipped at about 3 volts above the operating point and distortion would be
present in the output.

5.a. So, you decide to set the operating point at A. This requires that the circuit have a base
current of ( )

////////////////////
90 microamperes

5 b. Once the desired base current has been
chosen, a proper value bias battery
and base resistor can be used to pro-
duce the desired current. Since
emitter-base Junction is biased in the
forward direction, its resistance is
( ) compared to the base re-
sistor. The other 12-volt battery will
be used to obtain a base current of 90
uA (microamperes). Using ohm's law,
what should the base resistor value be?

////////////////////
negligible. low

Rb = Ebe
90112

a 133,000lb )., A
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Thts circuit shows all the values determined in the previous frames. It operates at
Point A. Point A was picked along the load line that was drawn between chosen values of
maximum collector voltage and ( ). What are those values?

//////////// / / / / / / //

current 12 V and 10 MA

6.b. The maximum collector voltage was arbitrarily set with a 12-volt battery. What deter-
mines the maximum collector current that could flow?

////////////////////
Ec 12
AcThe specified value of Rc. Ic = wa =

1.2K
10 MA

6.c. 1,1 a different value of Re is used, the maximum collector ( ) will change. This
would produce a new load line.

/ // / / / / // / / / / // / / / / /

current

6.d. When Point A was chosen, it indicated the value of ( ) bias current that was
needed.

/// ////////// // / / / / /
base

6.e. The required value of base current was obtained with an arbitrarily chosen 12-volt
bias battery and a base resistor, Rb. How was the value of lib found?

////////////////////
Bb 12 V

Rb = - = 133,000 ohms
n) 9011 A

6. f. The specific location of Point A was chosen to produce a desired collector current and
linear signal swings. With the transistor operating at Point A, what would be the static
voltage between the collector and emitter and what would be the operating d-collector
current?

////////////////////
6V 5 MA



6.g. The emitter current is Ie Ic + lb. What is the value of Ie7

////////////////////
le IC + lb 5 MA + 901.1. A 5 MA + 0.09 MA 5.09 MA

7.a.

12v 12v

In this circuit, the base and collector bias battery values were chosen arbitrarily.
Larger or smaller batteries could be used for a given operating point; but then, dif-
ferent values of ( ) and ( ) would be needed.

////////////////////
Rb Rc

7.b. Although the base bias battery that was chosen is the same value as the collector bat-
tery, the base battery could be larger or smaller. In either event, the value of (
would have to be chosen to produce the proper ( ) current.

////////////////////
Rb base

7.c. In the circuit shown, two batteries are used to make both the base and collector (
in respect to the emitter.

/11/////////////////
negative

7.d. Actually, since the emitter has the same polarity in respect to the other two elements,
only one battery is really needed. Try and redraw the circuit with only one battery.

////////////////////

INPUT R OUTPUT

(Continued on next page)
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Quite often, this circuit is drawn this way:

8.a. Since the d-c bias currents that flow
in this circuit are produced by a fixed
battery value together with fixed re.
sistors, the method is known as
( ) bias.

/ill/ill/ill/Mill/
fixed

8.b. The fixed bias circuit has sore drawbacks because it does not compensate for
variations in the bias currents that are caused by changing transistor characteristics.
For example, the internal resistance of transistors tends to vary inversely with tem-
perature. If the temperature of a translator goes up, its internal resistance will go
( ); this will cause the d-c bias currents to go ( ).

////////////////////
down up

8.c. When the bias currents change, the translator wilIDRIFT to a lifferent (

////////////////////
operating

) point.

8.d. All of the circuit's characteristics, such as gain, output current, and power dissipation.
will also ( ).

////////////////////
drift, change, be different

9. The ability of a circuit to compensate for temperature changes is called thermal sta-
bility. Fixed bias does not provide ( ).

////////////////////
thermal stability
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10. To provide for thermal stability, the changes in bias current that result from varying
transistor characteristics should be fed back into the transistor to counteract the
changes. This is known as ( ) feedback.

///// '//////////////
negative, degenerative

11.a. This circuit shows a biasing method
known as self-bias. It is so called
because the operation of the transistor
itself has a controlling effect on the
bias currents that flow.

The amount of d-c collector current
that flows is determined the same as
with fixed bias. The bias current
supplied by the battery to the col-
lector is limited by resistor ( ).

////////////////////
Rc

11.b. The voltage drop across Etc subtracts from the battery potential, and a reduced voltage
is applied at the ( ).

////////////////////
collector

11.c. The collector voltage is the potential that is used to provide the base bias current.
Resistor Rb provides a path for the current, and the amount of current that flows
through the base is determined by the ( ) of Rb.

////////////////////
resistance, value

li.d. Besides the resistance of Rb, the amount of base current that flows also depends on
the voltage at the ( ).

////////////////////
collector
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11.e. If any temperature change varies the internal impedance of the transistor, the bias
( ) through the transistor will also tend to change.

////////////////////
currents

11. f. However, if the d-c collector current increases or decreases, the voltage drop across
( ) will change accordingly. This will raise or lower the voltage at the ( ).

////////////////////
resistor Etc collector

114. U the collector current goes up, the collector voltage will go (

/ / / / / / / / / / / / / / / / / ///

down

).

11.h. This, in turn, will lower the bias voltage applied to the (

////////////////////
base

) circuit.

11.i. Base-to-emitter current will then go ( ).

/ / / / / / / / / / / / / / / / / ///

down

11.i This will reduce ( ) current, returning it to normal.

////////////////////
collector

11.k. The tendency of collector current to change is counteracted by ( ) feedback
through the base bias circuit.

////////////////////
negative, degenerative

11.1. This circuit has thermal ( )
////////////////////

stability
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11.m. Any change In collector current will cause a corresponding change in base current to
return the ( ) to its normal d-c level.

////////////////////
collector current

PP

1I.n. This method of biasing is called ( ).

////////i///////////

self-bias

11.o. Why is it called self -bias?

////////////////////

Because the operation of the transistor itself has a controlling effect on the bias
currents that flow.

12.a. Name the two methods of bias you have learned about.

////////////////////
fixed-bias and self-bias.

12.b. What is the disadvantage of fixed bias'?

////////////////////
It has no thermal stability.

13. Since the self-bias circuit you have Just learned about used negative feedback for thermal
stability, it also has a disadvantage. The a-c signals in the collector circuit will also be
fed back to the base circuit. This negative feedback reduces the ( ) of the stage.

////////////////////
gain

14.a. However, the self-bias circuit can be modified so that there will be no negative feed-
back for the ( ) signals.

////////////////////
a-c
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14.b, The following
circuit shows how self-

bias can be obtained
without

loss of

gain. How does this circuit differfrom

the other one?

REI is comprised
of two resistors,

and their junction is bypassed
by a capacitor.

15.c. There is no negative
feedback

for a-c signals, so that the gain of this seat-bias circuif

is not ( ).



16.a. Another method of obtaining thermal
stability, is with a circuit thatprovides
emitter bias.

Since the transistor here is a PNP
type, the base must be ( ) in
respect to the emitter to forward bias
the input circuit.

////////////////////
negative

16.b. Relative to the base, then, the emitter should be (

////////////////////
positive

)

18.c. Battery Eh applies a negative voltage to the ( ).

////////////////////
base

16.d. Resistor Re is in the emitter circuit and produces a voltage drop that corresponds to
the value of emitter current. This voltage drop applies a ( ) voltage to the
emitter.

////////////////////
negative

16.e. Since the emitter should be positive in respect to the base, the voltage drop produced
by Re (aids/opposes) the forward bias.

////////////////////
opposes

16. f. The actual base bias current that flows depends on the difference between the voltages
produced by ( ) and ( ).

////////////////////
Eb Re

214

133



16.g. If the temperature of the transistor goes up, the currents through the transistor will
go ( ).

1/11111111/111111111

up

18.h. An increased emitter current will produce a (

////////////////////
greater, larger

) voltage drop across Re.

18.1. Since this voltage drop opposes the voltage supplied by Eb, the forward bias of the
base-emitter circuit goes ( ).

////////////////////
down

16.). This reduces base current, which ( ) the collector and emitter current to
normal.

/Mil // ////////////
lowers

16.k. This circuit has thermal ( )-

//////////i//1//////
stability

16.1. What kind of bias does this circuit use to get this stability?

////////////////////
emitter bias

16.m. The emitter resistor, Re, provides ( ) feedback.

////////////////////
negative, degenerative

16.n, Capacitor Ce bypasses Re so that there is no negative feedback for (

/11/////////////////
a-c

) signals.
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16.o. If you look at the diagram at the beginning of this frame, you ufi 1 see a e basic
bias currents for the circuit are provided by the batteries and the series limiting
resistors. This is actually ( ) bias.

////////////////////
fixed

16.p. The emitter bias is really needed only to provide ( ) stability.

////////////////////
thermal

17. This circuit shows how emitter bias
stability is obtained With a circuit that
has only one battery to provide bias
currents. Resistors Rb and ( )

limit base-emitter current flow.

////////////////////
Re

18.a. What type of bias is this?

////////////////////

fixed bias
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.1TB-37-Vhat type is this?

//////7/////////////

seat -bias

18.c. What types are shown here?

////////////////////

fixed bias and emitter bias

18.d. What is the disadvantage of the circuit shown in frame 18.a.'

/////////i/i/i/iiiii
no thermal stability
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19.a. Often, the different forms of bias; stabilisation circuits can be combined to get greater
thermal stability.

Draw a circuit using sell-bias.

///////////////11///
Rb.-"--.\

F-
'V.Isit's.AA.

ico

©
'1

9

19.b. This circuit couples the changes in d-c collector current back to the (
stabilize the circuit.

////////////////////
base

) to

19.c. Now add emitter bias to the self-bias circuit.

//////////11/a88/

Rb
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19.d. This circuit also has the changes in d-c emitter current coupled back to the (
to stabilize the circuit.

// ///// // //// // // // /

base

)

19.e. By using both methods of bias together, much greater (

////////////////////
thermal stability

) is obtained.

STABILIZING CIRCUITS

20.a. The bias stabilizing circuits that were taught in the previous frames first allowed the
transistor current to change with temperature, andthen had this current change produce
a corresponding voltage change. The voltage change, then, was fed back degeneratively
to return the transistor current to normal.

The self-bias circuit fed back changes in ( ) voltage.

////////////////////
collector

20.b. The emitter-bias circuit fed back changes in (

////////////////////
emitter

) voltage.

21. For stabilizing circuits to be most effective, they should prevent the transistor current
from changing in the first place. One way to do this is to have the circuit automatically
produce an effect on the transistor that is ( ) to the normal effect of temperature.

///// ///// //// //// //
opposite

Temperature compensation can be accomplished by:

a. having one transistor stabilize another.
b. using a thermistor to control emitter-base current.
c. using a semiconductor diode to control emitter-base current.
d. using a semiconductor diode to control collector-base current.
e. using combinations of the above.

These are covered in the following frames.
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22.a.

This diagram shows a circuit in which one transistor is used to stablize another.
Transistor Qi uses emitter bias to stablize itself; and the bias of Qi is applied to
transistor Q2 to stablize that stage. The base of transistor Q2 is returned to the
( ) of transistor Qi.

/ ///////////// //I // /

emitter

22.b. The emitter of transistor Q2 is returned to the (
ground.

/ ll ///// //////// Illl
base

) of transistor Q1 through

22.c. Because of these connections, the polarity of the bias voltage of transistor Qi is
( ) when it is applied to Q2.

/////// ///// ///// ///
reversed

22.d. Since Q1 is an NPN translator and Q2 is a PNP transistor, they are both C
biased.

////////////////////
forward

22.e. Resistor Re stabilizes transistor Q1 by providing (

////////////////////
emitter

)

) bias.

22fl
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22. f. If the temperature increased, the emitter bias (increases/decrease) the forward bias
of Ql.

////////////////////
decreases

22.g. Since the emitter-base voltage of Q1 is applied to the emitter-base section of Q2, any
increase in temperature also causes the forward bias of Q2 to (increase/decrease).

1/1/1/1/1/1/1/1/1/1/

decrease

22.h. Thus, Q2 is stabilized by the emitter-base bias voltage of (

////////////////////
)

41

23.a. If both transistors in the previous circuit were the same type, and the emitter-base/
voltage of transistor Q1 is to be applied to the emitter-base section of transistor Q2,
the base of transistor Q2 would be returned to the ( ) of transistor Q1.

////////////////////
base

23.b. The emitter of transistor Q2 would be returned to the ( ) of transistor Ql.

////////////////////
emitter

23.c.
o,

Current flow through the emitter resistor of Q1 consists of (

////////////////////
Ie

1
Ie2

) and ( ).
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23.d. Thus, a change in the emitter current of either transistor affects (one transistor/
both transistors).

////////////////////
both transistors

.21

24.a.

This diagram shows a circuit using a thermistor to stabilize emitter-base current.
The thermistor, labeled RT, has a negative temperature coefficient; as the temperature
increases, the resistance of the thermistor ( ).

////////////////////
decreases

24.b. The therraistor, RT, and resistor RI form a voltage dividing network which provides
forward bias voltage for the ( ) section of the transistor.

////////////////////
base-emitter

24.c. U the temperature of the transistor increases, emitter current tends to

////////////////////
increase

).

24.d. However, the .resistance of the thermistor also decreases when the temperature rises.
This causes the voltage drop across it to ( ).

////////////////////
decrease

222

141



24.e. A reduced voltage drop across the thermistor reduces the ( ) applied to the
base emitter.

////////////////////
forward bias

24. f. This tends to ( ) emitter current.

////////////////////
reduce

24.g. The tendency of the emitter current to go up with temperature is thereby ( )
by the thermistor action.

////////////////////
canceled

24.h. For best stabilization results, the negative temperature coefficient of the transistor
should be approximated by that of the ( ).

////////////////////
thermistor

24.i. Capacitor Cb prevents the thermistor from being affected by any (

////////////////////
a-c, signal

) voltages.

The circuit in the schematic is similar to the circuit using thermistor stabilization,
except that a semiconductor diode is used instead of a thermistor. It, too, stablizes the
circuit by keeping emitter-base current steady.

In this circuit, the temperature coefficient of the transistor should be matched by that
of the ( ).

////////////////////
diode
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25.b. The diode is biased so that it will be affected by temperature in the same way that the
transistor is. The diode is ( ) biased.

/ / / / / / / / / / / / / / / / / ///

forward

25.c. The resistance-versus-temperature characteristic of a thermistor cannot match that of
a transistor as closely as a diode can. Better stabilization is p rov ided by the
(thermistor/semiconductor diode).

////////////////////
semiconductor diode

26.a.

This circuit uses a semiconductor diode to stabllze collector-base current. To follow
the resistance changes of the collector-base section, the diode should be biased the
same as the collector-base junction. The diode Is ( ) biased.

////////////////////
reverse

26.b. Collector-base current is with ( ) carriers.

//////M/M/M/H
minority

26.c. When the temperature of the transistor goes up, the flow of collector minority carriers
tends to ( ).

////////////////////
increase
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26.d. An increased number of minority carriers in the base would also cause an increase
in ( - ) current How.

////////////////////
base-emitter

26.e. However, the increase in temperature also lowers the diode (

////////////////////
resistance

).

26.f. The lower diode resistance allows the excess collector minority carriers (lcbo) to
now out of the base to the battery. Base-emitter current will then be ( ).

////////////////////
stabilized

27.a.

This diagram shows a circuit using double diode stabilization. It is actually a combina-
tion of the two previous diode stabilization circuits.

Diode CR1 is ( ) biased.

////////////////////
forward

27.b. When the temperature rises, CR1 ( ) the base-emitter bias voltage.

////////////////////
lowers

27.c. This prevents the base-emitter current from (

////////////////////
increasing

)

144

225

1-\



27.d. Diode CR2 is reverse biased. It stabilizes base( ) current.

////////////////////
collector

REVIEW

20.a. Draw a fixed-bias circuit using one battery.

////////////////////

INPUT R OUTPUT

=12V

2$.b. What is the disadvantage of this circuit?

////////////////////
No thermal stability.

29. What two methods of biasing provide thermal stability?

////////////////////
Self bias and emitter bias.

30.a. Draw a self-bias circuit.

////////////////////
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30.b. Generally, how does the circuit work, and how does it stabilize the circuit/

////////////////////
Under static conditions, the amount of emitter and collector current that flows pro-
duces a certain level of collector voltage. This voltage is applied through Rb to the
base. Rb limits the base current to the proper value. If any temperature variations
cause the transistor d-c bias currents to change, the collector v o It age will also
change. This will vary the base bias, causing the transistor currents to return to
normal.

30.c. What is the purpose of capacitor Cb?

////////////////////
Cb prevents degenerative feedback of the a-c signal.

31.a. Draw an emitter-bias circuit that has two batteries.

////////////////////

31.b. Generally, how does the circuit work, and how does it provide thermal stability?

////////////////////
Battery Eb provides the basic bias voltage for the base-emitter section. Emitter
current flow through resistor Re, though, produces avoltage drop that counteracts the
Eb voltage. When emitter current changes with temperature, the drop across Re
varies. This causes the emitter-base bias voltage and current to change to return the
emitter current to normal.

31.c. What is the purpose of Ce?

////////////////////
Ce prevents degenerative feedback of the a-c signal.
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31.d. Draw an emitter-bias circuit that has only one battery.

////////////////////

32. What kind of feedback does the self-bias and emitter-bias circuits use to obtain thermal
stability?

////////////////////
negative, degenerative

33.a. Draw a circuit using both self and emitter bias.

,.. ////////////////////

Rb.---",--\
S-NAA#
mCb

410

b

33.b. What is the advantage of this circuit?

////////////////////
Its thermal stability is greater than if only one type of bias were used.
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34. The self -bias and emitter-bias circuits must first allow some current instability to
occur before they can work. A good stabilizing circuit should prevent the change from
occurring. It can do this by producing an ( ) change.

/ / / / / / // / / / / / / / // / / /

opposite

35. Such circuits use extra parts that are affected by temperature in a manner similar to
that of the transistor. Name two such parts.

////////////////////
Semiconductor diodes and thermistors.

36.a. Draw a circuit that uses a semiconductor diode to stabilize base-emitter current.

0

/ / / / / / / // / / / / / / / / / / /

Pb

INPUT

Cb

0

OUTPUT

-0

3i.b. What kind of bias does the diode have?

////////////////////
forward

38.c. Generally, how does the circuit work?

/ / / / / / / / / / / / / / / / / / / /

Any temperature variations that tend to affect the transistor d-c currents also affect
the diode. The diode changes its resistance with temperature, causing the base-
emitter voltage and current to change in a direction that is opposite to bow the
transistor is affected. This prevents any change from occurring.
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36.d. Does the circuit differ when a thermistor is used?

////////////////////
It doesn't. The thermistor is merely used in place of the diode.

36.e. If the terminals of the diode were reversed, so that it was reverse biased, what cur-
rent in the transistor would be stabilized?

////////////////////
base-collector current

36. f. Can two diodes be used in the same circuit, one forward biased and one reverse biased?

////////////////////
Yes.

37.a. Describe how one transistor can be used to stabilize another.

////////////////////
A transistor that has emitter bias to stabilize itself can apply its emitter-base
voltage to another transistor.

37.b. Generally, If the transistor that does the stablizing is an NPN type. the other transistor'
is a ( ) type.

/ / / / / / / / / / / / / / / / / ///

PNP

37.c. Because of this, the em" ter of the PNP transistor is returned to the ( ) of the
NPN transistor.

////////////////////
base

149

2 "i)

V



SUMMARY

1. The values of the base resistor, base battery, collector resistor, and collector battery
determine the bias currents and, therefore, the operating point of a transistor. The oper-
ating point is important because it determines how weIl the transistor performs its partic-
ular function.

2.

.1.

mi.

_
MAXIMUM
POWER

A. 015 51PATION
CURVE

2

0 t

-I-

4p.11411
5 10 15 20 25

COLLECTOR VOLTS

In picking an operating point, care muetbe taken to stay within maximum safe values given
by the manufacturer. These include maximum collector voltage, emitter voltage, collector
current, and power dissipation. Sometimes, the maximum power dissipation curve is shown
with a dotted line.

3.

The first step in picking an operating point Is to draw me load line. The load line in the
illustration represents a 1200-ohm collector resistor and a12-volt collector battery. Max -

!mum collector current Is found by the formula Ic = * * 10 MA.
Re

4. Once the load line is drawn, an operating point is picked to produce the desired currents
and to allow a fairly linear signal swing above and below the operating point along the load
line.
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S. The operating point in the illus-
tration falls on the 90 pet base
current curve. The base resis-
tor is computed by the formula

Rb Eb Assuming the same
lb

12-volt battery is used, then Rb
12 133,000 ohms. The

9OkLA
operating point also shows that
the collector current is S MA.
The emitter current is the sum
of the base and collector cur-
rents, or 5.09 MA.

14

12

1

q° 10 15

COLLECTOR VOLTS

120

60 a

IM

MED

6. This circuit shows all the values determined in the previous steps.

Rs
INPUT,s33K

90 pa

5.09ma
1,1

111-4-111
12V 12v

Smo
Rg

OUTPUT
1.2K

7. The circuit can be redrawn so that only
one battery is used. Since the bias cur-
rents are produced by a fixed battery
value and fixed resistors, the circuit uses
FDIED bias.

8. A change in temperature causes the operating point to shift in a transistor circuit using
fixed bias. Thus, fixed bias does not provide thermal stability.

9. Since the collector-to-emitter voltage in
this circuit is used to bias the base-to-
emitter junction, the circuit uses SELF
bias. An increase in temperature de-
creases the internal impedance of the
transistor, causing an increase in cur-
rent. This increases the voltage drop
across Re, lowering the collector-to-
emitter voltage. This, in turn, reduces
the voltage applied to the base-emitter
section, so that the increase in current
tends to be minimized. Thus, the circuit
uses negative feedback toprovide thermal
stability.
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TirSince need re Thedback causes a Thai
of amplification, the circuit must be
modified so that the a-c signal at the
output is not fed back to the base. By
making the base resistor two separate
resistors and bypassing their junction
through a capacitor to ground, the a-c
signal is decoupled from the feedback.
This prevents a-c degeneration.

11. This circuit provides thermal stability
by developing a compensating voltage,
called EMITTER bias, across emitter
resistor Re. The polarity of this voltage
is such that it opposes the emitter-base
forward bias voltage. An increase in
current, caused by an increase in tem-
perature, increases the voltage drop
across Re. This reduces the forward
bias, thereby minimizing the increase
in current. Capacitor Ce prevents a-c
degeneration.

12. The circuit using emitter bias can be
modified so that only one battery is used.

13. By combining different bias stabilization circuits, greater thermal stability can be ob-
tained than that provided by any one circuit.

14. This circuit shows a combination of
self bias and emitter bias.
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15. Transistor Q1 uses emitter
bias. If the temperature in-
creases, the emitter-base for-
ward bias of Q1 decreases.
Since this voltage is applied to
the emitter-base diode of Q2, it
is also stabilized.

16. If the temperature increases,
the resistance of the thermis-
tor decreases, causing the volt-
age drop across R1 to increase.
This reduces the emitter-base
forward bias. The capacitor by-
passes the a-c signal.

17. The circuit operates in the same
manner as thermistor stabili-
zation. However, the diode
characteristics more closely
approximate those of the tran-
sistor, thereby providing better
stability.

16. If the temperature increases,
base-collector minority car-
riers inc reases. If base-
collector minority carriers are
allowed to accumulate, emitter
current will rise. However, the
resistance of the diode de-
creases with an increase in
temperature, allowing the mi-
nority carriers to flow through
the diode.

19. Diode CR1 is forward biased
and compensates for changes
in the emitter-base junction re-
sistance. CR2 is reverse biased
and compensates for changes
in the base-collector minority

INPUTcarriers. If the temperature
increases, the volt age drop
across CR2 decreases, this re-
ducing the voltage applied to
the base-przttter diode.

OUTPUT

C
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The following lessons apply the knowledge you have obtained so far about transistor
fundamentals to many basic transistor circuits. You will be able to understand the
operation of these circuits only if you have a thorough grasp of the fundamental
principles covered in the previous sections.

1. PUSH -i'ULL POWER AMPLIFIER:

The schematic shows a class B push-pull
power amplifier. The circuit uses two NPN
transistors biased near cutoff. Because
transformer Tl applies signals that are 180
degrees out of phase to each transistor, one
conducts while the other is cut off. The
transistors conduct only during the half cycle
that forward biases the circuit. As a result,

each transistor only amplifies and reproduces half a sine wave. But, since both transistors feed
the same output transformer, the two half cycles are combined to produce a complete signal.
Actually, a small forward bias is applied to the base-emitter Junctions of both transistors.
This bias is supplied by the voltage divider formed by RI and R2. The purpose of the bias is to
eliminate crossover distortion.

2. Distortion exists with zero bias because
collector current becomes very non-
linear as cutoff is approached, as shown
in the diagram.

1-z 5.kt -
g 4
I.)
a ;o as- s
uo
I.)
.., ,

0 30 60 90

BASE CURRENT 'NA)

3. The diagram shows the characteristic
curves of both transistors back to back
for push-pull operation. A sine wave in-
put will produce a distorted output be-
cause of the nonlinearity of the curves
near cutoff.

OUTPUT
2 COLLECTOR CURRENTS

INPUT BASE
CURRENTS

$

i

154

235

,..



4. By putting a email forward bias on the
transistor., each will conduct before
the other gets to cutoff. This causes the
curves to overlap, so that in the cutoff
region the net result is a straight line
continuation of the two curves. This
allows a linear reproduction of the signal.

OUTPUT
TORTOR CURRENTS

INPUT BASE
CURRENTS

5. a.
B+

In the above circuit, are the transistors NPN or PNP?

////////////////////
NPN

53). Since it is a push-pull circuit, both transistors are operated near ( ).

////////////////////
cutoff

5.c. The signals applied to each transistor by Ti are out of (

////////////////////
phase

)

5.d. While one transistor is cut off, the other ( )-

////////////////////
conducts
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5.e. Each transistor conducts on a ( ) cycle of a sine wave.

////////////////////
halt

5.1. The two half cycles from both transistors are com,)ined in ( ) to form a complete
signal.

////////////////////
transformer T2

5.g. The voltage drop across R2 ( ) biases the transistors.

////////////////////
forward

5.h. Since R2 has a much lower value than R1, the forward bias is very (high/low).

////////////////////
low

5. i. The small forward bias prevents the output signal from being ( ).

////////////////////
distorted

8.a. Distortion is due to the (linearity/
nonlinearity) of a characteristic curve.

////////////////////
nonlinearity

0 30 60 90
BASE CURRENT (PA)
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6.b. The curve in the diagram becomes nonlinear near (

////////////////////
cutoff

6.c. Therefore, an amplifier will distort more if the forward bias is (low/zero).

////////////////////
zero

7.a. The diagram shows two characteristic
curves back to back for push-pull opera-
don with ( ) forward bias. 02

OUTPUT
COLLECTOR CURRENTS....... MD 4D

INPUT BASE
CURRENTS

////////////////////
zero

7.b. With zero forward bias, each transistor reaches cutoff (before /after) the other conducts.

////////////////////
before

7.c. Because of this, the output signal is (

////////////////////
-distorted
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8.a. Distortion can be prevented by putting
a small ( ) bias on the tran-
sistor,

Qi

////////////////////
forward

OUTPUT
4

COLLE TOR CURRENTS

INPUT BASE
CURRENTS

Lb. With forward bias, each transistor reaches cutoff (before/after) the other conducts.

////////////////////
after

8.c. Since BOTH transistors conduct in the nonlinear region, the result is a mare (
curve in this region.

//////////////////1/
linear

)

8.d. This allows an output signal to be produced without ( ).

////////////////////

distortion
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9. DIRECT-COUPLED AMPLIFIER:
954

A direct-coupled amplifier has the input
circuit of one stage directly connected to the
output of another stage. There is no blocking
of d-c voltages. The direct-coupledamptifier
can be used when very low frequency re-

OUTPUI mons* is required. Since no coupling capaci-
tor is used, the circuit will amplify the lower
frequencies without appreciable falloff is

N. response. By using NPN and PNP transistors,
fewer parts are required because the col-
lector circuit of one can be used to bias the
base circuit of the other.

10.

RI and Rb form a voltage divider. The volt-
age across Rb forward biases the emitter-
base Junction of Ql. This allows collector
current to flow, producing a voltage drop
across Rel. The collector of Ql is directly
connected to the base of Q2, and the emitter
of Q2 is returned to B+. Since Q2 is a PNP
type, the voltage across Rel makes the emit-
ter more positive than the base and forward
biases Q2. The collector of Q2 is returned
to ground, and so is more negativethan the
base; the collector circuit, then, is reverse
biased.

11.
A positive going input signal aids the forward
bias of Ql. Collector current goes up, in-
creasing the voltage drop across Rel. This
increases the forward bias of Q2, causing
its collector current to go up. As a result,
the voltage drop across Rc2 increases, mak-
ing the collector of Q2 more positive. When
the signal goes negative, the action is re-
versed.
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A direct-coupled amplifier gives good ( ) frequency response.

////////////////////
low

12.b. Between the two stages, there is no blocking of ( ) voltages.

////////////////////
d-c

12.c. The voltage drop across lib ( ) biases the base-emitter function of Ql.

////////////////////
forward

12.d. This allows ( ) current to flow through Rel.

////////'////////////
collector

12.e. Itcl is connected across the ( ) junction of Q2.

////////////////////
base-emitter

12. f. Current through Rcl produces a voltage drop that ( ) biases the base-emitter
junction of Q2.

////////////////////
forward
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12.g. Q2 is a ( ) type of transistor.

////////////////////
PNP

12.b. The collector of Q2 is more ( ) than the BASE of Q2.

////////////////////
negative

12... The collector of Q2 is ( ) biased.

////////////////////
reverse

13.a.
5+

A positive going input signal (aids/opposes) the forward bias of Ql.

////////////////////
aids

13.b. This causes collector current to ( ).

////////////////////
increase

13.c. An increase In collector current ( ) the voltage drop across Rel.

////////////////////
Increases
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13.d. This increases the ( ) bias of Q2.

/////////////////ll/
forward

13.e. As a result, the collector current of Q2 ( )
M/M/M/M/M/

increases

13.1. Increasing the collector current of Q2 ( ) the voltage drop across Rc2.

///////M/MUM/
increases

13.g. This makes the collector of Q2 more ( ).

/////////////////M
positive

13.h. When the input signal goes negative, the output signal goes ( ).

//////////////M///
negative

13. i. Emitter resistors Rel and Reg provide ( ) stabilization to both stages.

/////////////////M
emitter

14. TRANSFORMER-COUPLED AMPLIFIER:
Nbs

Transformer coupling is often used to match
the output of one stag. to the input of the

8 next. A common emitter circuit, for example,
has an input impedance of about 1,000 ohms
and an output impedance of about 10, 000 ohms.
If other than transformer coupling is used,
the mismatch between stages results in ae considerable signal loss. Thus, transformer

coupling keeps the efficiency high, so that fewer stages are required to obtain the de-
sired output amplitude. Although the transformer steps down the voltage, it steps up the
current, and so provides a current gain. Since transistors are current - sensitive devices,
the gain of the stage is greater.

Transformer Ti is a step-down type, so that the high output impedance of Q1 is matched
to the low input impedance of Q2. Capeeltor Cb prevents the positive d-c voltage on the
base of Q2 from being aborted to ground through the low d-c resistance of the secondary
winding Ti.
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15.a.

Q1 and Ci2 are connected as common ( ) amplifiers.

////////////////////
emitter

OUTPUT

15.b. In a common emitter amplifier, the output impedance is (higher/lower) than the input
impedance.

////////////////////
higher

15.c. The purpose of transformer Tl is to . . . .

////////////////////
couple the signal from Q1 to Q2 and to match the output impedance of Q1 to the input
impedance of Q2.

15.d. Ti is a step- (up/down) transformer.

////////////////////
down

15.e. By matching impedance., the ( ) of the amplifier is kept high.

////////////////////
efficiency

15. f. What kind of bias does Rb3 provide to the base emitter circuit of Q2?

////////////////////
self bias
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15.g. Does self bias provide stabilization?

/ / / / / / / / / / / / / / / / / ///

Yes.

15.h. Transistors are ( ) sensitive.

/ / / / / / / / / / / / / / / / / ///

current

15.1. Transformer Tl provides a ( ) gain.

////////////////////
current

le. IMPEDANCE-COUPLED AMPLIFIER:

Impedance-coupled amplifiers are a com-
promise betweeit RC-coupled and trans-
former-coupled amplifiers. The efficiency of
an impedance-coupled amplifier is better
than that of an RC-coupled amplifier, but not
as good as that of a transformer-coupled
amplifier. It is easier to match impedances
with a transformer, and the transformer
provides current gain.

The impedance-coupled amplifier uses and inductor, such as LI, as the load in the col-
lector circuit. The d-c power loss is less than U a resistive load were used because of
the low d-c resistance of the inductor. The output signal is developed by the high induc-
tive reactance of the coil. In the above diagram, capacitor Cc couples the stoat from
across Ll to the base of Q2.

17.a.

The load in the collector circuit of QI is formed by (

Hill/M/H/M/H/
LI

184

)

245



Ow

Pv
17.b. The d-c resistance of L1 is very (higbilow).

/ / / / / / / / / / / / / / / / / ///

low

17.c. The dc power loss in the collector circuit of Q1 is very (higb/low).

/ / / / / / / / / / / / / / / / / ///

low

17.d. The purpose of Cc is to . . . .

/ / / / / / / / / / / / / / / / / ///

couple the signal from the collector of Q1 to the base of Q2.

17.e. What is the purpose of CRI in the above diagram?

/ / / / / / / / / / / / / / / / / ///

It provides thermal stability.

18. RF AMPLIFIER:

RF amplifiers are used immediately after the antenna so that a fairly strong sigma can
be fed to the mixer; this decreases the amount of gain required of the mix : and improves
the signal to noise ratio, since the mixer produces more noise than any other stage. In
addition, the sensitivity of the overall receiver is increased. An RF amplifier also iso-
lates the oscillator from the antenna, keeping the local oscillator signal from being trans-
mitted.

The usual RI amplifier is transformer coupled, but it can also be Impedance coupled.
Transformer TI couples the signal from the antenna to the RI amplifier. The resonant
frequency of the antenna tank circuit isvariedby capacitive and inductive holm. Resistor
Rb limits base current to the proper value, and capacitor Cb bypasses the RF signal so
that the entire signal is developed across the secondary winding of TI. Resistor Re de-
velops emitter bias and capacitor Ce prevents degenerative feedback. Transformer T2
couples the amplified signal from the RF amplifier to the mixer. The resonant frequency
of the Autput tank circuit is also variedby capacitive and inductive tuing; the slugs of T1
and T2 are ganged, and the tripper capacitors are used for alignment.
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19.a.

TO
MIXER

What two characteristics of a receiver are improved when an RF amplifier is used?

////////////////////
sensitivity and signal-to-noise ratio

10.b. An RF amplifier also prevents the local oscillator signal from reaching the (

////////////////////
antenna

).

19.c. The resonant frequency of the antenna and amplifier output tank circuits are varied
(separately/together).

////////////////////
together

19.d. Rb sets the proper value of ( ).

////////////////////
base current

19.e. What type of bias does Rb provide?

////////////////////
fixed

19. f. RI signals are prevented from being developed across Rb by ( ).

////////////////////
Cb

166 247



19.g. Re develops (

////////////////////
emitter bias

19.h. Emitter Mae provides I ) stability.

////////////////////
thermal

19.1. Ce prevents ( ) feedback.

////////////////////
degenerative

20. IF AMPLIFIER:

INPUT /
:---4,

..... Basically, an IF amplifier is similar to an AF amplifier. Although IF transformers are
tunable, they are made to operate over a small range of frequencies. The input of an IF
amplifier can come from the mixer or another IF amplifier; the output can go to the
second detector or another IF amplifier. The tuning slugs in the transformers are not
ganged, and are preset during alignment. Inductive coupling could be used in place of
transformers.

21.a. IF amplifiers are designed to operate over a (wide/narrow) band of frequencies.

////////////////////
narrow

21.b. The stage preceding an IF amplifier can be another IF amplifier or the (

////////////////////
mixer

21.c. The stage following an IF amplifier can be another IF amplifier or the (

////////////////////
second detector

).
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2I.d. The tuning slugs are preset during ( ).

11111111111111111111

alignment

22. VIDEO AMPLIFIER: A video amplifier is used when a bandwidth from about 30 cycles to
4 megacycles is needed. To obtain this wide bandwidth, low- and high-frequency compen-
sation circuits must be used. CI and RI in the circuit provide low-frequency compen-
sation; LI and L2 provide high-frequency compensation by resonating with the shunt
capacities of the circuit.

INPUT

RD,

(.1 1.2 ( c 02

7,
Cu tPuT

23. Co and Ci Cause High Frequency LossThis simplified saematic shows one cause of
high frequency loss. Co represents the output capacitance of QI and Ci represents the
input capacitance of Q2, both of which are essentially in parallel with the output load of
QI. As the frequency goes up, the reactances of Co and Ci go down, bypassing the load
Rc. This lowers the gain of QI at high frequencies.

01 Ce

I,
s
s
s

--i"C
:

:

1

cm rim T

0

INPUT Tc,
$

$

4.s
24. LI Forms Parallel Resonant Circuit with Co and CiThis simplified schematic shows

LI in series with Rci. LI forms a parallel resonant circuit with Co. As the frequency
goes up, and approaches the parallel resonant frequency, the impedance of the parallel
resonant circuit also goes up, maintaining the gain of the amplifier. This extends the
high frequency range of the amplifier.

0 C

INPUT

C

,

OUTPUT
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rm.

26. L2 forms Series Resonant circuit with
Ci This simplified schematic shows L2
in series with Cc. Since Cc is practi-
cally a short at high frequencies, L2
CAA be considered to form a series r. p .i.TCi
sonant circuit with Ci. As the frequency 1
goes up and approaches the aortae re-

e
'1

...sonant frequency, the voltage across each
of the series elements also goes up. Since the voltage across Ci goes up, the gain of the
amplifier is maintained. This extends the high frequency range of the amplifier.

26.

The high frequency response is improvedby combining the compensating effects of L1 and
L2 in the same circuit.

27. Cc Reduces Low Frequency ResponseAt low frequencies, LI and L2 have very low
reactances, and can be considered out of the circuit. This puts Cc In series with Rb2.
As the frequency goes down, the reactance of Cc goes up, forming a voltage divider with
Rb2. This reduces the low frequency gain, since only the voltage across Rb2 is applied
to Q2.

Os Cc 02

INPUT
OUTPUT

28. Cl and RI increase Low Frequency ResponseThis simplified schematic shows the
parallel circuit of Cl and RI in series with Rel. As the frequency goes down, the react-
ance of Cl goes up. At very low frequencies, CI is practically an open circuit, and so
RI becomes part of the load. This increases the output impedance of Q1 to maintain the
gain of the amplifier at the low frequencies.

!iIPUT
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Co represents the ( ) capacitance of Ql.

////////////////////
output

29.b. Ci represents the ( ) capacitance of Q2.

////////////////////
input

29.c. At high frequencies, Cc is essentially (a short/an open) circuit.

/////////////////a/
a short

294. Therefore, Co and Ci are in ( ) with the output of Ql.

////////////////////
parallel

29.e. As the frequency increases, the reactances of Co and Ci (

/ / / / / / / / / / / / / / / / / /ii

decrease

29.f. This causes the output impedance of Q1 to ( ).

////////////////!///
decrease

29.g. As a result, the gain of Q1 decreases at (high/iow) frequencies.

////////////////////
high
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30.a.

Li and Co form a( ) resonant circuit.

/ / / / / / / / / / / / / / / / / ///

parallel

OUTPUT

30.b. As the signal frequency approaches the resonant frequency, the impedance of the
parallel resonant circuit ( ).

/ / / / / / / / / / / / / / / / / ///

increases

30.c. This causes the output impedance of Q1 to ( ).

/ / / / / / / / / / / / / / / / / ///

increase

30.d. As a result, the range of the ( ) frequency response is increased.

/ / / / / / / / / / / / / / / / / ///

high

31.a.

At high frequencies, Cc is still essentially (a short/an open) circuit.

/ / / / / / / / / / / / / / / / / ///

a abort
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31.b. Therefore, L2 and Ci form a ( ) resonant circuit.

Hfig///////MM/
series

31.c. As the signal frequency approaches the L2-.Ci resonant frequency, the voltage across
each of the series elements ( ).

M/M/M/M/M/
increases

31.d. since the voltage across Ci increases at high frequencies, the range of the high fre-
quency response ( ).

////////////////////
increases

32.

The compensating enacts of Ll and L2 In the schematic (aid/oppose) each other.

//////Mg/M/////
aid

33.a.

2

4

At low frequencies, Ll and L2 can be considered (open/short) circuits.

/ / / / / / / / / / / / / / / / / ///

short
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PLI
33.b. Therefore, LI and L2 have (en/no) effect on low frequency operation.

/M/H/M/M/////
no

33.c. As the signal frequency decreases, the reactance of Cc (

/ / / / / / / / / / / / / / / / / ///

increases

)

33.d. This causes Cc to form a voltage divider with (

/ / / / / / / / / / / / / / / / / ///

Rb2

)

33.e. The voltage across Rb2 is applied to ( ).

/ / / / / / / / / / / / / / / / / ///

Q2

33. f. Therefore, as the frequency decreases, the low frequency gain (

/ / / / / / / / / / / / / / / / / ///

decreases

)

34.a.

INPUT

At high frequencies, CI is essentially (an open/a short) circuit.

/ / / / / / / / / / / / / / / / / ///

a short

34.b. Therefore, at high frequencies, the load of Ql is (

/ / / / / / / / / / / / / / / / / ///

Rcl

)
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39.c. As the signal frequency decreases, the reactance of Cl (

/ / / / / / / / / / / / / / / / / ///

increases

39.d. As the reactance of Cl increases, the load also includes (

////////////////////
RI

)

34.e. At very low frequencies, Cl is essentially (an open/a short) circuit.

////////////////////
an open

34. f. Therefore, at very low frequencies, the load of Q1 is ( + ).

////////////////////
Rcl RI

34.g. This increase in output load increases the ( ) frequency gain.

////////////////////
low

35. LIMITER:

Limiters are used to prevent the
amplitude of a signal from going
above a certain value. It does this

INPUT OUTPUT by clamping the peaks of a signal.
Rc Often, a sine wave is clamped in a

limiter to produce a rectangular
wave at the output. This clamping
action can be produced by causing
the transistor to saturate during one

half of the cycle, and become cut off during the other half. The transistor can be easily
cut off if zero bias is used at the base-emitter Junction.

With zero bias at the base, the transistor will not work during one half cycle. With the
circuit shown above, the transistor will conduct only on the positive cycles, because
that polarity forward biases a PNP transistor. The base resistor (RW) is usually small,
so that the base current is high when a positive signal is applied. A large collector
resistor (Rc) and low value of 8+ voltage are used, so that the maximum collector cur-
rent is kept small. As a result, a relatively small input signal is able to drive the tran-
sistor to saturation.
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36. Signal Clamped by Saturation
A positive going input signal
forward biases the base-emitter
Junction and allows base current
to flow. When the collector cur-
rent reaches saturation, the re-
mainder of the signal is clamped.
This produces a rectangular type
of pulse at the output.

%Li

37. Negative-Going Input Cuts Off
Transistor--When the input sig-
nal starts to go negative, the
base-emitter junction becomes
reverse biased. This cuts off
the transistor, so that no output
is produced.

0

38.a. A small base resistor is used
in this circuit so that the base
current will be (high/low).

INPUT

////////////////////
high

38.b. Collector current is kept low by using a (large/small) collector resistor.

////////////////////
large

38.c. In addition, collector current is kept low by using a (high/low) B+ supply voltage.

////////////////////
low

38.d. The transistor will be driven into saturation by a relatively (large/small) input signal.

////////////////////
small

38.e. The input signal is also rectified because the circuit uses ( ) base-emitter bias.

////////////////////
zero

2 5
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39.a.

A(

0

) going input signal forward biases the base-emitter Junction.

/ / / / / / / / / / / / / / / / / ///

positive

39,b. As a result, base current (flows/is cut off).

////////////////////
flows

39.c. When base current flows, ( ) current also flows.

/ / / / / / / / / / / / / / / / / ///

collector

39,d. Before the input signal reaches its positive peak, the transistor conducts in ( ).

////////////////////
saturation

39,e. This causes the positive signal to be (reproduced/clamped) at the output.

////////////////////
clamped

40.a.

0

A negative going input signal ( ) biases the emitter-base Junction.

////////////////////
reverse
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40.1). As a result, the transistor (conducts /is cut off).

/ / / / / / / / / / / / / / / / / ///

is cut off

40.c. This causes the negative portion of the input signal to be (reproduced/eliminated) at
the output.

/ / / / / / / / / / / / / / / / / ///

eliminated

40.d. Draw the output waveshaPe In the
proper time relationship to the input
signal. Show polarity.

+

INPUT 0

OUTPUT

/11//fififififill/H

+

INPUT 0

i i
1

i
I I

1 1

1 i
I I

S+

OUTPUT

)

0 I
i
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1. HARTLEY OSCILLATOR:

Co

Lo

L2

IX, SINE WAVE OSCILLATORS

B.

The Hartley oscillator uses regener-
ative feedback from a tapped coil in
a resonant LC circuit. Signals de.
veloped in the collector circuit are
capacitively coupled to the tank cir-
cuit, where they are autotrans-
former-coupled to the base.

2.

When the transistor starts to con-
duct, collector current flows through
the RF choke, causing the collector

R voltage to drop. This drop in collec-
tor voltage is coupled by capacitor
Cc across inductor L2 to ground with
the polarity shown. Since Ll and L2
form an autotranaformer, the fed
back voltage is stepped up in induc-
tor Ll, and a positive swingingsignal

is coupled to the base by capacitor Cb. This positive signal applied to the base increases
the forward bias, causing more collector current to flow. The collector voltage is dropped
still further, and capacitor Cc couples the voltage drop across inductor L2. The voltage
across Ll then drives the base more positive to continue the process.

F
C

The base continues to be driven more positive and the collector current continues to
increase until saturation is reached. Then the collector voltage stops dropping and no
voltage is coupled by capacitor Cc across L2. As the current through L2 falls off, its
magnetic field reverses, inducing an opposite polarity across L2. This voltage is stepped
up in Ll and a negative signal is coupled by capacitor Cb to the base. This reduces the
forward bias, causing the collector current to go down. The reduced collector current
causes less of a drop across the RF choke, and the collector voltage rises. The rise in
voltage is coupled by capacitor Cc across L2, causing Ll to drive the base further in the
negative direction to reduce collector current.

The cycle continues until the negative voltage applied to the base cancels the forward
bias to drive the transistor into cutoff. The collector voltage then stays at maximum, and
no voltage change is coupled by capacitor Cc across L2. As the current in L2 falls off,
its field collapses and induzes a voltage with an opposite polarity. This causes the other
half cycle to start as explained above. The resonant frequency of Cl and L1 -L2 controls
the feedback to determine the oscillating frequency of the circuit.

178

2 59



W
3.a.

CI

..i=..

gig R
F
C

When the translator conducts, the collector voltage goes ( ).

/ / / / / / / / / / / / / / / / / ///

down

3.b. The drop In collector voltage la coupled by capacitor Cc across (

/ / / / / / / / / / / / / / / / / ///

L2

3.c. Li and L2 form ( ).

////////////////////
an autotransformer

3.d. The voltage applied across L2 causes Li to drive the base In the 1 ) direction.

/ / / / / / / / / / / / / / / / / ///

positive

3.e. This (Increases /decreases) the forward bias.

/ / / / / / / / / / / / / / / / / ///

Increases

3.f. Collector current goes ( ).

/ / / / / / / / / / / / / / / / / ///

up

3.g. Collector voltage continues to go ( ).

/ / / / / / / / / / / / / / / / / ///

down

2 f 0
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3.h. This voltage drop Is coupled to the tank circuit by Cc, and LI drives the bass more
).

/ / / / / / / / / / / / / / / / / ///

positive

3.i. Collector current continues to ( ).

////////////////////
rise

3.3. This regenerative action continues until ( ) is reached.

////////////////////
saturation

3.k. At saturation, the collector voltage remains ( ).

////////////////////
steady

3.1. Does Cc couple any voltage to L2?

////////////////////
No.

3.m. The magnetic field across L2 collapses, and the polarity of the voltage across L2

).

////////////////////
reverses

3.n. This causes Li to apply a ( )going voltage to the base.

////////////////////
negative

3.o. The forward bias on the base is then ( ).

////////////////////
reduced
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3.p. Collector current goes down and collector voltage goes

..._ ////////////////////

'',....

1W

)..

i

a6a

3.q. Capacitor Cc couples this rising voltage to L2, causing Ll to drive the base further in
the ( ) direction.

////////////////////
negative

3.r. This continues to reduce collector current. The cycle goes on until the transistor is
driven into ( ).

////////////////////
cutoff

3.n. At cutoff, there is no collector current, and the collector voltage is at maximum. Since
there is no change in collector voltage, Cc does not couple any signal to 1.2, and the
polarity across L2 ( ).

////////////////////
reverses

3. t. This causes Ll to drive the base in the positive direction to start the cycle over again.
The frequency of oscillation is determined by . . . .

////////////////////
the resonant frequency of Cl and 1.1-L2.

3.u. The circuit shown uses fixed btu. The amount of bias current is determined by the
value of ( ).

////////////////////
Rb

2G2
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tr.TLIITTTS OSCILLATOR:

R
r
C

The Colpitts oscillator works similarly to the Hartley oscillator. The Colpitts, though,
uses a ( ) divider for the feedback instead of a tapped inductor.

////////////////////

capacitive

4.b. Collector voltage changes are applied across C2 to maintain oscillation of the tank cir-
cuit; and the voltage across ( ) is applied regeneratively to the base of the
transistor.

////////////////////

CI

5. NEGATIVE RESISTANCE OSCILLATOR:

A negative resistance oscillator develops
regenerative feedback because of the in-
ternal characteristics of the translator.
Junction transistors do not have a nega-
tive resistance region; point contact
transistors must be used A point con-
tact transistor is made with two "cat's-
whisker" wires fused very clone together
into a semiconductor base. Emitter and
collector semtconductor regions are
formed around the wire points.

182
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6. To bias a point contact transistor in the
negative resistance region, the bias volt-
ages and currents are set up so that the
collector current actually exceeds the
emitter current. As a result, the direc-
tion of the base current through Rb pro-
duces a voltage drop that aids the
forward bias on the emitter. The col-
lector circuit operates in the negative
resistance region shown between points
A and B on the Ic-Ec curve. In this re-
gion, when collector voltage OW goes
aown, the collector current (lc) goes up.
The area shown between B and C is the
positive resistance region, where collec-
tor current follows collector voltage.

EMITTER COLLECTOR

When the circuit is first turnedon, emit-
ter and collector current starts to flow.
As the collector current flows, it produces a voltage drop across Rc that lowers the
collector voltage. Because of the negative resistance, this drop in collector voltage
causes an increase in collector current. At the same time, the increase in collector
current raises the voltage drop across Rb, which increases emitter forward bias, and
also emitter =rent; this, in turn, also raises the collector current, which continues
the regenerative cycle. The collector current continues to rise until point B is reached.
At his point, the emitter current has risen to a value that exceeds the collector current,
essentially taking the circuit out of the negative resistance region. The polarity of the
voltage drop across Rb is then reversed, so that It opposes the forward bias. This reduces
emitter current, and collector current as well, andthe circuit goes back into the negative

N.. resistance region. As the collector current goes down, the drop across Rc is reduced,
and the collector voltage goes up. The increased collector voltage further reduces the
collector current. Since the drop across Rb is again aiding the emitter forward bias, the
emitter voltage and current are also reduced to further diminish the collector current.
This regenerative action continues until the collector current drops to point A, which is
close to cutoff. At point A, the circuit is back in a positive resistance region. Therefore,
as the collector voltage rises due to the last drop in current, it raises the collector cur-
rent and the regeneration starts in the other half cycle.The circuit oscillates with the
collector current rising and falling between points A and B. The resonant tank in the
base circuit stabiless the frequency of oscillations.

7.a. In a negative resistance oscillator, as collector voltage goes up, collector current goes
)

//////////////////
down

7.b. Because of the drop across the load resistor, a reduced collector current increases
).

/ / / //// ////////// / / /

collector voltage
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7.c. The regenerative action c onti nu a s until the circuit reaches a point that is in the
( ) resistance region.

////////////////////
positive

7.d. Then th^ action reverses and regeneration causes collector voltage to go ( ), and
collector current to go ( ).

////////////////////
down up

7.e. Because of the action of the base resistance, collector current also changes ( )
bias.

////////////////////
emitter

Z. f. The changing emitter bias also provides ( ) feedback.

////////////////////
regenerative, positive

7.g. A negative resistance oscillator must use a ( ) transistor.

////////////////////
point contact

7.b. The negative resistance oscillator uses a common ( ) circuit.

////////////////////
base

7.1. You remember that o...equals . When a junction transistor is used in a common base

circuit, collector current is always slightly less than emitter current; and 4:4,15 always
( ) than I.

////////////////////
less

14. in a negative resistance oscillator, Ic is greater than Ie. Therefore,a. can be greater
than 1 with a common base circuit when a ( ) transistor is used.

////////////////////
point contact
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8. PHASE-811117 OSCILLATOR:

A phase-shift oscillator produces
sine waves at a frequency determined
by an RC coupling network. In a com-
mon emitter amplifier, the input and
output signals are 180' Out of phase;
the RC network must provide au ad-
ditional 160 phase shift for °genic.
Ilan to occur.

9. Collector Starts To Go Negative
When the circuit is first ener-
sized, the transistor starts to .t
conduct, making the collector go
negative (T1). The negative volt-
age is fed back across Cl and
RI.

10. R1 Voltage Leads Collector Volt-
age By 60' The voltage across
Cl and RI causes a current to
flow that produces a voltage
across RI. The values of CI and
RI are such that the current will
lead the applied voltage by 60'.
As a result, the voltage drop
across RI leads the collector
voltage by 60'. The voltage de-
veloped by RI is then applied
across C2 and R2.

TI

11. R2 Voltage Leads Collector Volt-
age By 120' The voltage across
C2 and R2 causes a current to
flow that produces a voltage
across R2. The values of C2 and
R2 are also chosen so that the R,

current will lead the applied
voltage by 60'. As a result, the
voltage drop across R2 leadsthe
collector voltage by 120'. This
means that the voltage drop across R2 is
applied across C3 and R3.

Ti tt

c
TI

11.

Rc

9+

actually going less negative. This voltage is

165
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12. R3 Voltage Leads Collector Volt- Ti Ti Ti

age By 180°The voltage across
C3 and R3 causes a current to
now that produces a voltage
across R3. Again, the values of
C3 and R3 are chosen so that
the current will lead the applied
voltage by 60'. As a result, the
voltage drop across R3 leads the 8+
collector voltage by 180°. Al-
though the collector voltage is going in a negativi direction, the voltage drop across R3
actually goes positive, Increasing the forward bias. This increases collector current,
which reduces collector voltage even further. The RC network phase shifts this voltage
change and drives the base more positive. The process continues until the transistor
conducts in saturation.

13. Voltage Across R3 Starts To Go 1 1' 1 Te T2 13 1112 T3

NegativeWhen the transistor + f

reaches saturation, the voltage
across Re is at maximum nega-

.,a .

tive (T2). The voltage across R3
is at maximum positive. The
charging current to C3 starts
diminishing, and the drop across
R3 is reduced. This reduces the
forward bias, which decreases
collector current. As the collector current goes down, the collector voltage rises. The
RC network phase shifts the voltage change to apply a negative voltage to the base. This
lowers the collector voltage still more, causing the collector voltage to go more positive,
which in turn drives the base more in a negative direction. This regenerative action con-
tinues collector current is at minimum (T3).

.1.

R3

14. Voltage Across R3 Starts To Go TI T2 1314 ; h 1314
Positive When conduction , .

reacbes its minimum value. the $ C

collector voltage is maximum
positive (T3). The voltage across
R3 is at maximum negative. This
cuts oft the transistor, and the
collector voltage stays steady.
The discharge current of C3
diminishes and there is less of
a drop across R3. This increases the forward bias, which increases collector current
to start the next half cycle.

;h T3r4

R3

T1T2 T3T4

Re

5+
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15. The diagram shows the voltages in their
proper time relationships for one corn-

.... piste cycle. At any instant of time, the
voltage across R3 leads the collector
voltage by 180'.

18.a

S.

When the translator conducts, the collector voltage goes ( ).
4......, / / / / / //////////II///

down, in a negative direction

18.b. The collector voltage is effectively first applied across ( ) and ( ).

MUM/fillIIHM
Cl R1

12
1

73 T4
i

-z54)

I

17.a.

The values of Cl and ai are such that the current through R1 ( ) the applied
voltage by 80'.

/fillillM/Millil
leads

26S

187



17.b. This causes the voltage drop across RI to lead the collector voltage by ( ).

MM/MM/MM
80*

17.c. The voltage developed by RI is applied across ( ) and ( ).

//////8///M/Mil
C2 R2

18.a.

The values of C2 and R2 are chosen so that the current through R2 leads the applied
voltage by ( ).

M/////////////////
60'

18.b. This causes the voltage drop across R2 to lead the collector voltage by (

////////////////////
120'

18.c. The voltage developed by R2 is applied across ( j and (

/ / / / / / / / / / / / / / / / / ///

C3 R3

19.a.

The values of C3 and R3 are truchthat the current through them leads the voltage across
by 606.

88/////M/8/8//
R2

xee
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l9,b. This causes the voltage developed by Al to lead the collector voltage by ( ).

////////////////////
180`

10.c. As a result, when the collector voltage goes negative. the base voltage goes (

////////////////////

positive

19.d. This ( ) the forward bias.

////////////////////
increases

19.e. This increases collector ( ) and reduces collector ( ).

/ / / / / / / / / / / / / / / / / ///

current voltage

10. f. This additional voltage change drives the base more ( ).

/ / / / / / / / / / / / / / / / / ///

positive

19.g. The process continues until the collector current is driven into ( ).

/ / / / / / / / / / / / / / / / / ///

saturation

20.a.

When the collector current is maximum, the collector voltage is at maximum (negative/
positive).

////////////////////
negative

27o
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20.b. The voltage across R3, which is at maximum positive, starts to go in the (
direction.

////////////////////
negative

)

20.c. This ( ) the forward bias.

////////////////////
decreases

20.d. As a result, collector current ( ).

////////////////////
decreases

20.e. Collector voltage, then, starts to ( ).

////////////////////
increase

20. f. The positive change in the collector voltage is coupled by the RC network to drive the
base in a more ( ) direction.

////////////////////
negative

20.g. This reduces collector current even more to raise collector voltage. This process
continues until collector current reaches ( ).

////////////////////
cutoff, minimum

21.a. ; r3 TS XS 1', t2 T3 Is ti T2 tits

When the collector current is at minimum, the collector v 01 tag e is at maximum
(negative/poldtive).

////////////////////
positive

190
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21.b. The voltage across Re, which is at maximum negative, starts to go (

._ ////////////////////
positive

).

21.c. This ( ) the forward bias.

////////////////////
increases

21.d. As a result, collector current ( ).

////////////////////
- increases

21.e. The cycle is repeated as the collector voltage starts to go in a ( ) direction.

////////////////////
negative

22. Label the a., b., and c. vraveshapes so
that they coincide with the collector
waveshape in their proper time rela-
tionships.

a. RI

////////////////////

T

COLLECTOR ft
VOLTAGE '''

o. VOLTAGE
ACROSS

b. VOLTAGE
ACROSS

4.
0

+
0

T
2
1

o

1

T3 T4

t

e. VOLTAGE 4'1

ACROSS °

b. R2 c. R3
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23. WIEN-BRIDGE OSCILLATOR:

A Men-bridge oscillator also produces sine waves at a frequency determined by an
RC network. In this case, the RC network is in the form of a bridge. The ISO' phase
shift necessary for regenerative feedback is provided by a second transistor.

24. Collector of Q1 Goes NegativeWhen the circuit is first energized, the transistors start
to conduct. Collector current through Rcl causes the collector voltage of Ql to go nega-
tive (Ti). This negative voltage is coupled by Ccl to the base of Q2, decreasing the
forward bias of Q2.

t,

25. Collector of Q2 Goes PositiveThe reduced forward bias of Q2 decreases its collector
current, causing the collector voltage to go in a positive direction. This positive signal
voltage is coupled by Cc2 to the bridge circuit.

192
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26. Positive Opal Applied To Base of Q1 Tbe bridge circuit provides Yong, divider
action, with the voltage across 142 applied to the hue of Q1.

27. Bridge Stabilises Frequency The bridge acts to stabilise the frequency of operation. The
voltage divider, consisting of Cl, RI, C2, and It2, supplies regenerative feedback to the
base, while the voltage divider consisting a R3 and R4 supplies degenerative feedback
to the emitter. If the frequency tends to increase, the reactances of Cl and C2 decrease.
Since C2 is across It2, the impedance of the parallel circuit decreases, thereby reducing
the regenerative feedback to the bass. If the frequency tries to decrease, the reactances
of Cl and C2 increase. lance Cl is in series with RI, current flow through the circuit
decreases, again reducing the regenerative feedback to the base. In both cases, the
regenerative feedback to the hue becomes less than the degenerative feedback to the
emitter, so that only one frequency provides enough regeneration to sustain oscillations.
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2$. Collector of Q2 At Maximum PositiveThe positive signal applied to the base of Q1
increases its conduction, making the Q1 collector more negative (T1 to TO. This voltage
is coupled to the base of Q2, decreasing its forward bias. As a result, the conduction of
Q2 decreases. making its collector more positive. The process continuos until the col-
lector voltage of Q2 is at maximum positive (T2).

T1 T1 T1 T1

R,

C,

V
4}A rcg

la CC Aipp.

Rc Res
114%.

..MIIM

TIT:

'2617

c

29. Voltage Across R2 Starts to DecreaseWhen the collector voltage of Q2 is at maximum
positive, the voltage across R2 begins to decrease (T2 to T3). This decreases the for-
ward bias of Ql

Decreasing the forward bias of Q1 decreases itsconduction, causing the collector voltage
to rise. This positive going signal is coupled to the base of Q2, increasing its forward
bias.

Increasing the forward hiss of Q2 increases its conduction, causing the collector voltage
to fall. This negative going voltage is coupled back to the bridge.

194

2 7



30. Cycle is RepeatedThe negative going voltage applied to the bridge causes the voltage
across 112 to go more negative. The process continues until the collector voltage at Q2
reaches maximum negative (T3). When this occur*, the voltage drop across 112 begins to
decrease, causing It to go in the positive direction (T3 to T4). The cycle is then reputed.

',tea.

When collector current starts to flow through Rcl, the collector voltage of Ql goes
in the ( ) direction.

////////////////////
negative

31.b. This voltage, coupled to the base of Q2, ( ) the forward bias of Q2.

////////////////////

decreases
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32.a

The decreasing of the forward bias of Q2 causes the collector current to (

////////////////////
decrease

)

32.b. When the collector current decreases, the collector voltage goes in the (
direction.

////////////////////
positive

32.c. This positive signal is coupled to

////////////////////
the bridge circuit

33.a.

Part of the positive signal across the bridge is applied to the base of Q1 by
)

////////////////////
112

108
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33.b. This provides the base with ( ) feedback.

////////////////////
regenerative

33.c. Part of the positive signal across the bridge is also applied to the emitter of Q1 by
( ).

////////////////////
ft4

33.d. This provides the emitter with ( ) feedback.

////////////////////
degenerative

34.a. It the frequency of the 61 gnal
coupled to the bridge tries to in-
crease, the reactances of Cl and
C2 ( ).

PROM 032

COLLECTOR

_ -TO 0,
BASE

////////////////////
decrease

R4

,.TO Q,
EMITTER

34.b. This causes the impedance of the parallel circuit formed by It2 and C2 to

////////////////////
decrease

34.c. As a result, less ( ) feedback is applied to the base.

////////////////////
regenerative

27
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34.d. if the frequency tries to decrease, the reactances of Cl and C2 (

/ / / / / / / / / / / / / / / / / ///

increase

)

34.e. This causes the current flow through RI and R2 to ( ).

/ / / / / / / / / / / / / / / / / ///

decrease

34.f. A a result, the regenerative feedback applied to the base (

/ / / / / / / / / / / / / / / / / ///

decreases

)

34.g. The circuit is designed so that the regenerative feedback to the base exceeds the de-
generative feedback to the emitter at (one frequency/ntasy frequencies).

/ / / / / / / / / / / / / / / / / ///

one frequency

35.a.

Sgt

Rs

The positive signal applied to the base of Cal ( ) the forward bias.

/ / / / / / / / / / / / / / / / / ///

increases

35.b. This causes the collector current to ( ).

////////////////////
Increase

35.c. As a result, the collector voltage goes more ( ).

/ / / / / / / / / / / / / / / / / ///

negative
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35.d. This voltage, coupled to the base of Q2, ( ) the forward bias of Q2.

////////////////////
decreases

35.e. Decreasing the forward bias ( 1 collector current.

////////////////////
decreases

35.f. As a result, the collector voltage goes more (

/ / / / / / / / / / / / / / / / / ///

positive

)

36a.

After the collector voltage of Q2 reaches maximum positive, the voltage drop across
R2 ( ).

///8///////8//////
decreases

38.b. This causes the forward bias of Ql to ( ).

////////////////////
decrease

38.c. Decreasing the forward bias of Q1 ( ) the collector current.

//.////8////////8//
decreases

36.d. This causes the collector voltage to go in the

/ / / / / / / / / / / / / / / / / ///

positive

2 S

) direction.
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38.e. This signal, coupled to the base of Q2, ( ) the forward bias of Q2.

////////////////////
increases

38.f. Increasing the forward bias of Q2 ( ) the collector current.

////////////////////
increases

38.g. This causes the collector voltage to go in the (

////////////////////
negative

) direction.

38.h. This voltage is coupled to the ( ).

////////////////////
bridge

317.a.

The negative signal coupled to the bridge causes the voltage across R2 to go more
).

////////////////////
negative

37.b. The process continues until the collector current of Q2 reaches (

////////////////////
saturation

37.c. When the collector current of Q2 reaches saturation, the cycle is repeated as the volt-
tags across R2 starts to go in the ( ) direction.

/////////////////1/1
positive
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X. SWITCHING, GATING, AND PULSE CIRCUITS

SWITCHING AND GATING CIRCUITS

I. SWITCHING CIRCUIT:

Switching circuits are used to turn cir-
cuits on and off; they perform the func-
tion at a switch by having transitors
either conduct or not conduct to produce
the "on" and "off" conditions. Many
circuits, such as those used in compu-
ters, require fast switching times. Spe-
cial function transistors that have
switching times in the micromicrosec-
onds (104 sec.) range are made for
such applications. The switching circuit
in the above schematic is typical. It
shows a circuit with no bias applied to
the base-emitter diode so that the tran-
sistor is essentially cut off. A negative
signal applied to the base turns the tran-
sistor on. U the signal goes positive or
just to zero, the transistor is again
turned off. Resistor Rb is used to limit
base current flow when the signal is
applied.

2. A negative input signal forward Mazes
the base-emitter d iode, allowing coi-
lector current to flow. As the signal
amplitude increases, collector increases
to saturation until almost all the battery
voltage is developed across Rc.

3. U the input signal is larger than the bias battery voltage, a further increase in signal
amplitude has very little effect on collector current since the transistor is saturated.
But base current continues to increase until the base becomes more negative than the
collector. This forward biases the collector base diode, allowing holes to enter the base
from the collector.

2 P 0V 4
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4. When the input signal goes positive, the
base-emitter diode becomes reverse
biased. Because a relatively large num-
ber of holes have been allowed to accum-
ulate in the base, the collector current
does not Immediately decrease. Instead,
it continues until the holes In the base
have recombined with minority electrons
from the collector. The holes also com-
bine with minority electrons from the
emitter, allowing a reverse current to
flow through the base-emitter circuit.

5. The diagram shows the base and collector
current waveshapes caused by a square-

iNPuT + L
current is delayed from TI to T2 be-
wave input signal. The rise of collector

SIGNAL ?.--1

cause of the time it takes for emitter
current to diffuse through the Junction to
the base. At T3 the base-emitter diode
becomes reverse biased by the input SASE

signal. The collector current, however, CURRENT
REVERSE

#
1

,
does not begin to decrease until T4 be- 1

cause of the large number of holes which 1

allows a reverse current to flow in the
COLLECTOR

I
1

base - emitter circuit while the signal is
1

1

have accumulated in the base. This also

positive. From T4 to T5 the number of CURRENT tz tl T4 h
boles in the base decreases, until the
base and collector current are zero. The current decrease begins even though the input
signal is still positive because the holes in the base are not replaced. Thus, the width of
the positive pulse will not affect the T4 to T5 time.

FORWARD

$.a. The negative input signal (

biases the base-emitter diode.
)

////////////////////
forward

6.b. As the signal amplitude Increases, collector current (

/M/8/////////////
Increases

).
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8.c. When most of the battery voltage is developed across Re the collector current is satu-
rated; the collector voltage is essentially ( ).

//////////fill /8///
zero

8.d. A further increase In signal amplitude will (increase/not affect) collector current.

////////////////////
not affect

6,e. A further increase In signal amplitude will (increase/not affect) base current.

////////////////////
increase

6. f. As base current increases, the base becomes more (

/ / / / / / / / / / / / / / / / / ///

negative

) than the collector.

6.g. This ( ) blues the collector-base diode.

////////////////////
forward

8.h. Forward biasing the collector-base diode allows coil e c to r majority carriers or
( ) to accumulate in the base.

////////i///////////
holes

7.a. When the input signal goes positive, the
base-emitter diode becomes ( )
biased.

////////////////////
reverse
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7.b. Collector current continues to now because of the large number of holes that accumu-
lated in the ( ).

fifififififififigil
base

7.c. The holes in the base also allow a reverse current to now in the base-( )circuit.

fifififififififigil

emitter

La. Collector current rises (T1-T2) rel-
atively slowly because the holes from
the emitter have to diffUee through the
junction to the ( ).

INPUT
SIGNAL

SASE
CURRENT

2*---)___,

FORwAR2.1---'
0

REVERSE
0
0

0

0

I
I
I
I

COLL.ECTOR
CURRENT

MIIIIMM/llilll
base

0.b. After the base-emitter diode is reverse biased (TS), collector current continues to flow
(T3-T4) because of the large number of ( ) accumulated in the base.

fifififill ififififi/
holes

Lc. The boles in the base also allow a ( ) curree :o flow in the base-emitter cir-
cuit (T3-T4).

///11/11/11/11/11/11

reverse
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.0.749
8.d. The base and collector currents deareue (T445) as the number of holes in the base

l ).

////////////////////
decrease

0.a. Increasing the width of the positive portion of the signal will (increase/not affect) the
decay time of the base and collector currents.

////////////////////

not affect

0.b. The switching circuit you have just studied uses a ( ) type of transistor.

////////////////////

PNP

0.c. The majority carriers in the emitter and collector are (

////////////////////
...... holes

).

0.d. A switching circuit is used to turn other circuits ( ) and ( ).

////////////////////
on off

0.e. Without an input signal, the circuit is ( ).

////////////////////
cut off

=1.11,

ILL What la the purpose of Rb?

////////////////////
It limits base current when a signal is applied
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INVERTERS

You have not yet studied "symbolic logic" but, when you do, you will find that in the
Polaris computers, the output signals of many circuits have to be in phase with
the input signals. Many computer circuits, such as AND gates and OR gates, are
BASICALLY common emitter amplifiers and, therefore, cause the autput signal
to be 180' out of phase with the input signal. In these cases, it is common practice
to feed this signal into another circuit, called an inverter, to again shift the signal
180. Thus, the original signal has been shifted twice, for a TOTAL 360°. The output
signal of the inverter is, therefore, IN PHASE with the original input signal.

INPUT OUTPUT

As you car. see, the inverter circuit is basically a common emitter amplifier, which
was covered earlier in the program. Its bias is set to accomodate the type of Input
signal applied to it. Actually, the inverter shown here operates very similarly to the
limiter circuit just described. The following pages show how an inverter can be used
with AND and OR gates.

10. "AND" GATE:

The "AND" gate (stage Qi and Q2) is used in computers as a fort ,f switching circuit
that produces an output only when a combination of signals Is appliVi'at the input at the
same time. Q3 is simply an inverter (amplifier) stage that shifts the output of Q1 and Q2
180°, so that the output signal is in phase with the original input signals. Ql and Q2 are
normally cut off because of zero bias on the base-emitter junctions of both transistors.
Q3 is normally conducting. Since transistors Q1 and Q2 are In series, if EITHER one
stays cut off the other cannot conduct. To produce an output from the circuit, signals
must be applied to A and B. When BOTH QI and Q2 are forward biased at the same time.
current through Q1 also flows through Q2. The output signal across Rcl reverse biases
Q3 cutting it off. The output signal that appears across Rc2 is IN PHASE with the signals
applied to A and B.

Since the transistors are in series, deenergizing either one will open the circuit so that
current flow is discontinued. If three or more signals are to be "ANDED," a transistor
must be used for each input signal.
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A 71
11. 41 and 42 Forward Blued By Negative InputNegative pulses applied to A bpd, II

forward btu both transistors. Current now develops a voltage drop across Re. The
signal across Rol, which is ISO' out of phase with the signals applied to A and B, is
applied to the input of inverter 43. This reverse blase. 43, cutting it 0t1 The signal
appearing at the output of 43 is, therefore, a negative-going pulse that is in phase with
the neptive-going pulses applied to A and 3. When either input signal goes to sera,
current now stops and there is no output signal.

12. The diagram shows how the time re-
lationship of the input pulses determines
the output waveshape. At T1 transistor
41 is forward biased, but no output is
produced because 42 still has zero
bias. At T2 the output is produced when
42 becomes forward biased. The output
pulse ends at TS when 41 is again zero
biased, even though 42 is still forward
biased. In most computer applications,

N., the A and B signals are kept in phase,
so that the output signal has the same
time duration at the input signals.

INPUT A T1

01
G7

INPUT 8
02

OUTPUT
a, Ond Ot

OUTPUT
03

0

8-

Ts T3

I

J--
:

13.a.

With no input signals, 41 and 42 are normally (conducting/cut off) and 431s nor-
mally (conducting/cut off).

/ / / / / / / / / / / / / / / / / ///

cut off conducting
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13.b. To forward bias transistors Q1 and Q2, the input signals must be (

////////////////////
negative

).

13.c. An output signal 13 produced from Q1 and Q2 when a negative signal is applied to
(either transistor/both transistors).

////////////////////
both transistors

13,d. Output current stops flowing through Ed when the negative signal is removed from
(either transistor/both transistors).

////////////////////
either transistor

13.e. The purpose of Q3 is . . . .

////////////////////
to shift the output signal of Q1 and Q2 1801' so that it is in phase with the input
signals applied to A and B.

14.a. Draw the output waveshape to cor-
respond in the proper time relation-
ship with the input signals.

INPUT A
0,

INPUT B
02

OUTPUT
Q1ond 02

OUTPUT
03

INPUT A
Oi

INPUT B
02

//////M///////////
II T2 T3

ot
0

8-

11 12 Ts
1

: I
. I

0
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14.b. What is the purpose of Rbl and Rb2?

////////////////////

They limit base current.

15. "OR" GATE:

This circuit is called an "OR" circuit because an input signal applied to A or B
or C or any combination of them will produce an output signal. Transistor Ql is
normally cut off because no bias voltage is applied to the base-emitter diode.
Transistor Q2 is an inverter circuit that is normally conducting. The COUPLING
DIODE inputs to the be isolate the stages that are not supplying a signal from
those that are supple , a signal; this keeps the circuit stable. As before, inverter
Q2 shifts the signal I80 so that the output signal is in phase with the input signal.

16. Signal At A or B or C Produces OutputA negative signal applied to A, B, or C forward
blues the COUPLING DIODE and the base-emitter diode, allowing the transistor to
conduct. The stages not sending a signal to the OR circuit are isolated from the circuit
by the nonconducting diodes.
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17. Clamping Diode Holds Collector At -4VIf more than one Input signal is applied at the
same time, the output signal of Ql tends to increase. A CLAMPING DIODE, however,
Is generally used in the collector circuit to keep the output constant. The diode battery
(4V) tries to forward bias the clamping diode: but with no signal input, the collector
voltage is highly negative. The clamping diode, then, does not conduct. But when there
Is a signal input, collector current flows and the collector voltage drops to less than 4
volts. The diode conducts and clamps the collector voltage at about -4 volts by pro-
viding a low resistance path for any increase in collector current. More than one input
signal, therefore, will have no effect on the output voltage.

18. ANOTHER "OR" GATE:

Another method of isolating the stages that provide input signals is by using more
than one transistor. As before, an Input signal applied to A or B will produce an
output signal. The output of both transistors appears across the same collector
resistor. This output signal would be fed to an inverter, which is not shown here.

19.

-4v -4v
t 2

_ lal_

Both transistors are normally cut off because there is no base-emitter bias voltage
applied to them. A negative signal applied to A forward biases the base-emitter
diode and allows transistor Ql to conduct. Similarly, a negative signal at B allows
Q2 to conduct. Both transistors produce output signals across the same collector
resistor. If both transistors conduct at the same time, the clamping diode prevents
the output signal from increasing in amplitude.
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In this circuit, Isolation between the stages supplying input signals is provided by
the ( ).

////////////////////
coupling diodes

20.b. With no input signal, the emitter-base diode of transistor Q1 is not biased. Therefore,
the transistor is ( ). Q2 Is normally ( ).

////////////////////
cut off conducting

20.c. A negative signal at A, B, or C ( ) biases the base-emitter diode.

////////////////////
forward

20.d. U more than one input signal is applied at the same time, Q1 collector current (

////////////////////
increases

)

20.e. As collector current increases, the voltage drop across Rcl tends to (

////////////////////
Increase

)

20.f. As a result, the collector voltage tends to ( ).

//////////////////7/
decrease

20.g. When the collector voltage drops, the clamping dfode becomes (' ) biased.

/Hi/Hifi/HM/11/

forward
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20.h. When the clamping diode conducts, it provides a low resistance path for any increase
in ( ) current.

imiiiiimmimi
collector

20.i. This keeps the ( ) voltage fairly constant.

////////////////////
collector

20.j. The purpose of Q3 is . . . .

////////////////////
to shift the output signal of Q1 180° so that it is in phase with the input signal
applied to Ql.

21.a.

-4V -4V

1 2

11_11_

This circuit isolates the input stages by using . . . .

//////////////////i/
using more than one transistor.

21.b. With no signal, the base-emitter voltage in either transistor is ( ). This keeps
the transistors ( ).

////////////////////
zero cut off

21.c. A negative signal applied to A or B ( ) biases the base-emitter diode.

////////////////////
forward
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21.d. The output signal is kept fairly constant by the ( ).

Hil/H/M/////////
clamping diode

I//
1. FREE-RUNNING MULTIVIBRATOR:

PULSE CIRCUITS

A free-running multivibrator is a relaxation oscillator that produces square waves.
The circuit consists of two RC coupled transistors, connected so that each one pro-
vides feedback for the other. Each transistor, therefore, is responsible for cutting
off the other. The transistors alternately conduct and cut off, so that the output wave-
shape can be taken from either collector.

When the circuit is first energized, the transistors start to conduct and the capaci-
tors become charged. Assuming Q2 conducts more heavily, its collector voltage will
decrease more than the collector voltage of Ql. This means the voltage applied
across Cc2 is reduced, causing it to discharge through Rbl. As a result, the voltage
drop across Rbl opposes the forward bias of Ql. The conduction of Ql decreases
and its collector voltage goes up. This means more voltage is applied across Ccl,
causing it to charge through the emitter -base junctionof Q2. As a result, the forward
bias current of Q2 increases.

The conduction of Q2 becomes greater and its collector voltage decreases, further
reducing the voltage applied across Cc2. The action Is regenerative and continues
until Q1 is cut off and Q2 conducts in saturation.

As Cc2 confines to discharge, the voltage drop across Rbl decreases. When the base
voltage of Q1 reaches zero, Q1 starts conducting, decreasing its collector voltage.
This starts the second half cycle. This means less voltage is applied across Ccl,
causing it to discharge through Rb2. Asa result, the voltage drop across Rb2 opposes
the forward bias of Q2. The conchictionof Q2 decreases and its collector voltage goes
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up. This means more voltage is applied across Cc2, causing It to charge through the
emitter-base Junction of Ql. As a result, the forward bias current of Q1 increases.
The conduction of Q1 goesup and its collector voltage goes down, further reducing the
voltage applied across CO.. Again, the action is regenerative and continues until Q2
is cut off and Q1 conducts in saturation.

As Ccl continues to discharge, the voltage drop across Rb2 decreases. When the
base voltage of Q2 reaches zero, Q2 again starts conducting, repeating the cycle.

The amount of time either transistor conducts depends on how long the other tran-
sistor is cut off. This in turn, is controlled by the capacitor discharge circuits.
Therefore, the conduction time of Q1 is determined by the time constant of Ccl and
Rb2; similarly, the conduction time of Q2 is determined by the time constant of Cc2
and Rbi.

2. The results of the operation are shown
in the following waveform diagram.
Usually, the circuit is designed so that
the transistors conduct in saturation.
This brings the collector voltage of Q2
(Vc2) almost to zero in a relatively short
time, so that the start of the waveshape
(T1) is fairly linear. Simultaneously, the
base voltage of Q2 (Vb2) goes slightly
positive because of the voltago drop
across the emitter-base junction. ...ae
base voltage of Q1 (Vb1) is driven nega-
tive by the discharge of Cc2. While Q1
is cut off Cel charges through Re it
limiting the collector voltage (Vcl) to an
expotential rise.

Since Ccl charges through Rel while Q1
Is cut off, the collector voltage of Q1
(Vel) does not reach the B+ value until)
Ccl has completely charged. Therefore,
the amount of time it takes the Q1 col-
lector voltage to reach the B+ value de-
pends on the time constant of Rel and
Ccl; similarly, the amount of time it
takes the Q2 collector voltage (Vc2) to
reach the B+ value (T2 to T3) depends on
the time constant of Rc2 and Cc2. As-
suming the circuit is symmetrical, the
basic:Lid collector waveshapes of Q1 will
be similar to those of Q2, but of opposite
phase.

If the time constants of Cci -Rb2 and
Cc2 -Rbl are different, the cut off time
of the transistors would be different.
This would cause unsymmetrical wave-
shapes.

Vc2

1c2

Vb2

1b2

Vci

Vbi

11 12 13 14

8+

1 1

Ib,
0

TIME b.-
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3.a.
..1.

When the circuit is first energized, the capacitors start to charge through the
) and the ( ) in the collector circuits.

////////////////////
translators resistors

3.b. Assuming Q2 conducts more heavily, its collector voltage will go (higher/lower) than
that of Q1.

////////////////////
lower

C -

b,

A decrease in the collector voltage of Q2 causes Cc2 to (

////////////////////
discharge

) through Rbl.
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4.b. The voltage developed across ftbl ( ) the forward bias of Ql.

WM/WM/WM
opposes

4.c. This causes the conduction of Ql to ( ).

/fifigilififi Ma/
decrease

4.d. M a result, the collector voltage of Ql ( ).

/Hi/Mil/Mg/Hi
increases

5.a.

The increased collector voltage of Ql causes Ccl to (

////////fifififillfi
charge

) through Q2.

5.b. Charging current through Q2 ( ) its forward bias, driving it to ( ).

Mil//8////fifill/
increases saturation

5.c. This further reduces the ( ) voltage of Q2.

fill //// ///////fill/
collector

218
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6.a.

The reduced collector voltage et 02 causes the discharge of Cc2 through Rbl to
( )

////////////////////
increase

6.b. The increased voltage developed across Rbl ( ) biases Ql.

////////////////////
reverse

6.c. As a result, Ql is driven to ( ).

...... m/////////////////
cutoff

7.a.

As Cc2 continues to discharge, the reverse bias across Rbl (

////////////////////
decreases

\--

)
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7.b. When the base voltage of Q1 reaches zero, Q1 (

fill//// /f// //f/ /f//
conducts

-).

7.c. This causes the collector voltage of Q1 to ( ).

///////M/P/M///
decrease

8.a.

The decreased collector voltage of Q1 causes Cc1 to (

1111111111111118111

discharge

) through Rb2.

8.b. The voltage developed across Rb2 ( ) the forward bias of 02.

////////////////////
opposes

8.c. This causes the conduction of Q2 to ( )-

1M181M/M/fig
decrease

8.d. As a result, the collector voltage of Q2 ( ).

/figififififififin
increases
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0.a.

c cc,
Cc2

If )1-*

Reg

The increased collector voltage of Q2 causes Cc2 to (

////////////////////

charge

) through Ql.

,, 9.b. The charging current ( ) the forward bias of Ql.

////////////////////

increases

9.c. This drives Q1 to ( ).

////////////////////

saturation

9.d. As a result, the collector voltage of Q1 is further (

/////////////////8/

decreased

)

3w
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10.a
B+

The decreased collector voltage of Ql (
through Rb2.

) the discharge current of Ccl

111/1/11/11/11/11/11

increases

10.b. The increased voltage drop across Rb2 drives Q2 to (

111/11/11/11/11/1111

cutoff

)

11.a. Elf

As Ccl continues to discharge, the voltage drop across Rb2 (

//Mil/Hifi/Mil/
decreases

).
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11.b. When the base voltage of Q2 reaches zero, Q2 (. ////////////////////
conducts

.....

), repeating the cycle.

12.a. When Q2 is cut off, its collector
voltage is at (zero/B+).

'Ica

0

////////////////////
5+

12.b. The collector voltage of Q2 drops almost to zero when Q2 (

////////////////////
conducts

).

12.c. Q2 remains in conduction while ( ) discharges through (

////////////////////
Cc2 Rbl

).

12.d. U the value of Cc2 is increased, the conduction time of Q2 (

////////////////////
increased

).

12.e. U the value of Rbl is decreased, the conduction time of Q2 (

////////////////////
decreased

).

12.f. The collector voltage of Q2 rises again to 5+ while (
( ).

////////////////////
Cc2 Rc2

) charges through

12.g. U the value of Cc2 is increased, the rise time of V.::2 ( ).

////////////////////
increases
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12.h. If the value of Rc2 is decreased, the rise time of Ira (

11111111111111111111

decreases

)

12.1. Q2 remains Cut off while ( ) discharges through ( ).

Pfifififififififill
Ccl Rb2

12.). If the value of Ccl is Increased, the cutoff time of Q2 ( ).

fifififinfifififill
increases

12.k. If the value of Rb2 Is decreased, the cutoff time of Q2 ( ).

11111111111111111111

decreases

13.a. When Q2 conducts, its base voltage
goes slightly ( ).

Vb2

+01

11111/11111111111111

positive

13.b. Vb2 remains positive while Q2 is ( ).

////////////////////

conducting

13.c. Vb2 goes negative when ( ) discharges through ( ).

gfififinfifififill
Ccl Rb2
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13.4. As Ccl discharges, Vb2 ( ) exponentially.

IIIIIIIIIIIIIIIIIIII

rises

10111111111111/

13.e. Assuming the circuit is symmetrical, the collector and base waveshapes of Ql will be
the same but of opposite ( ).

11111111111111111111

phase

13.1. How can the waveshape be made unsymmetrical?

11111111111111111111

By making the time constants of Cc 1-Rb2 and Cc2-Rbl different.

L MONOSTADLE (ONE -SHOT) MULTIVIBRATOR:

TMGGE
INPUT

C2

0

i

OUTPUT

A monostable multivibrator has only one stable state; one transistor is conducting
and the other is cut off. When a trigger pulse is applied to the circuit, the stages
switch states. After a certain time period, the stages revert back to their stable
state by themselves.

When no trigger pulse is applied to the monostable multivibrator, both transistors
go into their stable states because of the way that they are biased. The B- supply
reverse biases the base of Ql. Rbl and R2 form a voltage divider and, as a result,
the bias voltage at the base of Ql depends on how highly positive the collector volt-
age of Q2 is. If the positive collector voltage of Q2 is high, the base of Ql will be
positive and forward biased. If the collector voltage is low, the base of Ql will be
negative and reverse biased. The 8+ power supply biases the base-emitter circuit
of Q2 in the forward direction so that Q2 normally conducts heavily. Its collector
voltage is therefore low, so that Ql is reverse biased and cut off. The stable state of
this monostable multivibrator is with Ql cut off and Q2 conducting.
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A positive trigger pulse of sufficient amplitude overcomes the reverse btu; on QI
and drives it into conduction; this lowers the QI collector voltage and causes Cl to
discharge through Rb2, reducing the forward bias of Q2. The conduction of Q2 de-
creases, causing its collector voltage to rise. This increases the positive potential
applied to R2 and Rbl, so that QI becomes forward biased and conducts heavily. The
collector voltage of QI falls to a minimum, increasing the discharge of Cl through
Rb2. This reverse biases Q2, driving it to cutoff. The collector voltage of Q2 rises
again and causes QI to be driven into saturation. The transistors will stay in these
new states as long as the discharge of Cl keeps Q2 cut off.

As CI continues to discharge, the voltage drop across Rb2 decreases. When it de-
creases enough, the B+ power supply again forward biases Q2, and Q2 conducts. The
collector voltage of Q2 drops, lowering the potential applied to R2 and Rbl. The
lower voltage across Rbl reduces the forward bias of Qi. As a result, the conduc-
tion of QI decreases and its collector voltage increases. This causes Cl to charge
through Q2, increasing the forward bias of Q2 and driving it into saturation. The
collector voltage of Q2 drops to a minimum, further lowering the potential applied
to R2 and Rbl. As a result, the drop across Rbl becomes less than the value of the
B- supply. This reverse biases QI and drives It to cutoff. This puts the circuit back
into its stable state. The circuit remains with Q2 conducting and QI cut off until the
next trigger pulse is applied.

When pulses of VERY SHORT duration are used to trigger the multivibrator, the
trigger pulse may pass through the circuit BEFORE the circuit has time to respond.
To prevent this from occurring, a small capacitor (C3), is usually placed across
coupling resistor R2 to increase the response time of the circuit, thereby insuring
more positive triggering. This capacitor is called a commutating capacitor, and it
is used in most "triggered" multivibrators.

2. The diagram shows the effect of a trig-
ger pulse. The circuit returns to its
stable stateQ2 conducting and QI cut
offwhin the Rb2 voltage drop, caused
by Cl discharging, equals the voltage of
the B+ power supply. Vb2 rises from a
negative value to zero as Cl discharges.
The curved rise of Vc 1 is caused by C 1
discharging through Rcl.

TRIGGER

(a) ve2

(b) vet

Ai

0

8+

.J

8+

a

0j

L

r
L
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3.a.

a

TRIGGER_I
INPUT 1

C2

1+

-I-

The B- power supply (reverse /forward} biases Ql.

////////////////////

reverse

OUTPUT

3.b. But the bias on Q1 also depends on the ( ) voltage of Q2.

////////////////////

collector

3.c. If the Q2 collector voltage is highly positive, Ql will be ( ) biased.

////////////////////

forward

3.d. If the Q2 collector voltage is low, Ql will be ( ) biased.

////////////////////

reverse
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4. a.

0

TRiGGERI
INPUT

The B. power supply causes Q2 to be (

////////////////////

forward

) blued.

OUTPUT

4.b. Q2 conducts heavily, causing Its collector voltage to be ( ).

////////////////////

low, small

4.c. This causes the base-to-emitter voltage of Ql to be (negative/positive).

////////////////////

negative

4.d. Ql, then, is reverse biased. The stage is (conducting/cut oft).

//////////////////11

cut off

4.e. The stable state in with ( ) cut off and ( ) conducting.

/WM/Mil/Mill
Q1 Q2

--N
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5. a.

+

TRIGGEILit
INPUT 1

C2

C,+
2

1

+

e- B+

bs

t

°OUT PU T

When a positive trigger pulse with high enough amplitude is applied et the trigger
input, QI ( )-

//// /// ///////// ////
conducts

5.b. This causes the collector voltage of QI to go ( )-

////////////////////
down

5.c. As a result, CI ( ) through Rb2.

\- // ////////////// ////
discharges

6.a.

TRIGGER
INPUT '

C2

OD

1

2

CI

2

-*OUTPUT

The voltage developed across Rb2 (aids/opposes) the forward bias of Q2.

////////////////////
opposes

30.9
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Lb. This causes the conduction of Q2 to ( ).

Milllffill //////ll
decrease

6.c. As a result, its collector voltage goes ( ).

Milll//////////M
up

7.

TRIGGE114
INPUT

Et- e+ .eg
wID

The higher collector voltage of Q2 ( ) the forward bias of Qi.

/ / / / /I / / / / / / / / / / / ///

increases

8.a.

TRt6GEFLit
INPUT "

C2

CI

B-

Re:

2

B+

Cre

*OUTPUT

When the conduction of QI becomes maximum, its collector voltage goes to a ( ).

M/H//////////////
minimum
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8.b. This ( ) the discharge of Cl through Rb2.

////////////////////
increases

8.c. The increased voltage across Rb2 ( ) biases Q2, driving it to (

////////////////////
reverse cutoff

8.d. Q2 will remain cut off as long as ( ) continues to discharge through Rb2.

////////////////////
Cl

9.a.

As Cl continues to discharge, the voltage drop across Rb2 (

////////////////////
decreases

).

Lb. When the voltage drop across Rb2 goes below the value of the B+ supply, Q2 (

////////////////////
conducts

9.c. The collector voltage of Q2 then goes ( ).

////////////////////
down
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10..
0+

The lower collector voltage at Q2 ( ) the voltage drop across Rbl.

////////////////////
decreases

10.b. This reduces the forward bias on ( )-

/ / / / / / /// / / / // / / / ///

Q1
MImmerm,

11.a.

Rcz

°OUTPUT

02

The reduced forward bias of QI causes the conduction of Q1 to go (

////////////////////

down
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11.b. The collector voltage of QI then goes ( )
////////////////////

up

11.c. This causes Cl to charge through ( ).

////////////////////

Q2

12. a.

OUTPUT

The charging current of Cl ( ) the forward bias of Q2, driving it to (

////////////////////

increases saturation

).

12.b. When the conduction of Q2 becomes maximum, its collector voltage goes to a (

////////////////////

minimum

)
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13. a.

OUTPUT

The voltage across Rbl falls below the value of the ( ). .

/fill /8/8/1/8//fi

B- power supply

13.b. As a result, Ql is ) biased and is driven to (

8///////8 W/118/

reverse cutoff

)

13.c. The circuit is again in its ( ) state.

fillilfill/Mg/H/

stable
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,

.

14. Label the a., b., and c. waveahapee in
the diagram to coincide with the Q2 col-
lector voltage in their proper time re-
lationships. +

TRIGGER
o

Ve2

(a)

(b)

(c)

////////////////////

0+

0

0

e+

0

+

0

r.

a. Q2 base voltage (Vb2) b. Q1 collector voltage (Vc1) c. Q1 base voltage (Vb2)

in the monostable multivibrator just described, the circuit was made to switch
states by applying a positive trigger pulse to Q1, thereby forward biasing Q1 and
driving it into conduction. The circuit could also have been made to switch states
by applying a NEGATIVE trigger pulse to Q2, thereby reverse biasing Q2 and caus-
ing it to cut off.

Also, the output of the monostable multivibrator just described was taken off at the
collector of Q2. The output could have been taken off at the collector of Q1 instead.
Of course, the voltage at each collector is 180° out of phase with the other; i.e.,
when a positive going pulse is present on the collector of Q2, a negative-going
pulse is present on the collector of Q2.
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1. BISTABLE (FLIP- FLOP) MULTIVIBRATOR:

234

OUTPUT

El+

TRIGGER
INPUT 10{

C

OUTPUT

. TRIGGER
1-0INPUT 2

A bistable multivibrator Is similar to the free-running multivibrator discussed earlier,
except that it does not run freely. The circuit has two stable states: Q1 conducting and
Q2 cut off; and Q2 conducting and Q1 cut off. A trigger pulse applied to the circuit will
cause it to switch from cone state to the other. Another trigger pulse Is then required to
cause the circuit to switch back again.

You can see from the diagram above that the trigger pulse can be applied to either stage
and that the output can be taken off from either stage. Since ION transistors are used
here, a positive trigger pulse can be used to drive the nonconducting stage into conduc-
tion or a negative trigger pulse can be used to cut off the conducting stage. For this
discussion, assume that the trigger pulse Is applied to Q1 and the output signal Is taken
off at the collector of Q2.

Before going on to discuss how the bistable multivibrator works, notice that, unlike the
free-running and monostable multivibrators just discussed, this blstable multivibrator
does not use base resistors to develop emitter-base bias voltages. Instead it uses an
emitter resistor, Re, which, along with the emitter-base resistance of each transistor
and the coupling resistor (either RI or R2), form a voltage divider network from col-
lector to ground. The amount of current flowing through Re will remain essentially
constant Noma's, Re is common to bath Ql and Q2. As the current through Ql increases,
the current through Q2 will decrease, and vice versa. The SUM of currents through Q1
and Q2 will remain the same.

Look at Q2. Base current of Q2 Is from ground, through emitter resistor Re, through the
emitter-base junction and then through RI to the collector of Ql. The amount of current
flowing through Re will remain essentially constant and, therefore, a constant positive
voltage will be present on the emitter of Q2 (and Q1 also). However, the amount of cur-
rent flowing through the emitter-base junction of Q1 and through RI depends on the value

3 II,

.



of collector voltage or Ql. Current flow through the emitter-base junction will cause the
base to be positive with respect to the emitter. The emitter base bias voltage, then, is
the sum of the positive voltage at the base and the positive voltage applied to the emitter
by Re. Transistor Q2, which is an NPN type, will be forward biased and will conduct so
long as the voltage on the base is more positive than the voltage developed across Re.
When the voltage at the base drops below the voltage across Re, transistor Q2 will
become reverse biased and will cut off. The manner in which emitter-base bias is
developed for Ql is exactly the same.

The advantage of using this method of biasing is that emitter resistor Re provides
stabilization. If the current through either, or both, transistors, tends to vary because
of ambient temperature changes, the voltage drop across Re will also vary to return the
current to its original value.

Now go on to see how a bistable multivibrator operates.

As with the free-running multivibrator, both transistors start to conduct when the circuit
is first energized. Assuming Q2 conducts more heavily, its collector voltage will de-
crease more than the collector voltage of Ql. This lowers the potential applied across
the series circuit of R2 and the emitter-base resistance of Ql; therefore, the positive
voltage drop across each resistor is reduced. The lower voltage drop across the emitter-
base resistance decreases the forward bias of Ql. The conduction of Ql goes down and
its collector voltage rises. This Increases the potential applied across the series circuit
of R1 and Q2 emitter-base resistance. As a result, the positive voltages across these
two resistors increase. The bigger voltage drop across the emitter-base resistance
increases the forward bias of Q2, driving it to saturation, further reducing its collector
voltage. This again lowers the potential applied across 112 and Ql emitter-base resis-
tance so that the voltage developed across the emitter-base resistance falls below that
across Re. This results in a negative bias being applied to the base. As a result of this
reverse bias, Ql is cut off. The circuit stabilizes with Q2 conducting and QI cut off.
The circuit stays in this stable state until Ql is made to conduct. This is done when a
trigger pulse is applied to either base.

A positive trigger pulse applied to the base of Ql will cause the circuit to switch stable
states. The trigger pulse overcomes the reverse bias and drives Ql into conduction.
This causes the collector voltage of Ql to drop, lowering the voltage applied across R1
and Q2 emitter-base resistance. The reduced voltage drop across Q2 emitter-base
resistance lowers the forward bias of Q2, which, in turn, decreases the conduction of
Q2. This causes the collector voltage of Q2 to rise, thereby increasing the voltage ap-
plied across R2 and Ql emitter-base resistance. The greater voltage drop across the
emitter-base resistance further increases the forward bias of Ql, driving it to satura--
tion and lowering its collector voltage still more. This further reduces the voltage
applied across R1 and Q2 emitter-base resistance. The drop across Q2 emitter -base
resistance becomes less than the voltage drop across Re, so that Q2 is reverse biased
and driven to cutoff. The circuit remains in this stable state with QI conducting and Q2
cut off until another trigger pulse is applied.

316

235

.



2. The diagram shows the effect of two
trigger pulses. Assume that Q2 is con-
ducting and Ql is cut off. The first trig-
ger pulse raises the base voltage of Ql
above the voltage across Re and brings
Ql into conduction, lowering its collector
voltage (Vcl). The base voltage of Q2
goes more negative than the voltage
across Re and cuts off Q2, raising its
collector voltage (Vc2). The second trig-
ger pulse has the opposite effect. The
pulse width depends on the frequency of
the trigger pulses.

I 2

PULSES
TRIGGER +

0

VC:

Vbz

VC'

Vbi

6+
PULSE _{...
WIDTH

FUN

r
+

0
gn m .. ..V.

VII

3.a. 6+

OUTPUT OUTPUT

0

TRIGGER TRIGGER
INPUT 1 INPUT 2

When the
different).

C

circuit is energized, the conduction of each transistor is (the same/ ..

////////////////////
different

3.b. Since Re is com non to Q1 and Q2, current through Re will (decrease/increase/remain
constant).

////////////////////
remain constant
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3.c. Assuming Q2 conducts more heavily, its collector voltage will (
that of Ql.

////////////////////
decrease

) more than

3.d. This decreases the voltage applied across the series circuit consisting of ( )
and ( ).

////////////////////
R2 Q1 emitter-base resistance

4.a.
6+

The decreased collector voltage of Q2 causes the positive voltage dropped across
Q1 emitter-base resistance to ( ).

////////////////////
decrease

4.b. The reduced drop across Q1 emitter-base resistance (

////////////////////

decreases

) the forward bias of Ql.
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4.c. As a result, the conduction of Q1 ( ).

////////////////////

decreases

5.a.

+
Ref

OUTPUT

Q

TRIGGER
INPUT 1*--1

C3

When the conduction of Q1 goes down, its collector voltage goes (

////////////////////

up

4

OUTPUT

TRIGGER
INPUT 2

).

5.b. This causes the voltage applied across R1 and Q2 emitter-base resistance to ( ).

////////////////////

Increase

5.c. As a result, the positive voltage dropped across Q2 emitter-base resistance ( ).

////////////////////

increases
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6. a.

I

OUTPUT

0

01+,

+

R1

TRIGGER
INPUT 10-1

C

wl

OUTPUT

TRIGGER
HeiNPUT 2

The increased voltage drop across Q2 emitter-base resistance raises the (
bias of Q2, driving Q2 to ( ).

////////////////////

forward saturation

)

6.b. This causes the collector voltage of Q2 to go to its (minimum/maximum) value.

////////////////////

minimum

6.c. As a result, the voltage applied across R2 and Q2 emitter-base resistance is further
( ).

////////////////////

decreased
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8+

OUTPUT OUTPUT

01

TRIGGER TRIGGER
INPUT 1 INPUT 2

C

The reduced voltage further ( ) the voltage developed across Ql emitter-
base resistance.

////////////////////

decreases

7.b. The voltage drop across Ql emitter-base resistance becomes (smaller/greater) than
the voltage across Re.

////////////////////

smaller

7.c. Asa result, Q1 is ( )Plased and is driven to ( ).

////////////////////

reverse cutoff



0+

Q2 will conduct and Q1 will remain cut off until a ( ) trigger pulse is applied
to the base of Q1.

////////////////////

positive (A negative pulse could be applied to the base of Q2.)

8.b. The positive trigger pulse will counteract the ( ) bias on Ql.

////////////////////

reverse

8.c. This causes Q1 to ( ).

////////////////////

conduct
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9. a.

OUTPUT

Qi

4..

8+

OUTPUT

TRIGGER TRIGGER
INPUT 1 INPUT 2

C

When Q1 conducts, its collector voltage (

////////////////////

decreases

)

.'"., b. This applies (more/less) positive voltage to R1 and Q2 emitter-base resistance.

////////////////////

less

9.c. As a result, the voltage dropped across Q2 emitter-base resistance becomes (smaller/
greater).

////////////////////

smaller
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R

OUTPUT OUTPUT

0,

TRIGGER TRIGGER
INPUT 1 INPUT 2

The smaller voltage drop across Q2 emitter-base resistance ( ) the forward
bias of Q2.

////////////////////

decreases

10.b. This causes the conduction of Q2 to go ( ).

////////////////////

down

10.c. As a result, the collector voltage of Q2 ( ).

////////////////////

increases

'24

243



The higher collector voltage of Q2 ( ) the voltage applied to R2 and Ql
emitter-base resistance.

////////////////////

Increases

11.b. This causes the voltage developed across Q1 emitter-base resistance to become
(greater/smaller).

////////////////////

greater

11.c." The greater voltage drop developed across Ql emitter-base resistance ( ) the
forward bias of Ql, driving it to ( ).

////////////////////

increases saturation
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12.a.

+

Act

OUTPUT

01
Ri

TRIGGER
INPUT 10.-it

Cg

Cg

RGZ

R
°OUTPUT

2

+

I

0

TRIGGER
ihe INPUT 2
C4

When the conduction of Q1 is MaXIMUIllt its collector voltage is (mwdmum/minimum).

////////////////////
minimum

12.b. This further ( ) the voltage applied across Q2 emitter-base resistance.

////////////////////
decreases

,......, 12.c. The further reduction in voltage across Q2 emitter-base resistance causes Q2 to be-
come ( ) biased, driving Q2 to ( ).

////////////////////
reverse cutoff

12.d. With Q1 now conducting and Q2 cut off, the circuit will again flip (of its own accord/
only when triggered).

////////////////////
only when triggered

13.a. The pulse width of the output of a
b i s t a b l e m u l t i v i b r a t o r depends on . . . .

TRIGGER +

-k...._0 --I\
6+

V j4-111M i.

////////////////////
the frequency of the trigger pulses.

0

245

1

::. 2 6



13.b. How many stable states does a bistable multivibrator have?

////////////////////
two

13.c. A positive pulse is applied to the transistor that is cut off to cause the circuit to flip
into the other stable state. What kind of a pulse can be applied to the transistor that is
conducting to also cause the circuit to change states?

////////////////////
negative

13.d. From what points can the output of this Notable multivibrator be taken? What will be
the difference in the outputs of these two points?

////////////////////
From the collector of Q1 or collector of Q2.

The outputs at the collectors of Q1 and Q2 will be 180° out of phase with each other;
that is, when one collector is going positive, the other will be going negative.

Another :method of triggering a bistable multivibrator is shown below.
0+

OuTPu I

TRIGGER TRIGGER
INPUT 1 INPUT 2

C

TRIGGER ,_I
INPUT 1

Instead of applying a positive trigger pulse to the nonconducting stage or a negative
trigger pulse to the conducting stage, this method applies a negative trigger pulse
across Re. In affect, then, the pulse is applied to both Q1 AND Q2. No matter which
stage is conducting and which one is cut off, the circuit will reverse states. The
negative pulse will have no affect on the stage that is cut off, but it will overcome
the forward bias of the conducting stage to start the multivibrator "action" previ-
ously described. This type of triggering is often called toggle switching or emitter
triggering.
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I. SCHMITT TRIGGER:

A Schmitt trigger is similar to a monostable multivibrator, except that the width of the
output pulse is determined by the frequency of the triggering signal, which is usually
a sine wave. The stable state of the circuit is with QI off and Q2 on. When the input
signal goes positive, QI conducts and Q2 cuts off. When the input signal decreases, the
circuit returns to its stable state.

When the circuit is first energized, current flows through the series circuit of Rb2 and
RI. The voltage drop across Rb2 forward biases the base-emitter junction of Q2. This
causes Q2 to conduct heavily through Re. Since Re is common to both transistors, the
voltage drop across it reverse biases the emitter-base junction of QI. This holds QI
cut off, so that its collector voltage stays high. As a result, the large voltage drop across
Rb2 KEEPS Q2 forward biased and In conduction. The circuit remains in this state until
a signal is applied to QI. The input trigger signal is usually a sine wave.

When the signal reaches a positive value high enough to overcome the reverse bias
across Re, QI conducts. This value is called the upper triggering point (UTP). When QI
conducts, the collector voltage of QI decreases, lowering the forward bias of Q2. The
conduction of Q2 goes down, lowering the voltage drop across Re. This causes the con-
duction of QI to increase even more. Even though the conduction of QI increases, the
voltage drop across Re still decreases because QI conducts less than Q2. This is ac-
complished by using a larger value resistor for RcI than for Rc2. When the conduction
of QI increases, its collector voltage decreases again. This further lowers the potential
applied to RI and R2. As a result, Q2 is reverse biased and driven to cutoff. The drop
across Re goes down again, and the conduction of QI goes up again. As long as the input
signal IS still applied to QI to keep it conducting, the circuit remains in this state.

Ql never reaches saturation. Therefore, the voltage drop across Re when QI conducts
is Iola than when Q2 conducts. As a result, the input trigger signal must go to a lower
value than the UTP to cut off QI. This new value is called the lower triggering point
(LTP). When the input trigger signal swings down close to the LTP, the conduction of
QI decreases, causing its collector voltage to rise. This increases the drop across
Rb2, forward biasing Q2 and driving it into conduction. The conduction of Q2 increases
the voltage drop across Re to reverse bias QI and drive it to cutoff. The collector volt-
age of QI rises further, increasing the forward bias of Q2 to drive it to saturation. The
circuit remains in this stable state until the input signal reaches the UTP to start the
cycle again.
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2. The output is usually taken from the
collector of Q2, since the upper part of
the sine wave appears in the Ql wave-
shape. This occurs because Qi drys not
conduct in saturation. When the input
signal reaches the UTP, Ql conducts and
cuts of Q2. This causes the collector
voltage of q2 (Vc2) to go highly positive.
Ql conducts until the LTP is reached.
Then, ql is cut off, causing Q2 to con-
duct. This drives Vc2 to a low value.

INPUT + A- -LIP
SIGNAL 0

142

0
..1011

3.a.

Current through Rb2 causes a voltage drop that (

////////////////////
forward

OUTPUT

) biases Q2.

3.b. This drives Q2 to ( )

////////////////////
saturation

3.c. Q2 emitter current produces a voltage drop across Re that ( ) biases Ql.

////////////////////
reverse

3.d. This keeps Q1 (

////////////////////
cut off
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4...m.,

4.a.

While Ql is cut off, its collector voltage is (high/low).

MM/M/M/Mll

high

OUTPUT

4.b. This applies a Garge/amall) potential to R1 and Rb2.

/11///////8/8//M

large

4.c. As a result, the voltage drop across Rb2 keeps Q2 (

M/MM/Mfifill

fi'rward

) biased.

4.d. The circuit remains in this stable state until an input signal overcomes the (
bias on Ql.

1////////////////1/1

reverse

)
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84

OUTPUT

The UTP is a point at which the input signal overcomes the voltage across (

////////////////////

Re

5.b. When the input signal reaches the UTP, ( ) conducts.

////////////////////

Qi

5.c. When Qi conducts, its collector voltage ( ).

////////////////////

decreases

5.d. This causes the potential applied to R1 and Rb2 to go (

////////////////////

down

)-
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8.a.

INPUT

R

+
R

The smaller drop across Rb2 (

OUTPUT

) the forward bias of Q2.

////////////////////
decreases

8.b. As a result, the conduction of Q2 goes ( ).

////////////////////
down

8.c. Therefore, the voltage drop across Re becomes (larger/smaller).

////////////////////

7.a.

INPUT

smaller

8+

OUTPUT

The smaller drop across Re causes Ql to conduct (more/less).

////////////////////
more
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7.b. When the conduction of QI goes up, its collector voltage goes ( ).

/Milill/H/M/H/
down

7.c. This causes the potential applied to RI and Rb2 to ( )

////III///MI//IM

decrease

8.a.

INPUT

OUTPUT

The drop across Rb2 becomes smaller than the drop across ( )
Miliffill ////aili

Re

8.b. This ( ) biases Q2, driving it to ( )

8////////MM////

reverse cutoff

8.c. The circuit remains in this state as long as the Input signal is sufficiently positive.
When the signal drops enough, ( ) will be cut off.

////////////////////

Cll
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day

= =
When the input signal reaches the LTP, the conduction of Ql (

////////////////////
decreases

)

9.b. This causes the collector voltage of Qi to ( ).

/ll/M/M/MMll
increase

9.c. As a result, the potential applied to R1 and Rb2 goes (

/////////MMIIM
up

10.a.

INPUT

The increased voltage drop across Rb2 applies (

MIIMM/IIMM
forward

OUTPUT

) bias to Q2.
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10.h. This causes Q2 to ( ).

////////////M/M/
conduct

10.c. As a result, the voltage drop across Re ( ).

////////////////////
increases

10.4. The increased voltage drop across Re ( ) biases Ql, driving it to ( ).

11111111111111111111

reverse cutoff

11.a.

INPUT

When Q1 cuts off, its collector voltage ( ).

////////////////////
increases

OUTPUT

11.b. This causes the potential applied to R1 and Rb2 to go ( )-

////////////////////
up

11.c. The larger drop across Rb2 ( ) the forward bias of Q2. driving It to (

////////////////////
increases saturation
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12.a. Draw the Q2 COLLECTOR WAVE-
SHAPE to coincide with the Ql bise
input signal in the proper time re-
lationship.

UTP.
INPUT +
SIGNAL

////////////////////

UTP.
INPUT +
SIGNAL

vet

OM

-LTP

- I
I I

I

$
I

i
1

1

0

-LTP

12.b. What do UTP and LTP mean?

////////////////////
upper trigger point and lower trigger point

12.c. Why is the LTP lower than the UTP?

////////////////////
Since Ql does not conduct in saturation, the voltage drop across Re during that time
is less, and so a lower voltage is needed to allow the drop across Re to cut off Ql.

12.d. How does the waveform at the collector of Ql differ from that of Q2?

////////////////////
Since Ql does not conduct in saturation, part of the trigger waveshape is reproduced
at its collector. The waveform at the collector of Q2 is a square wave.

12.e. The time between the UTP and the LTP on the trigger signal determines the width of

of the output square wave. What two characteristics of the sine wave trigger control
this time?

////////////////////

Frequency and amplitude, in that order.
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1. BLOCKING OSCILLATOR:

A blocking oscillator is a regenerative circuit that cuts itself off after each conduction
cycle. While the transistor conducts, transformer coupling from the collector to the
base provides positive feedback until aaturatton occurs. Then an RC network. roduces
a reverse bias that cute the transistor off. Current through the transistor remains
blocked until the reverse bias produced by the RC network drops to a low value. Then
the transistor conducts again to start a new cycle. The oscillating frequency depends
on the time constant of the RC network.

When the circuit is first energized, the transistor starts to conduct. Collector current
through the primary develops a magnetic field that induces a voltage in the secondary.
The connections are such that the secondary winding supplies a positive voltage, which
increases the forward bias on the base-emitter junction; this increases the collector
current. The increase in collector current raises the voltage induced in the secondary,
which further increases the forward bias. The action is regenerative and continues until
the transformer approaches saturation. During the time that the transistor conducts, the
secondary winding causes a base current to charge Cb. The path of the charging current
is through the emitter-base junction of the transistor. Since this junction is forward
biased, it provides a low resistance path so Cb becomes fully charged.

As the collector current continues to increase, the transformer approaches saturation.
This causes the voltage induced in the secondary to decrease. When this happens, Cb
starts to discharge through Rb. The voltage drop across Rb opposes the forward bias,
decreasing collector current. As a result, the transformer field begins to collapse,
inducing a voltage of the opposite polarity in the secondary. The voltage now across the
secondary is negative and adds to the voltage across Cb. The total negative potential is
applied to the base. The transistor becomes reverse biased, and collector current is cut
off. The transistor will remain cut off as long as the discharge voltage dropped across
Rb overcomes the battery (3+) voltage. As Cb continues to discharge, the negative volt-
age drop across Rb decreases. The voltage continues to drop until the transistor is
again forward biased. Then the transistor conducts, and the cycle is repeated.
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2. The diagram shows the collector and
base waveshapes. At T1 the transistor

-..... conducts, inducing a negative-going volt-
age across the primary and a positive
going voltage across the secondary. At
T2 the transformer approaches satura-
tion. This causes the induced voltage to
decrease, so that Cb begins to discharge.
Collector current goes down, inducing a
positive going voltage across the pri-
mary and a negative going voltage across
the secondary. Then as Cb continues to
discharge through Rb, the base voltage
climbs back to a value that allows the
transistor to conduct aria.

A

3. a.

When the circuit is first energized, (
induces a voltage in the secondary.

///fififirn////////
collector

9+
) current through the transformer

3.b. The voltage induced in the secondary winding applies a (

fifillfifig//fillil
positive

) potential to the base.

3.c. This (aids/opposes) the forward bias.

ill/Hifi/WM/Hi
aids

3.d. The higher forward bias ( ) the collector current.

///////g/M/MM
increases
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3.e. As a result, the voltage induced in the secondary winding (

/ / / / / / / / / / / / / / / / / ///

increases

)

3.1. This further increases the ( ) bias.

/ / / / / / / / / / / / / / / / / ///

forward

3.g. The regenerative action continues until the transformer approaches (

/ / / / / / / / / / / / / / / / / ///

saturation

).

4.a.

While the transistor conducts, the positive secondary voltage causes Cb to ( ).

/ / / / / / / / / / / / / / / / / ///

charge

4.b. The charging current flows through the ( ) of the transistor.

/ / / / / / / / / / / / / / / / / ///

emitter-base junction

4.c. The emitter base junction is ( ) biased.

/ / / / / / / / / / / / / / / / / ///

forward
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4.d. This provides a (high/low) resistance path for the charging current.

////////////////////

low

4.e. As a result, Cb becomes (partially/idly) charged.

////////////////////

fully

5.a.

13+

As the transformer al). proaches saturation, the voltage induced in the secondary
( )-

////////////////////

decreases

5.b. This causes Cb to ( ) through Rb.

////////////////////

discharge

5.c. The voltage drop produced across Rb (aids/opposes) the forward bias.

////////////////////

opposes
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5.d. As a result, collector current ( ).

////////////////////

decreases

6.a.

C b
4 i Re

B+

The decrease in collector current causes the transformer field to start (expanding/
collapsing),

////////////////////

collapsing

8.b. This induces a ( )-going voltage in the secondary.

////////////////////

negative

8.c. The voltage across the secondary and the voltage across Cb (aid/oppose) each other.

////////////////////

aid

84. As a result, the transistor becomes ( ) biased and is driven to ( ).

////////////////////

reverse cutoff
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M Cb discharges, the voltage drop across Rb ( ).

/1/..M/PM/MM

decreases

1.b. The transistor will again conduct when the voltage across Rb is less than the (
voltage.

MMMMIIMM
El+

)

S.a. At Tl, the transistor ( ).

Ve

VI;

4.

0
41.

4

M/MM/M//////

conducts
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6.b. At T2, the transformer approaches ( ). 0.-4.,

//////////M///////
saturation

6.c. This causes the induced voltage to ( ).

////////////////////
decrease

8.d. As a result, Cb begin' to ( )
////////////////////

discharge

a

!... Collector current then ( )
////////////////////

increases

8.L This induces a (
ary.

) voltage in the primary and a ( ) voltage in the second-

////////////////////
positive negative

8.g. As Cb discharges, the base voltage goes toward ( ).

////////////////////
zero
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Chapter 1

PRINCIPLES OF P-N JUNCTIOUS

I-1. Most of the people employed in the field
of electronics are aware of the growingpopu-
larity and importance of transistors. Yet,
few people, not directly involved, really
understand what a transistor Is or its basic
operation. The transistor is only one subject
in the field of electronics that falls under
the heading of Solid State or Semiconductor
Electronics.

1-2. The purpose of this chapter is to intro-
duce solid state principles as a basis for
the study of solid state devices. A knowledge
of the atomic structure of matter is a pre-
requisite for understanding semiconductor
theory.

1-3. Atomic Structure

1-4. The structure of an atom is best
explained by analyzing the simplest of all
atoms, hydrogen. The hydrogen atom has one
proton In its nucleus and one electron held
in orbit by two counteracting forces. One of
these forces is called CENTRIFUGAL force.
This force tends to cause the electron to
fly outward as it travels around its orbit.
This is the same force which causes a car
to roll off a highway when rounding a curve
at too high a speed. The other force acting
on the electron is CENTRIPETAL force.
This force tends to pull the electron in
toward the nucleus. Centripetal force exists
due to the mutual attraction between the
positive nucleus and the negative electron.
At some radius the two forces exactly balance
each other. This balanced condition provides
a stable path or ORBIT for the electron.

1-5. The electron in the hydrogen atom has
two types of energy: KINETIC (by virtue
of its motion) and POTENTIAL (due to its
position). The total energy contained by the
electron (kinetic plus potential) will deter-
mine the radius of the electron orbit. As
the radius of the orbit increases, the energy
contained by the electron increases.

I-0. Orbits or SHELLS are designated by
either a number or a letter, as shown in
Figure 1-1. The K, or first shell, is the one
closest to the nucleus, and It represents
the lowest amount of energy. Going outward
from the nucleus, the M shell represents more
energy than the L shell; the P shell represents
niore energy than the 0 shell, etc.

1-7. These shells are also called PER-
MISSIBLE ENERGY LEVELS. As the name
implies, these are energy levels where
electrons may establish orbits. The per-
missible energy levels are separated by areas
called FORBIDDEN ENERGY LEVELS.
Quantum physics theory states that an electron
cannot remain in the space -between permis-
sible energy levels. Therefore, every electron
orbiting a nucleus mustorbitinapermissible
energy level. The shells or permissible
energy levels of an atom exist whether they
are occupied by an electron or not. Even
though hydrogen has only one electron in the
K shell, the other shells still exist. The
application of external energy (in the form of

S
6

/
SHELL NUMBER

REPO -591

Figure 1-1. Shell Designation



heat, light, etc.) to a hydrogen atom will
cause the electron to jump to one of the high
permissible energy levels. When the external
energy is removed, the electron will return
to the K shell. Electrons try to return to
the lowest energy level possible.

1-8. Figure 1-2 uses an energy level
diagram to illustrate the position of the
shells in relation to the nucleus. The first
shell, which is closest to the nucleus, rep-
resents the next higher energy level, and so
forth. An orbiting electron must exist at one
of the permissible energy levels, since it
cannot remain in the forbidden energy levels
or bands.

1-9. The electrons in the outermost shell
of an atom are the ones which enter into
chemical or electrical combinations with
other atoms. These electrons are called
VALENCE ELECTRONS, and the outermost
shell that contains electrons is called the
VALENCE SHELL.

1-10. The ATOMIC NUMBER of an element
represents the total number of electrons in
the atom. The atomic number of hydrogen is
one, indicating that hydrogen has one orbital
electron. The electron of hydrogen will be in
the first or K shell, and the K shell is also
the outermost shell. Therefore, the K shell
of hydrogen is the valence shell.

1-11. The atomic number of germanium
(which is a very common element used in
the manufacture of semiconductors) is 32.
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Figure 1-2. Energy Level Diagram of Shells

Silicon, another very common element used
in semiconductors, has an atomic number of
14. A silicon atom is illustrated in Figure
l-3A, and a germanium atom is illustrated
in Figure l-313. The 32 electrons in the
germanium atom are distributed in the
following manner:

K shell filled with 2 electrons

L shell filled with 8 electrons

M shell filled with 19 electrons

NUCLEUS

VALENCE ELECTRONS
OUTER ORBIT
M SHELL
VALENCE SHELL B

Figure 1-3. Pictorial Diagrams of Atoms
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Figure 1-4. IsolatedSiliconAtorns
(Energy Level Diagrams)

The four remaining electrons are in the N
shell, which is the outermost shell. The four
electrons in the outermost shell are valence
electrons. Notice there are less electrons
in the silicon atom, but the manner in which
they are distributed is similar.

When the outermost (valence) shell ofan atom
contains eight electrons, the atom is STABLE
and does not attempt to gain orlose electrons.
Examples of stable elements that have eight
electrons in the valence shell are neon,
argon, and krypton. Furthsr, no atom will
contain more than eight electrons in the
outermost shell.

1-12. Energy Bands

1-13. When atoms are brought close
together, there is an interaction between the
individual energy levels of the atoms. Figure
1-4 illustrates the energy level of two
silicon atoms (atomic number 14) that are
separated by a distance large enough to pre-
vent the shells from overlapping. Figure
1-5 illustrates the result when the atoms are
moved closer together so that the valence
shells overlap. Now, the valence shells of the
two atoms act as a single VALENCE BAND.
Only the outermost shell (M) has been
affected; the inner shells (K and L) retain
the individual energy levels of the separate
atoms. As more and more atoms are brought
together to form a piece of silicon, the
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Figure 1-5. Energy Level Interaction
of Silicon Atoms

valence shell energy levels continue to inter-
act until they form a solid permissible
energy level. This is called the valenceband.

1-14. Recall that ent ',Ty levels exist
whether they are occupied by electrons or not.
These unoccupied energy levels also combine
when brought together with other atoms.
Even though the N shells of the silicon atoms
are unoccupied they will interact when brought
together, forming a band of permissible
energy. This is called the CONDUCTION
BAND. The conduction band and the valence
band are separated by the FORBIDDEN
BAND. See Figure 1-5.

1-15. The electrons in the valence band
are under the influence of the nucleus. Appli-
cation of external energy can elevate a
valence band electron to the conduction
band. The applied energy must be sufficient
to move the electron all the way acrons the
forbidden band. The valence electrons will
never go halfway and stop. When an electron
reaches the conduction band it is considered
to be free from the influence of the nucleus.
It is now called a FREE ELECTRON.

1-16. Substances that have a large number of
free electrons are called CONDUCTORS.
Copper wire is a good conductor because it
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Figure 1-6. Energy Diagrams for Conductor,
Semiconductor, and Insulator

has many free electrons. The greater the
number of free electrons, the better the
conductor. In contrast to good conductors,
some substances have very few free electrons,
such as rubber, glass, and dry wood. Sub-
stances with few free electrons are called
poor conductors or INSULATORS. Actually,
there is no sharp dividing line between con-
ductors and insulators, since free electrons
exist to some extent in all matter. Sub-
stances between conductors and insulators are
called SEMICONDUCTORS, and they are of
prime importance in the study of solid state
devices.

1-17. Energy is required to elevate a valence
electron into the conduction band. The amount
of energy required to elevate the electron
determines whether the element is a con-
ductor, an insulator, or a semiconductor.
The energy level diagrams of a conductor,
shown in Figure 1-6, show the very narrow
forbidden band. Only a very small amount of
energy is needed to cause the electrons to
move into the conduction band. On the other
hand, the distance between the conduction
band and the valence band of an insulator is
very wide. A wide forbidden band means that
it takes a large amount of energy to free
an electron. The width of the forbidden
band of semiconductor material is between the
extremes of the conductor and the insulator.
For instance, the forbidden band of germanium

1-4
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Figure 1-7. Arrangement of Germanium
Atoms in a Crystal

is about one-tenth that of a diamond crystal
insulator. Therefore, the energy required to
elevate an electron to the conduction band of
a semi-conductor material is less than that
required tot; an insulator, but more than
that required for a conductor.

1-18. Covalent Bonding

1-19, Germanium and silicon crystals are
solid substances in which the atoms or
molecules are arranged in definite repeating
patterns. Figure 1-7 shows how atoms of
germanium align themselves when a piece
of germanium crystal is formed. A ger-
manium atom has four valence electrons.
To become stable, it must have a total of
eight electrons in the valence shell. To
accomplish this each germanium atom aligns
itself equally between its neighbor atoms.
This arrangement allows each atom to share
its valence electrons with neighboring atoms.
Figure 1-7 shows the result of this align-
ment, which is called a LATTICE
STRUCTURE. Notice that each germanium
atom appears to have eight electrons in its
outer shell. This sharing of the electrons
is referred to as COVALENT BONDING.
The covalent bonding of the germanium atoms
makes the crystal stable, and is the force
that holds crystal together.

1-20. Figure 1 Ulustrates covalent bonding
in a pure germanium crystal. The center
atom shares one electron with each of the
four neighbor atoms. Thus, the center atom
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Figure 1-8. Pure Germanium Crystal

"sees" its own four electrons plus one each
from the four neighbors, or a total of eight.
The shaded area between atoms indicates
the covalent bonding or electron pair bonding
between atoms.

1 -21. As mentioned before, a semiconductor
has characteristics between those of a con-
ductor and those of an insulator. The electrons
in the outer shell of the atoms of a semi-
conductor can be set free when enough
external energy is applied. When electrons
are freed, the material acquires some of the
properties of a conductor. The heat contained
by a pure germanium or silicon crystal at
room temperature is sufficient to cause a few

t

ENERGY

of tho valenco eloctrons to break their cov4o....
bonds and to be elevated to tho conduction
band. This is illustrated by energy 101164
diagram in Figure 1-9. Every eluctrcr
elevated to the conduction band leaves a
vacancy in the valence band structure. This
vacancy is termed a "HOLE" and acts like
a mobile POSITIVE charge equal and oppostio
to the electron's negative charge. Th
breaking of a covalent bond that produces a
free electron and a hole is called the
GENERATION of an ELECTRON -HOLE PAIR.

1-22. If a pure (intrinsic) crystal of ger-
manium or silicon, with broken covalent bonds,
is subjected to a voltage, two kinds of current
will flow. The free electrons move through
the crystal in the conduction band from
negative to positive, constituting ELECTRON
CURRENT FLOW. The second current is
HOLE FLOW in the valence band. Hole flow
depends on the movement or shifting of
valence electrons from one covalent bond to
another. As a valence electron from a
neighbor atom moves in to fill a hole, the
hole appears in the neighbor atom. Thus,
holes seem to move in a direction OPPOSITE
to that of electron flow, or they flow from
positive to negative. It is important to
remember that holes move only in the valence
band. Therefore, current flow in a semi-
conductor can be either by ELECTRON
FLOW or HOLE FLOW.

ELECTRONS (-)
ELEVATED TO
CONDUCTION BAND

AIM

olP

HOLES (0)
CREATED IN
VALENCE
BAND

CONDUCTION
BAND

FORBIDDEN
BAND

VALENCE
L.:AND

REPO -524

Figure 1-9. Electron-Hole Pair Generation (Energy Level Diagram)



1-23. Crystal With Impurities

1-24. Pure INTRINSIC germanium and
silicon crystals aro of no use as a semi-
conductor device because of the small number
of current carriers available. However, when
certain impurities are added to the crystal
the number of carriers can be increased to
obtain a useful current. This process of
adding impurities to the crystal structure
is called DOPING. The added impurities
create either an excess of electrons or an
excess of holes, depending on the type of
impurity added. Once the impurity has been
added, the crystal is called EXTRINSIC.

1-25. When arsenic is added togermanium,
the arsenic atom will form covalent bonds
with the germanium atoms. Figure 1-10
illustrates an arsenic atom (As) in a ger-
manium crystal structure. The arsenic atom

GERMANIUM
ATOMS

has five valence electrons in its outer shell,
but uses oniy four of them to form covalent
bonds in the valence band with the germanium
atoms. This leaves one electron that will go
into the conduction band and become a free
electron. This impurity donates one electron
to increase the number of free electrons
without increasing the number of holes.
Because the impurity donated free electrons
to the semiconductor material it is often
referred to as a DONOR impurity. The
resulting material conducts by electron move-
ment and is called NEGATIVE-CARRIER or
N- TYPE semiconductor material. Other donor
impurities are phosphorous, anitmony, and
bismuth.

The

also have five valence
electrons. The amount of the impurity added
is very small; it is on the order of one
atom of impurity to 10 million atoms of
germanium. The more impurities added, the
more free electrons in the crystal.

EXCESS
ELECTRON

ARSENIC
ATOM

VALENCE BAND ELECTRONS

PICTORIAL DIAGRAM

Figure 1-10. Donor Impurity
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1-20. An impurity having three valence
electrons can be added to pure germanium
to "dope" the material. Figure 1-11 shows
a germanium crystal with indium (In) added
as the impurity. Indium has three valence
electrons, therefore it has one electron less
than it needs to form all the covalent bonds
with the four neighboring atoms. Therefore,
an incomplete covalent bond (hole)is created.
Because this impurity created a hole which
will accept one electron to complete the
covalent bond, it is called an ACCEPTOR
IMPURITY. Acceptor impurities are added
to a crystal to increase the number of holes
without increasing the number of free
electrons. The resulting material conducts
by hole movement and is called POSITIVE-
CARRIER or P-TYPE semiconductor
material. Other available acceptor (three
valent electron) impurities that are used as
dopants are gallium, boron, and aluminum.
When external energy (heat, light, voltage)
releases an electron favorably close to the
impurity atom, the acceptor atom will capture
or "accept" the electron. This capture
occurs as a result of a natural tendency
of atom to form complete covalent bonds.
The acceptor atom thus "stores" anelectron
from the valence& band structure of the

GERMANIUM
ATOMS

123
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Figure 1-12. Hole Movement Through Crystal

crystal. The instant a valence electronleaves
the bonding structure for STORAGE, a hole
is CREATED in the valence band. Thus, a
hole is actually a positive mobile charge
and exists in the valence band, as shown in
Figure 1-11.

1-27. Figure 1-12 illustrates the movement
of a hole through a crystal. The original
position of the hole is at Pl. One of the
valence electrons from P2 moves over and

VACANCY

HOLE

INDIUM
ATOM

VALENCE BAND ELECTRON

PICTORIAL DIAGRAM ENERGY LEVEL
DIAGRAM

Figure 1-11. Acceptor Impurity
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Figure 1-13. Majority Vs Minority

fills the hole at Pl. In moving to fill the
hole, the electron leaves a hole at P2. Thus,
the hole has moved from P1 to P2. The above
action repeats as the hole moves through
the valence structure of the crystal.

1-28. Current Carriers in N- and P-Type
Materials

1-29. Both holes and electrons are current
"carriers." The holes are positive carriers,
and the electrons are negative carriers. The
carriers produced by doping are referred to
as MAJORITY CARRIERS. In the N-type
material, electrons are the majority carriers
and they are in the conduction band. In the
P-type material, holes are the majority
carriers and they are in the valence band.
When energy is gained by the electrons in
the crystal structure of either the N- or the
P-type materials, the electron can break its
bond. This electron will go into the con-
duction band. The electron will add to the
majority carriers electrons in the conduction
band. The hole created in the valence band
is referred to as a MINORITY CARRIER. In
the P-type material, the electron which breaks
its bond and goes into the conduction band is
referred to as the MINORITY CARRIER.
The hole created is in the valence band and
adds to the majority carriers (holes). The

1-8
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Carrier (Energy Level Diagram)

number of minority carriers in both the N-
and P-type materials is small when compared
to the number of majority current carriers.
As you recall from a previous discussion,
this creation of an electron and a hole
(electronhole pair generation) is due to the
amount of energy applied to the crystal.
Therefore, the greater the amount of energy,
the greater the number of minority and
majority carriers. This energy is generally
in the form of heat. Figure 1.13 illustrates
the majority and minority carriers of an
energy level diagram of N- and P-type
material.

1-30. Current Flow in N-Type Material

1-31. Current flow in N-type material is
illustrated in Figure 1-14. Conduction in

IELECTRONS
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Figure 1.14. Current Flow in N-Type Material
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this type of semiconductor is similar to
conduction In a copper conductor. That is,
the application of voltage across the material
will cause the electrons to move through
the crystal as shown. The positive potential
will attract free electrons in the crystal.
Electrons will leave the crystal and flow
into the positive terminal of the battery.
As an electron leaves the crystal, an electron
from the negative terminal of the battery will
enter the crystal, thus, completing the current
path. Therefore, the majority current
carriers in the N-type material (electrons)
are repelled by the negative side of the
battery and move through the crystal toward
the positive.

1-32. Differences exist between the N-type
semiconductor and a copper conductor with
reference to temperature changes. For
example, the semiconductor's ability to con.
duct increases with temperature. Increasing
the temperature will generate more electron -
hole pairs, which produce more carrier
electrons. This causes increased conductivity,
or a lower resistance. In the copper conductor,
increasing temperature decreases current
flow. Semiconductors have a NEGATIVE
TEMPERATURE COEFFICIENT OF RESIST-
ANCE. As temperature increases, resistance
decreases.

1 -33. Current Flow in P-Type Material

1-34. Current flow through P-type material
is illustrated in Figure 1-15. Conduction in
this material is by positive carriers (holes).
The hole moves from the positive terminal
to the negative terminal of the P-type
material. Electrons from the external cir-
cuit enter the negative terminal and fill
holes in the vicinity of the terminal. At
the positive terminal, electrons are removed
from the covalent bonds, thus creating new
holes. This process continues as the steady
stream of holes (hole current) moves toward
the negative terminal.

1-35. In both N.-type and P -type materials,
current flow in the external circuit consists
of electrons moving out of the negative ter-
minal of the battery and into the positive
terminal of the battery. Also, both N-type

ELECTRON FLOW

Figure 1-15. Currelit Flow in P-Type Material

and P-type materials have a negative temp-
erature coefficient of resistance.

1-36. P-N Junction

1-37. A P-N JUNCTION is manufactured
by a chemical p rocess whe re donor i mpurities
are added to one region of a crystal 'and
acceptor impurities are added to the other
region of the crystal. This gives a single
crystal with an N region and a P region.
The area where the N and P regions meet
is called a JUNCTION. Metallic contacts
are bonded to the two ends of the crystal.
The result is a P-N JUNCTION DIODE
(diode refers to two sections or elements).
One portion of the crystal is P-type material
containing the acceptor impurity. The other
portion is N-type material containing the donor
impurity. The end contacts are large sur-
faces that make a good connection with the
crystal. Figure 1-16 is a pictorial repre-
sentation of a P-N Junction diode.

LARGE
CONTACT
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1-9

354

JUNCTION

O
P-TYPE N-TYPE
CRYSTAL CRYSTAL

LEAD

LARGE
CONTACT

AREA

REPO -623

Figure 1-16. P-N Junction Pictorial Diagram
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Figure 1-17. Isolated P- and N- Type Materials

1-38. An isolated piece of N-type material
is electrically NEUTRAL; that is, for every
free electron in the conduction band there is
a positively-ionized donor atom inthe crystal
structure. Thus, while there is an abundance
of free negative charges, each one is balanced
by a fixed positive charge, and the overall
charge of the N-type crystal is zero. Figure
1-17 shows an electrical representation of
isolated N- and P-type mate rials with balanced
charges. Figure 1-17A uses energy levels to
stow the charge carriers while Figure 1-17B
is a pictorial diagram showing the charge
carriers and the ions. Figure 1-17B repre-
sents the even distribution of carriers and
ions throughout the crystals. The carriers
are placed beside each ion to-indicate the
balancing of positive and negative charges.
During the manufacturing process, when the
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P-type and N-type materials meet, a very
interesting action takes place.

1-39. The electrons in the conduction band of
the N-type material "see" the relatively
empty conduction band of the P-type material
and begin to diffuse (move or spread out)
across the junction intothe P material. These
free electrons lose energy, fall into the
valence band and fill some of the holes. At
the same time the holes in the valence band
of the P material "see" the relatively
empty valence band of the N-type material
and begin to diffuse across the junction into
the N material. The free electrons in the
conduction band of the N material will see the
free holes as vacancies in the valence band
and drop across the forbidden band to fill
them. This process is called JUNCTION

3 0 5
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Figure 1-18. P-N Junction Field

RECOMBINATION and reduces the number of
free electrons and holes in the vicinity of
the junction. The loss of an electronfrom the
N-type material will create a positive ion
in the N material while the loss of a hole
from the P material will create a negative
ion in that material.

1-40. These ions are fixed in place in the
crystal lattice structure and cannot move.
Thus, they make up a layer of fixed charges
on the two sides of the junction. On the N
side of the junction there is a layer of
positively-charged ions; on the P side of the
junction there is a layer of negatively-
charged ions. An ELECTROSTATIC FIELD
is established across the junction between
the oppositely-charged ions. Figure 1-18
illustrates the electrostatic field of the
junction, called the JUNCTION FIELD. The
junction field is shown greatly exaggerated
for purposes of explanation. The diffusion
of electrons across the junction will continue
until the magnitude of the electrostatic field
is increased to the point where the electrons
no longer have enough energy to overcome it.
At this point equilibrium is established
and for all practical purposes, the move-
ment of carriers across the junction ceases.
The action just described occurs almost
instantly when the junction is formed. Only
the carriers in the immediate vicinity of the
junction are affected. The carriers through-
out the remainder of the N Lind P material
are relatively undisturbed and remain in a
balanced condition.
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Figure 1-19. Junction Barrier Formation
Energy Level Diagram

1-41. Figure 1-18 also indicates that there
are no mobile carriers within the junction
field. Since the junction field has no mobile
carriers, it is often called the DEPLETION
REGION or JUNCTION BARRIER.

1-42. Another method used to show the
junction barrier is illustrated in Figure
1-19. An energy level diagram shows free
electrons in the conduction band of the
type material, and holes in the valence band
of the P-type material. The free electrons
in the N-type material move across the
junction into the conduction band of the P-
type material. The holes in the P-type
material move across the junction and are
filled by electrons from the conduction band
of the N-type material. This movement
results in junction barrier formation. An
energy level diagram shows the barrier to
have both height and width. The PHYSICAL
DISTANCE from one side of the barrier to
the other is referred to as the BARRIER
WIDTH. The width of the barrier,with no
external potential applied, depends on the
amount of doping. The greater the percentage
of doping, the narrower the barrier width.
The BARRIER HEIGHT is the DIFFERENCE
OF POTENTIAL across the depletion region
(strength Of the junction field). As recombi-
nation of electrons and holes continues, the
barrier becomes wider and higher.
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Equilibrium occurs when the barrier is large
enough to prevent further recombination of
electrons and holes. In other words, the
barrier, or junction field, prevents total
recombination.

1-43. Biased P-N Junctions

1-44. An external potential applied to a
P-N junction is called BIAS. A battery
connected across the P-N junction develops
a "bias" across the junction. If the battery
is connected so that its voltage OPPOSES
the junction field, it will reduce the height
and width of the junction barrier and there-
by aid current flow through the junction. The
junction is then FORWARD BIASED (low
resistance direction). If the battery is con-
nected across the junction so that its voltage
AIDS the junction field, it will increase the
height and width of the junction barrier and
thereby oppose current flow through the
junction. The junction is then REVERSE
BIASED (high resistance direction).

1-45. Forward Bias

1-48. The forward bias connection ia illus-
trated in Figure 1.20. Here the POSITIVE
terminal of the bias battery is connected
to the P-type material and the NEGATIVE
terminal of the battery is connected to .the
N-type material.

1-47. The positive potential connected to the
P-type material repels holes toward the
junction. These holes neutralize some of the
negative ions at the edge of the junction
barrier.

1-48. In the N-type material the negative
potential repels electrons toward the junction.
These electrons neutralize some of the
positive ions at the edge of the junction
barrier. Since ions on both sides of the
barrier are being neutralized, the barrier
will be decreasing in both width and height.
Thus, the effect of the battery voltage in the
forward bias direction is to reduce the
barrier potential across the junction and
to allow majority carriers to cross the
junction.
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Figure 1-20. Forward Biased P-N Junction

1-40. The current flow and method of Con-
duction in a forward biased P-N junction
is as follows: An electron leaves the nega-
tive terminal of the battery and moves to
the terminal of the N-type material. It
enters the N material, where it is the
majority carrier, and moves to the edge
of the junction barrier. Due to forward
bias, the barrier offers less opposition to
the electron and it will pass through the
depletion region into the P-type material.
The electron loses energy in overcoming
the opposition of the junction barrier, and
upon entering the P material, combines with
a hole. The hole was produced whenan elect-
ron was extracted from the P material by the
positive potential of the battery. The created
hole moves through the P material toward
the junction where it combines with an
electron.

1-50. It is important to remember that in
the forward biased condition, conductionisby
MAJORITY current carriers (holes in the P-
type material and electron in the N-type
material). Increasing the battery voltage will
increase the number of majority carriers
arriving at the junction and the current
flow increases. If the battery voltage is
increased to the point where the barrier is
greatly reduced, a heavy current will flow
and the junction may be damaged from the
resulting heat.

1-51. Figure 1-21 illustrates the effect
of forward bias on the height and width of
the barrier. With a forward bias voltage
acrosa the PN junction, the barrier height
and width decrease. This represents a lower
resistance and, therefore, more current
flow.
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1-53. To reverse bias a junction diode, con-
nect the NEGATIVE battery terminal to the
P-type material, and the POSITIVE battery
terminal to the N-type material. The nega-
tive potential attracts the holes away from
the edge of the junction barrier on the P
side, while the positive potential attracts
the electrons away from the edge of the
barrier on the N side. This action increases
the barrier height and width because there
are more negative ions on the P side of the
junction, and more positive ions on the N
side of the junction. The Increase in the
number of ions prevents current flow across
the junction by majority carriers.
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1-54. Figure 1-22 illustrates a reverse-
biased P-N junction. Notice that the width
of the junction barrier has been increased. Figure 1-22. Reverse Biased 12.N Junction
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Figure 1-23. Effect of Reverse Bias on Barrier Height (H) and Width (W)

1-55. Figure 1-23 illustrates the effect of
reverse bias on the height and width of the
barrier. With a reverse-bias voltage across
the P-N junction, the barrier height and
width increases. This represents a high
resistance and no majority current flow.

1-58. The current flow across the barrier is
not zero, however, because of minority
carriers crossing the junction. As you recall,
when the crystal is subjected tn an external
source of energy (light, heat, etc.), electron-
bole pairs are generated. These electron-
hole pairs produce minority current carriers.
There are minority current carriers in both
regions: holes in the N material tindelectron
in the P material. With reverse bias, the
electrons in the P-type material are repelled
toward the junction by the negative terminal
of the battery. As the electron moves across
the junction, it .will neutralize a positive
ion in the N-type material: Similarly, the
boles in the N-type material will be repelled
by the positive terminal of the battery
toward the junction. As the hole crosses the
junction, it will neutralize a negative ion
in the P-type material. This movement of
minority carriers is called MINORITY CUR-
RENT FLOW, because the boles and electrons
involved come from the generation of electron-
bole pairs in the crystal lattice structure,
and not from the addition of impurity atoms.

1-57. Figure 1-24A shows minority current
flow on an energy level diagram. It is
relatively easy for the electron in the P-type
material and the bole in the N-type material
to cross the junction, since this movementis
aided by the junction field. Figure 1-24B
illustrates boles in the N-type material and
electrons in the P-type material being
REPELLED (by the battery) toward the
junction. In both cases these are minority
carriers. The junction field alds minority
carriers only. Therefore, when the minority
carriers reach the junction barrier, they
will move easily across the junction.

1-14

1-58. Thus, under reverse-biaa conditions
there will be a small current flow due to
minority carriers crossing the junction. This
current flow is small at normal operating
temperatures. Howl ier, as temperature
increases, the "minority current'. increases,
since more electron-bole pairs are generated.

1-59. P-N Junction Symbol and
Characteristics

1-80. The schematic symbol of a P-N
junction diode is shown in Figure 1-25.
The bar represents the CATHODE (N -type
material) and the arrow represents the
ANODE (P-type material). Electron flow is
against the arrow. For clarification,
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Figure 1-26. Current- Voltage Relations for a
200-Ohm Resistor.

a pictorial diagram of a PN junction is
also illustrated.

1-21. A 1344 junction diode is a NON-
LINEAR device, whereas, a resistor is a
LINEAR device. The differences can be
seen by plotting the current-voltage rela-
tionships of each device and then comparing
the result. The chart in Figure 1-28 shows
the result of plotting voltage against current
for a 200 ohm resistor. Various points can
be determined by the formula E = IR or

EI= a

1-62. At point A in Figure 1-26 the voltage
applied to the 200 ohm resistor is 5 volts,
resulting in 25 mA. of current. At point C,
the voltage is 15 volts, and the current has
increased to 75 mA. Notice the linear change
it current through a resistor with a change
in voltage. Tripling the voltage applied results
in three times the current flow.

1 -83. The voltage-current relationship
(characteristic curve) of a P-N junction diode
is shown in Figure 1-27. The resistance
can be determined from the curve by using

the formula R = E At point Ain Figure
I

i -27, the forward voltage Is 1 volt and
the forviard current is 5 mA. This represents
200 ohms of resistance (1 voit/5mA. =
200 ohms). At point B, the voltage is 3
volts and the current is 50 mA. This gives
80 ohms of resistance for the diode. Notice
that, when the forward bias voltage was
tripled (1 volt to 3 volts), the current
increased ten times (5 mA. to 50 mA).
This illustrates the NONLINEAR relation-
ship between voltage and current in a P-N
junction. Note also that resistance decreased
from 200 ohms to 80 ohms when forward
bias voltage increased.

1-84. The diode conducts very little when
reverse biasfd. At point C in Figure 1-27
the reverse bias voltage is 80 volts and the
current is 100 micro amps. The diode
has 800 k ohms of resistance, which is very
much larger than the resistance of the
junction with forward bias. This also indi-
cates the nonlinear characteristics of a P-N
diode.

1-85. Notice on the curve at point D the
.urrent increases rapidly. This rapid

increase in reverse current is called
AVALANCHE CURRENT. This avalanche cur-
rent is caused by excessive reverse bias
voltage.

1 -88. Structure breakdown occurs when the
applied voltage is sufficiently large to cause
the covalent bond structure to be broken,
causing a large number of elcctron-hole
pairs to be generated. At this point a sharp
rise in reverse current occurs. The genera-
tion of the new holes and electrons continues

9e
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Figure 1-27. Voltage - Current Characteristics of Diodes

to such a point that they have violent col-
lisions with the valence band electrons of the
germanium crystal atoms, releasing more and
more carriers. Because of the heat generated,
the diode will be destroyed.

1-67. The diode can also be destroyed by
applying excessive forward bias. Note in
Figure 1-27, as forward bias is increased,
forward current increases. If this forward
current is allowed to become too large,
the heat generated by this excessive current
will cause structure breakdown. As you
recall, any time heat is applied to a P-N
junction, electron-hole pairs are generated,

which increases current flow. This increase
in current generates more heat and the
cycle repeats. This action is referred to as
THERMAL RUNAWAY.

1-68. Normal operation of the diode is
between points D and E in Figure 1-27.
Operating beyond these points will cause
structure breakdown and can destroy the
diode.

1-69. Many types of semiconductor diodes
are available. They vary in size from the
size of a pinhead, used in subminiature
circuitry, to large 260ampere diodes used
in high power circuits. Some of the typical

1-17
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Figure 1-28. Physical Appearance of Semiconductor Diodes

diodes are shown in Figure 1-28. The cathode
lead of the diode is identified by a distinctive
marking (color dot or band, & sign) or by
its unusual shape (raised edge or taper).

1-70. PN Junction Diode Ratings

1-71. P-N junction diodes are generally
rated for:

Maximum average forward current.

Peak recurrent forward current.

Maximum surge current.

Peak reverse voltage (PRV).

1-72. Maxtnun average forward current is
usually given at a specified temperature,
(usually 25.C), and refers to the maximum
amount of average current which can be
permitted to flow in the forward direction.
If this rating is exceeded, structure break-

1-18

down can occur, as illustrated in Figure
1-27 beyond point E.

1-73. Peak recurrent forward current is
the maximum peak current which can be
Permitted to flow in the forward direction
in the form of recurring pulses.

1-74. Maximum surge current is the maxi-
mum current permitted to flowinthe forward
direction in the form of non-recurring pulses.
Current should not equal this value for
more than a few milliseconds.

1-75. Peak reverse voltage (PRV) is one of
the most important ratings. PRV indicates
the maximum reverse bias voltage which may
be applied to a diode without causing structure
breakdown (point D in Figure 1-27). All

of the above ratings are subject to change
with temperature variations. If the operating
temperature is above that stated for the
ratings, the ratings must be decreased.
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Chapter 2

TRANSISTORS

2-1. The transistor is another electronic
device that makes use of the flow of current
carriers through a semiconductor. We dis-
cussed two -element semiconductor diodes,
which permit more current to flow in one
direction than in the other. The next semi-
conductor that we will study has three ele-
ments and can be used as an amplifier.

2-2. Transistors are semiconductor devices
that have three or more electrodes. The
term transistor was derived from the words
TRANSFER and RESISTOR. There are many
different types of transistors with individual
characteristics, but the basic theory of
operation is the same for all of them.

2-3. This chapter first discusses the con-
struction and operation of the THREE ELE-
MENT device. Then we show how the
transistor can be connected in various cir-
cuits and we will discuss the characteristics
of each. Finally, we discuss the CURRENT
T RA NSF E B RATIO or control characteristics
for each configuration.

2-4. The JUNCTION TRANSISTOR triode
(TRIODE meaning three electrOdes)has three
elements and two P-N junctions. These
three elements are: (1) the EMITTER,
which gives off or "emits" current car-
riers (electrons or holes), (2) the BASE,
which controls the flow of the current car-
riers and (3) the COLLECTOR, which col-
lects the current carriers. A metal lead
or contact is attached to each element or
section, to allow the transistor to be con-
nected to the external circuitry. Transistors
are classed as PNP or NPN according to
the arrangement of the N and P materials.

2-5. Transistors have two PN junctions. One
PN junction is between the emitter and the
base (called the EMITTER-BASE or EB
junction); the other PN junction is between
the collector and the base (called the COL-
LECTOR-BASE or CB junction). (If you need
a review of junction characteristics, refer
back to Chapter 1.) Because the junction

2-1

3 c I

transistor has 2 PN junctions, it is some-
times called a BIPOLAR device. One type 01
junction transistor is formed by introducing
a thin region of P-type material between
two regions of N-type material in a singlo
crystal of germanium or silicon. The
transistor so formed is called an NPN
transistor. By introducing a thin region of
N-type material between two regions of P-
type material a PNP transistor is formed.

2-6. The electrostatic fields are established
at the junction barriers in the same manner
as in the basic PN junction. Figure 2-1
shows a pictorial view of an unbiased NPN
transistor, with the ions, carriers (holes and
electrons), and junction barrier illustrated.

2-7. In this unbiasedtransistor, recombina-
tion has already occurred, and the junction
barriers have been established. The base in
Figure 2-1 is formed of P-type material
and contains holes. The emitter and collector
are both N-type material and contain free
electrons.

2-8. An energy level diagram, as shown in
Figure 2-2, can also be used to illustrate
the junction barriers in a transistor. Re-
combination between the base and emitter
materials results in the formation of the
emitter-base junction barrier. The same
actions take place between the collector and
base materials, forming the collector-base
junction barrier.

2-9. For normal operation of a transistor,
the following rules apply:

a. The EMITTER-BASE junction is
normally FORWARD BIASED.

b. The COLLECTOR-BASE junction
is REVERSE BIASED.

2-10. In certain applications, these rules are
modified, as will be discussed in a later
chapter. Forward bias at the emitter-base
junction reduces the size and intensity of the
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emitter -base junction barrier. Therefore, the
emitter-base junction has a low resistance
due to the forward bias. Reverse bias at
the CH junction increases the size of the
collector-base junction barri e r. Reverse bias
opposes conduction by majority carriers;
thus, the CB junction has a high resistance.

2-11. Figure 2-3 is a pictorial diagram of
two transistors showing the eUect on the
junction barrier when the bias batteries are
connected. The bias batteries are labeled
V

CC
for the collector voltage supply and VEE

for the emitter voltage supply. Notice tai
VEEP which supplies forward bias, reduces
the junction barrier of the emitter-base
junction, and that Vf,r, which supplies
reverse bias, increaseeMe junction barrier
of the CB junction in both the NPN and PNP
transistor.

2-12. The basic current paths through an
NPN transistor are illustrated in Figure
2-4A. The solid arrows indicate electron
flow. The dotted arrows indicate hole flow.
Current flow in the external circuit is
always electron flow. Emitter current (IE)
is shown leaving the emitter supply battery
and flowing to the N-type emitter. Since
electrons are the majority carriers in N
material, the electrons will move through
the emitter to the emitter-base junction
barrier. Having gained energy from VEr,
the electrons will overcome the small opposr-
tion of the forward biased junction, and cross
into the base region.

2-13. The base region is P-type material
and the electrons are now minority carriers.
As they move into the base region, some of
them will recombine with available holes.
The electrons that recombine will move out
through the base lead as base current (IB),
and return to the emitter supply battery
VE Most of the electrons that move into
theEP -type base region will come under the
influence of the very intense collector-base
junction field. The direction of the reverse
biased collector-base field is such that move-
ment of these electrons will be aided. Since
the electrons are minority carriers at this
time, they will be aided by the CH field

2-4

and cross into the collector region. The
collector is N-type material, and the electrons
are again majority current carriers. The
electrons now move through the collector
material to the positive collector terminal.
They will then move out of the collector
and return to the positive terminal of V

CCas collector current (1C). The electron,
then, is the majority current carrier in the
NPN transistor.

2-14. The basic current paths in a PNP
transistor are as shown in Figure 2-4B.
The majority current carrier in the PNP
transistor is the hole. Briefly, the method
of current flow through a PNP transistor
is as follows: The energy supplied by the
emitter supply (VEE) causes an electron-
hole pair to be generated at the emitter
terminal. The electron travels through the
wire to the positive terminal of VEE as
emitter current, IE.

2-15. The hole generated in the P-type
emitter is the majority carrier and will
move through the emitter toward the emitter-
base junction. The energy supplied by VEE
will enable the hole to overcome the EB
junction barrier and cross into the N-type
base region. Some holes will recombine with
electrons in the base. This recombination
causes electrons to be drawn from the
negative terminal of VEE, through the base
lead, and into the base material. The result
is a small base current flow (43). The holes
that move into the N-type base become
minority carriers, and will come under the
influence of the strong CB junction field.
The movement of the holes will be aided
by the CB junction field, and they will cross
into the collector region. The holes again
become majority carriers and will move
through the collector toward the negative
terminal of Vco where they will recombine
with electrons from the collector supply,
resulting in the flow of collector current (IC).

2-18. While electron flow in the external
circuit of the PNP transistor is opposite
to that of the NPN, notice that, regardless
of the type of transistor, the majority
carrier always moves through the transistor
from the emitter to collector.
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2-17. Figure 2-5 illustrates the movement
of current carriers under the influence of a
junction field. In Figure 2-5A, notice that
electrons move against the field and holes
move with the field.

2-16. Carriers that enter the base region
and recombine become base current and are
lost as far as collector current is con-
cerned. Thus, for a transistor to be efficient,
as many of the emitter carriers as possible
must reach the collector region. A very thin
base region will give little chance for recom-
bination to take place. Also, if the base
region is lightly doped, there will be few
majority carriers in the base available for
recombination. Therefore, the base region is
very THIN and LIGHTLY DOPED. This
reduces the opportunity for a carrier to
recombine and be lost.

2-19. Normally, the collector is physically
larger than the base or emitter regions.
There are two reasons for this: First, to
increase the chance of collecting carriers
that cross the base region; and second, to
give the collector the ability to dissipate
more heat.

2-20. Transistor Currents

2-21. Understanding transistor currents
leads to an understanding of transistor

2-5
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operation. We will now discuss the relative
magnitude of currents and bias voltages
using energy level diagrams.

2-22. Figure 2-6 shows an NPN transistor
that has 0.1 volt forward bias across the
base-emitter junction (VEE) and '0 volts
of reverse bias across the collector-base
junction (VCC). The 0.1 volt reduces the
width and height of the emitter-base junction
barrier. The 10 volts VCC increases the
width and height of the collector-base junction
barrier. For majority carriers, the emitter-
base junction appears as a low resistance,
and the collector-base junction appears as a
high resistance.

2-23. The N-type emitter has many free
electrons in the conduction band. The P-type
base has few holes because it is lightly
doped. The holes exist in the valence band.
The N-type collector has many free electrons
that are in the conduction band. The forward
bias voltage (VEE) will allow some of the
free electrons in the emitter to overcome
the base-emitter barrier and enter the base,
still as free electrons in the conduction band.
These electrons have been injected from the
emitter into the base.

2-24. Once the electrons are in the base
region, they are minority carriers. They now
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have two choices; to go on to the collector
or stay in the base. To stay in the base, the
electron must lose energy, fall from the
conduction band into the valence band, and
recombine with a hole. The recombination of
an electron and a hole results in base cur-
rent (I8). Remember, however, that the
base has few holes available for recombination
with electrons from the emitter.

2-25. Most of the injected carriers will
go on toward the collector junction, attracted

2-6

by the large positive collector potential.
The collector -base junction is forwardbiased
for minority carriers (electrons 'nth. base).
The injected carriers see a forward biased
junction and readily move into the collector
material; they have been injected from the
base into the collector. Once they arrive
in the collector, the electrons are majority
carriers (in the conduction band of the
energy level diagram) and flow through the
collector region and out the collector
lead.
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2-26. The relative magnitude of the currents
in the leads of a transistor can be discussed
in terms of percentage. Total transistor
current flows in the emitter lead, so IE is
100 percent. Part of the current that enters
the emitter goes to the collector and part of
it goes to the base. Emitter current is the
stun of collector current (IC) and base cur-
rent (IB). Likewise, lc is equal to IE
minus I

B'
or IB is equal to I

E
minus IC.

2-27. In general, transistor base current
(IB) is from two to eight percent of the
emitter current (IE); the average is about
five percent. Consider a transistor that has
100%, 2%, and 98% current distribution in
the emitter, base, and collector respectively,
with an emitter current of 10 mA. Collector
current would be 9.8 mA, and base current
would be 0.2 mA or 200 microamps.

2.7
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2-28. The fact that the emitter-base voltage.
is relatively small (with a correspondingly
small base current) does not mean that it
is unimportant. The emitter-base voltage
and its effect on base current can be con-
sidered the CONTROLLING FACTOR for the
transistor. To illustrate the controlling effect
the emitter -base voltage has on the transistor
currents, refer to Figure 2-7. Figure 2-7A
shows an NPN transistor with 0.2 volts of
forward bias and 10 volts of reverse bias.
The simplified energy level diagram shows
the height (H) and width (W) of the base-
emitter junction barrier. Under these con-
ditions current willflow from emitter-to-base
and emitter-to-collector. The width of the
arrows indicate the relative magnitudes of
1E, IB, and IC. Figure 2.7B has the forward
bias voltage increased to 0.3 volts. The
increase in forward bias reduces the base-
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emitter junction barrier and allows more
electrons to reach the base and collector,
causing an increase in base current, emitter
current, and collector current. Figure 2-7C
shows what happens when the forward bias
voltage is reduced to 0.1 volts. The emitter-
base function barrier increases in height
and width, and reduces 1B, 1E, and IC.
The conclusion that can be made is this:
The effect of the relatively small emitter-
to-base voltage on BASE CURRENT controls
the relatively large COLLECTOR CURRENT.

2-28. The emitter-base voltage of a PNP
transistor has the same controlling effect as
that of the NPN. Figure 2-8A Illustrates
a PNP transistor with 0.2 volts of forward
bias between the base and the emitter and
10 volts of reverse bias betwee n the collector
and base.

2-30. Because holes are the majority
carriers in a PNP transistor the energy
level diagram is now inverted. That is,
holes try to move upward in ene rgy (electrons
try to move downward in energy). For the
holes in the emitter to be injected into the
base material, they must cross the emitter-
base junction barrier. The height and width
of the barrier represents an opposition to
current just like the barrier in the NPN
transistor. Therefore, with 0.2 volts
of forward bias (Figure 2-8A), base emitter,
and collector current will flow (represented
by arrow).

2-8

2-31. When the forward bias of the emitter-
base junction is increased (Figure 2-8B),
the base emitter, and collector currents will
increase_ This forward bias has reduced
the height and width Of the junction barrier,
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Figure 2-9. Nonlinear Characteristics of
Emitter-Base Voltage Versus Collector

Current

making it easier for holes to flow from the
emitter into the base region.

2-32. When forward bias is decreased
(Figure 2-6C) to 0.1 volts, the height and
width of the emitter-base barrier increases
and IB, 1E, and lc decrease. Again, the
effect of the relatively small emitter-to-
base voltage on 'ease current has a very
large controlling effect on the collector
current.

2-33. Although the current through a tran-
sistor can be controlled by the base-emitter
voltage, this control is nonlinear and does
not give a clear picture of the actual tran-
sistor conditions. Figure 2-9 is a curve
showing the nonlinear relationship between
the base-emitter voltage and collector cur-
rent. Taking 1 volt as a reference, a 0.1
volt increase causes collector current to
change 7 mA (from 9 mA to 16 mA). A
0.1 volt decrease produces a collector cur-
rent change of 2 mA (from 9 mA to 7 mA).

2-34. On the other hand, a very desirable
condition exists when the base current is used
as the controlling factor. Figure 2-10 illus.

t rates a curve plotting base current in micro-
amps against collector current in mailers:1m
notice that there is virtually a linear rela-
tionship between IB and lc. Therefore, the
collector current will be directly proportional

2-9
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SASE CURRENT IN MICROAMPS (IB)

Figure 2-10. Linear Characteristics of
Base Current Vs Collector Current

to the amount of base current. The average
DC base current is called BIAS. Since bias
(base current) is the controlling factor in the
operation of a transistor, they are referred
to as CURRENT-CONTROLLED devices.

2-35. Leakage Current

2-36. As you recall, the collector-base
junction is reverse biased for normal tran-
sistor operation. If the emitter lead were
open, IE would cease, allowing us to measure
the small reverse leakage current which will
flow from collector to base. This current
flow is referred to as LEAKAGE CURRENT
or ICBO. In the term ICBO, the I indicates
current, the subscripts C and B indicate
collector and base elements, and 0 means
open emitter lead. Thus, ICBO means
collector-base reverse bias current
measured with the emitter lead open. Although
the emitter lead is opened to conveniently
measure ICBO, this current will flow as
long as the CB junction is reverse biased.

2-37. Figure 2-11 shows an NPN transistor
with the emitter circuit open and the direction
of 1CBO indicated. Notice that the direction
of !CB° is OPPOSITE to that of normal
base current. However, under normal
operating conditions, the amount of 1CBO
is quite small (in the microampere range)
and reduces base current by only a small
amount. Since this current is due to minority
carriers, the amount of leakage current
increases with an increase in the junction
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temperature. As ICBO increases, base
current will be lees effective in controlling
transistor operation. Note also that the
direction of ICBO aids IC, and as junction
temperature increases, total collector current
(lc + IcB43) increases. This increase in
current generates more heat, which would
greatly reduce the efficiency of the transistor
and possibly destroy it (thermal runaway).

2-38. As a general rule, ICBO doubles in
value for each temperature rise of 8 to 10
degrees Centigrade. Since ICBO is determined
by heat, the Junction temperature must be
kept low for efficient and sate operation.
The amount of leakage current is often used
as a measure of transistor quality. The
leakage current (Icno) in a transistor Is
often refe rred to as SATURATION CURRENT,
because the amount of current is dependent
primarily on junction temperature, and is
relatively independent of the amount of
reverse bias voltage (VCC).
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Figure 2-12. Transistor Symbols

2-39. Transistor Symbols

2-40. Figure 2-12 shows the schematic
symbols for PNP and NPN transistors. The
only difference between the two symbols is
the direction of the arrow on the emitter
lead. In the PNP, the arrow is pointing
toward the base lead. In the NPN, the arrow
points away from the base lead. Electrons
flow AGAINST the arrow. Electron flow in a
PNP transistor circuit is into the collector
and base, and out of the emitter. Electron
flow in an NPN transistor circuit is into the
emitter and out of the base and collector.
In either case, the electron flow is AGAINST
the arrow on the emitter lead. Where several
transistors are used in a circuit, they are
generally numbered QI, Q2, and so on, for
identification.

B. NPN

Figure 2-13. Bias Polarities and Current Directions
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Figure 2-14. Biasing a Transistor from a Voltage Divider

2-41. Figure 2-13 uses the schematic
symbols of the NPN and PNP transistors
with battery symbols to show the proper bias
polarities and the current directions. Figure
2-13A shows a PNP transistor biased for
proper operation. The base is negative with
respect to the emitter by 0.2 volts due to
battery El, which is forward bias for the
emitter-base Junction. Notice also that the
collector is negative with respect to the
emitter by 10 volts, due to battery E2.
This means, the collector is more negative
than the base by 9.8 volts (E2 - El). This
9.8 volt difference in potential is felt by the
collector-base Junction and is the required
reverse bias.

2-42. This same method can be used to
properly bias an NAN transistor, as shown
in Figure 2-13B. Notice that the batteries

2-11

/3(k

are of the opposite polarity, and electron flow
in the external circuit is in the opposite
direction. Battery El supplies the forward
bias for the emitter-base Junction, and E2
places the collector at +10 volts. Once again,
the difference in potential between the base and
collector (9.8 volts) is the reverse bias
across the collectorbase Junction.

2-43. Biasing of transistors for proper
operation has been illustrated using two
batteries to supply the emitter-base forward
bias and collectorbase reverse bias. How-
ever, proper operation can also be achieved
by using a single battery or power source and
a voltage divider to obtain these voltages.

2-44. The use of a single power source to
supply the an3ensary bias voltages is illus-
trated in Figure 2.14. This single power
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source is generally referred to as Vcc
RI and R2 form a simple series voltage
divider. Notice that R2 is connected across
the base.emitter junction of the transistor,
and the voltage drop across R2 (0.2 volts)
will be felt as forward bias for the EB
junction.

2-45. Resistor Ri is connected across the
collector-base junction. The 9.8 volt drop
across this resistor will make the collector
more poeitive than the base, and therefore,
provides the necessary reverse bias for the
collector-base junction.

2-48. In most equipment, several transistors
are used, all powered from a single power
source. It is often convenient to indicate
connections to the power source (VCC) in the

manner shown in Figure 2-14B. The terminal
marked Vcc is understood to be connected
to the positive 4+) terminal of the power
source (as indicated by the dotted line),
and the other terminal is understood to be
connected to ground. When -Vccisindicated,
the negative terminal of the power source
is connected to this point, and the positive
terminal is understood to be connected to

ground.

2-47. In some circuits, resistor R2 (see
Figure 2-14A) is not used; the resulting
circuit is shown in Figure 2-14C. The resist-
ance of the emitter-base junction, RBE, is
used to provide proper bias in the circuit.
The EQUIVALENT CIRCUIT shown in Figure
2-14D shows how this is done. Resistors Rl
and RBE now form the series voltage divider

to provide bias. The voltage drop across
RBE makes the base positive with respect
to the emitter (forward bias) and Ri pro-
vides the reverse bias for the collector-
base junction in the same manner as before.

2-48. Transistor Configurations

2-49. In previous lessons we have dis-
cussed the construction, biasing, and basic
operation of the transistor. Now we will
discuss some applications of the transistor,
and ite circuit characteristics. One important
application of the transistor is to obtain

voltage or current amplification. AMPLI-
FICATION is defined as the ability of a circuit
to take a small change in voltage or current

and produce a larger change in output voltage

or current that accurately follows every detail
of the Input.

2-50. Examples of devices that produce
these small changes in input voltage or
current are microphones and magnetic tape
decks. These small changes are referred
to ae INPUT SIGNAL voltages or currents.
When these signals are applied to the input
of an amplifier, much larger changes in
voltage or current are produced at the output.
These output changes are referred to as the
OUTPUT SIGNAL.

241. A transistor may be connected in any
one of three basic amplifier configurations.
Each type has particular characteristics
which make it suitable for specific appli-
cations. These circuits are the (1) common-
emitter (CE), (2) the common-base (CB), and
(3) the common collector (CC) configuration.
They are also sometimes called the (1)

grounded-emitter, (2) grounded-base, and
(3) grounded - collector configurations. The

COMMON or GROUNDED element of the tran-
sistor is that element which is common to
both the input and output signal path. Figure
2-15 shows the three basic configurations
using ass NPN transistor.

2-12
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C

Figure 2-15. Transistor Configurations
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2-52. Moire 2-15A shown the common-
emitter (Ci.:1 configuration. Only the signal
paths are shown; the necessary bias cir-
cuitry has been left out for simplicity. In
a common emitter configuration, the input
signal voltage is applied to the base of the
transistor with respect to the emitter. The
output is taken from the collector with
respect to the emitter. Notice that the emitter
is COMMON to both the input and output
signal paths.

2-53. Remember that a change in voltage
across the base-emitter Junction (bias voltage)
will cause the base current to change, pro-
ducing a change in collector current. In the
next chapter you will learn how this change
in collector current can produce a change in
collector-emitter voltage. This change in
voltage will become the output signal voltage.
2-54. We can use the following steps to
identify a transistor configuration:

a. Identify the element to which the input
signal is applied (base); the input is always
applied to the emitter or base.

b. Identify the element from which the out-
put signal is taken (collector); there will
always be a load resistance in the output.
The output is never taken from the base.

c. The remaining element tells the name
of the configuration (common emitter).

VCC

A. NPN

245. Let us apply these steps to identify
the configuration shown in Figure 2-15B.
The input signai is applied to the emitter.
The output signal is taken from the col-
lector. Since the base is the remaining
element, this transistor is in the common-
base (CB) configuration. Before studying the
effect of the input signal on the circuits,
we will first discuss the DC or STATIC
operation and current paths for each
configuration.

2-56. Common Emitter Configuration

2-56A. Figure 2-16 illustrates the con-
nections for both NPN and PNP transistors
in a common emitter configuration. The NPN
transistor usually has a positive voltage
( +VCC), and the PNP transistor usually has a
negative voltage (- VCC)to satisfy the require-
ments necessary for the proper bias of the
transistor. The forward bias for the EB
junction and reverse bias for the CB junction
are provided by Vcc, RI, and R2, which
:arm a series voltage divider bias network.
Resistor RL is called a COLLECTOR LOAD
RESISTOR, and its function in the circuit
will be discussed in detail in the next
chapter.

2-57. Figure 2-16A shows that, with proper
bias applied, there will be electron flow INTO

-vCC

B. PO

Figure 2-16. Common Emitter Configuration

2-13
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Figure 2-17. Static Common Emitter Configuration and Characteristic Curves (2N334)

the emitter (IE). A portion of this current
will flow OUT of the base lead as base
current (IB). Most of the current will continue
to flow through the transistor, and come OUT
of the collector lead as collector current (IC).

2 -58. Figure 2-18B shows current paths for
the PNP transistor. Notice that Vcc is now
negative, and electrons flow from the power
source to ground. Electrons flow INTO the

2-16

the base through R1 and INTO the collector,
and OUT of the emitter lead.

2-59. In our discussion of tramistors we
have used general terms to indicate its
characteristics; that is, small voltage, small
current, larger current, etc. Transistor cir-
cuit conditions and operation canbe predicted
much more accurately by the use of character-
istic '.:rues. A transistor CHARACTERISTIC

3 7 7



CUkIVE is a graph plotting the relationships
between currents and voltages inatransietor
circuit. Usually, more than one curve is
plotted on the graph. The graph is then
called a FAMILY of curves.

2-60. To determine the characteristic
curves for a transistor, a static configuration
(as shown in Figure 2-17A) is used This
static circuit allows us to measure the
CONTROL ADVANTAGE the base-emitter
Junction will have on collector current. For
example, the circuit of Firm 2-17A is a
static grounded emitter configuration. R1 is
used to set the level of base current at some
constant value (say 1B is 50gA). Then the col-
lector current lc is measured for various
values of collector-emitter voltage. The
results are plotted, forming the 1B 50AA
line in the family of curves (Figure 247B).
This procedure is repeated to form the other
curves in the family shown.

2-81. Figure 2-17B Illustrates a family of
curves for a 2N334 transistor used in a
common emitter configuration. This chart
can only used for the 2N334 type tran-
sistor in a CE configuration. Changing either
the type oftransistoror its CONFIGURATION
would require a different family of curves.
These curves are supplied by the
manufacturer.

2-02. The HORIZONTAL AXIS of the graph
plots collector-emitter voltage (VCE) from 0
to 40 volts. The VERT1C.AL AXIS plots
collector current (IC) values from 0 to 7
mA. The curves are showing different levels
of base current (1B) For example, at any
point on the curve marked IB = 100 Mitt
the base current will be 1000. Any point
on one of the 1B curves then shows three
important things - the base current, the
collector to emitter voltage, and the resultant
collector current. If the transistor were
biased to allow 75 ALA base current to flow
with 10 volts of collector voltage (Point A,
Figure 2-1713), the curve predicts the amount
of collector current that will Sew (1c 0
1.4 mA ).

2-83. The output characteristic curve also
shows the effect that a change in collector

2-15

voltage (VC, ) will have on collector cueront
(1c). For example, with VCE s 10 volts and
ID a 75)1A, the collector current (lc) is
equal to 1.4 mA. If VCE is increased (Point
B, Figure 247B) notice that IC changesfrOin
1.4 mA at 10 volts to 1.0 mA at 40 volt&
From this we can conclude that, except for
very low collector voltages, large changes in
VCE result in only small changes in collector
current.

2-84. The output characteristic curve for a
transistor also shows the relationship between
changes in base cur rent (1B) and the resulting
changes in collector current. For example,
with VCE 2 10v and lE * 750A., the collector
current will be 1.4 mA. If the bias cur-
rent (1B) is increased from 75ALA to 100,AA
(Point C, Figure 2-17B), collector current
will increase to 2.5mA. We can readily see
that a small change in la, from 75 AA
to 100 AA (a change of 25 IA), produces a
large change in collector current (2.5 1

1.4 mA = 1.1 mA).

2-85. The CONTROLLING EFFECT of base
current on collector current is called BETA.
Beta is the maximum theoretical current
galn (amplification factor) of a common
emitter configuration. BETA is therefore
defined as the forward current transfer ratio
of a common emitter configuration. The
formula is:

1A C
Beta (A?) = with V constant

A II
with

CE

(p is the Greek letter Delta, and is used
to indicate a small change.) CE amplifier
gain is somewhat less, as determined by
circuit component values and will be dis-
cussed in a later chapter.

2-68. Using the curves in Figure 2-18,
we can calculate beta forthe 2N334 transistor
in a CE configuration. As an example, let
us assume a constant IrcE of 20 volts.
If the input current (1B) is changed from
75 AA to 100 IA, the output current (lc)
will change from 1.5 mA to 2.8 mA. Placing
the values for AlB (25 siA) and a lc (1.1 mA)
in the formula we calculate beta to be 44,
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AIC 1.1 x 10-3 1100 x 10,
8

- 44
-

Beta 7-1-- =

" B 25 x 10-6 25 x 10-u

This simply means that a change in base
current produces a change in collector cur-
rent which is 44 times as large.

2-87. The characteristic curve also illus-
trates the DC resistance that transistors
offer in a circuit, and the effects that
changes in base current have on this col-
lector to emitter resistance. Refer to Figure
2-18. U the transistor is operated with
V CE = 20 volts and a bias (base current)
of 75 pA, there will be 1.5 mA of collector
current. Using Ohm's Law, the collector
to emitter resistance of the transistor can
be calculated as follows:

2-18

40

VCE
DC resistance = PLM.C a

C

20 volts = 13.3 k ohmsrea-
Note that if the base current is increased
to 125 AA, collector current will increase
to 3.8 mA, and the resistance of the tran-
sistor will decrease to 5.8 k ohms.

DC
=

3ICE
20

8
volts

mA
R = 5.8 k ohms.

.

This illustrates the fact that small changes
in forward bias (base current) produce large
changes in the transistors collector to emitte r
resistance.
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Figure 2-19. Common Base Configuration

2-68. Common Base Configuration.

2-69. Figure 2-19 illustrates PNP and NPN
transistors biased for operation in common-
base (CB) configuration. The NPN transistor

1

6

5

4

3

2

I

0

in Figure 2-10A has a positive VCC source
voltage which establishes the required reverse
bias between the collector and base. The
forward bias for the base-emitter Junction's
fdrolshedby the negative VEE source voltage.
RE is used to control the amount of for-
ward bias to the EB junction, and 11L is
again the collector load resistor. For the NPN
transistor, electrons will leave the -VEE
terminal and flow INTO the emitter; part of
these electrons flow OUT of the base lead
as base current, IE, and the remaining
electrons flow OUT of the collector lead as
collector current, IC.

2-70. The PNP transistor (Figure 2-19B)
has a negative Vcr to provide the reverse
bias between collector and base, and a posi-
tive VEE to provide the forwardbiasbetween
base and emitter. Electrons flow INTO the
'collector and base and OUT of the emitter
lead, as shown in Figure 2-19B.

2-71. Figure 2-20 shows a family of char-
acteristic curves for the 2N334 type transistor
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Figure 2-20. Common Base Output Characteristic Curves
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in the common-base configuration. While this
graph may at first appear to be the same as
the one for a CE configuration, there are
several important differences you should note.
The horizontal a:ds now indicates the
collector-base voltages, since in this con-
figuration, the output is taken from the col-
lector with respect to the base. Also, since
the input is now applied to the emitter with
respect to the base, the various curves in the
family are now labeled as emitter currents
(IE = 1 mA, 2 mA, etc). This family of
curves is determined from a static common
base configuration in much the same way as
you saw in the common emitter static cir-
cuit of Figure 2 -17A. Now, however, emitter
current is held constant to produce each
curve in the family.

2-72. Notice that the collector voltage (V 03)
has very little effect on collector current

2-18
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(Ic). Changes in emitter current, however,
do produce corresponding changes in
collector current. We can say, therefore, that
changes in EMITTER CURRENT will have the
controlling effect on the amount of collector
current that will flow in the circuit.

2-73. In the COMMON-BASE configuration,
this controlling effect of 1E on 1c is called
ALPHA. Alpha is defined as the forward cur-
rent transfer ratio of a common base con-
figuration. The formula for alpha is:

Aic
Alpha (4) m with VCB constant

1.1IE

2-74. This formula represents a theoreti-
cal current gain or amplification. The CB
characteristic curves can be used to calcu-
late alpha (see Figure 2-21). With the
collector-base voltage (Vci3) held constant

3S1
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B. PNP

Figure 2-22. Common Collector Configuration

at 15 volts, emitter current is changed from
1 mA to 3 mA, for example, and lc changed
from 1 mA to 2.8 mA. So, for a 2 mA
change in emitter current (3 mA - 1 mA),
collector current changed by 1.8 mA (2.8

mA - I mA).
4
IC 1.8 mA A,Alpha (do .-r = ..vu0 1E 2 mA

2-75. This is a current gain of less than
one. Since a part of the change in emitter
current ( &IE) will flow into the base circuit
and not appear as a change in collector
current (4 IC), the change in collector cur-
rent will ALWAYS be less than the change in
emitter current that causes it. This leads
us to the following rule: ALPHA IS
ALWAYS LESS THAN ONE.

2-76. Small changes in emitter current
(forward bias) will produce large changes in
the collector resistance, in the same manner
as you already studied inthe commonemitter
configuration. Simply use the formula Rix
V CB/ lc to calculate the resistance of the
transistor at any point on the graph.

2-77. Common Collector Configuration

2-78. Figure 2-22 shows the common-
collector configuration, with the resulting

2-19
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current paths showing direction and relative
magnitude of electron flow. Notice that the
direction of current is determined by the type
of transistor (NPN or PNP), and not the
circuit configuration. For the NPN transistor,
electrons always flow into the emitter, out of
the base, and out of the collector. For the
PNP transistor, these directions are
reversed.

2-79. The gain or forward current transfer
ratio of the common collector configuration
is called GAMMA. The formula for gamma
is:

01EGamma ('Y) r. -rr with VCE constant
"113

However, since output characteristic curves
are seldom prepared for the common col-
lector configuration, gamma is instead com-
puted by calculating Beta and adding one.
The formula then becomes:

Gamma (Y) = Beta +I

For example, if a transistor with a Beta of
49 were used in a common collector con-
figuration, Gamma would be 49 + I = 50.

2-80. Configuration Relationships
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2-01. Since a given transistor may be con-
nected in any of the three basic configura-
tions, there must be a relationship between
Alpha, Beta, and Gamma. Manufacturers
usually specify a value of Alpha or Beta
for a given transistor. The relationships
between Alpha, Beta, and Gamma are give,
by the following formulas:

,
Beta (4

X_i = --1 - a.

4
Alpha ( ot ) . 06 +1

Gamma (1) = 11 + I.

2-82. For example, a transistor has an
Alpha of 0.05 but we wish to use it in a

2-20

Common emitter configuration. Thin means
we must determine Beta.

4 0.95 0.05Beta 17-74. 175.05 TAT "
2-03. Therefore, a change in base current
in this transistor will produce a change in
collector current that will be 19 times as
large.

244. If we wished to use this transistor in
a common collector configuration, we can
find Gamma by:

Gamma = Beta + 1 a 19 + 1 =20

245. If we wish to use a transistor with
a Beta of 99 in a common, base circuit,
we can use the formula to find Alpha.

#6 99 09
Alpha T-1.7-. 771W 'ilif= 0.99

f-
v 4.,,,)
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Chapter 3

AMPLIFIER PRINCIPLES

3-i. In this chapter, we will concentrate on
the capabilities of the transistor as an ampli-
fying device. As you recall from your study
of circuit configurations, the ratio of output
changes to input changes determines gain.
These changes could be in current, voltage,
or power, and will be used in the calcula-
tion of an amplifier's current, voltage, and
power gains. Amplification depends on the
change in the transistor's resistance caused
by an input signal. Toillustratethis principle
refer to Figure 3-1.

3-2. Figure 3-1A shows a voltage divider
consisting of fixed resistor R1 and variable
resistor R2 connected across a DC voltage
source. The voltage at point A with respect
to ground is determined by the size of the
resistors and the applied voltage. Decreasing
the resistance of R2 causes the voltage at
point A to decrease. Increasing tho resist-
ance causes the voltage at point A to increase.
The resistance of R2 provides a control of
the voltage at, point A.

3-3. Figure 3-1B uses the resistance of
transistor Q1 to control the voltage at point
A. We used characteristic curves to show
that base current controls collector current
in a t ,,aistor. For a small change in IB,
the col,. ,arrent changes alarge amount.
This large . ...loge in IC results from a large
resistance change in the transistor. In other

OC tOuiCI. vol tAGe

OCI4IvAL114T CHICIPT
00 aeoloolio

V4'

words, base current controls the resistanel
of the transistor.

3-4. A transistor, then, acts like a variable
resistor. If base current is small (Figure
3-IB) the resistance of QI would be large,
and the voltage at point A would be almost
equal to the applied voltage. If base current
is a large value, the resistance of Q1 would
be small, and the voltage at point A would
be almost equal to zero volts. The result
is that a change in base current controls
the voltage at point A.

3-5. Figure 3-1C shows an amplifie r circuit.
The transistor Q1 and RI are connected in
series across the applied voltage source.
Resistor R2 furnishes the forward bias for
the transistor. Transistor resistance changes
are controlled by signal generator GI. Capa-
citor Cl couples the output from the gene-
rator to transistor Ql. Notice that the signal
is applied to the transistor's base and will
cause base current to change at the same
rate as the input signal. This causes a change
in transistor resistance. The change intran-
sistor resistance causes a relatively large
voltage change at point A. The resulting
signal output or waveform at point A will
have the same characteristics as the input
signal voltage, but will be much larger.
This is how amplification is achieved in a
transistor amplifier.

OC SOunci vO I at.l.

sperurito cliculor ...runt"
a.

OC %Oust I vOl /AGt,

alooltiotill CtoCtoT

Figure 3-1. Development of an Amplifier

3-1
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Figure 3-2. Common Emitter Configuration (NPN)

3-6. Amplification in a Common Emitter
Configuration

3-7. A common emitter amplifier configura-
tion is shown in Figure 3-2. Notice that the
input signal is applied between the base and
emitter, and the output signal is taken between
the collector and emitter. The emitter is the
electrode that is common to the input and
output, hence the name common emitter.
Resistor RL is called the collector load
resistor. Without Rio the voltage on the
collector would always be equal to VCC
The collector load resistor makes the voltage
on the collector (V e7) change as transistor
resistance changes. The resistor RD and the
resistance of the base - emitter junction (RBE)
provide the necesaary forward bias (IB)
for the transistor. Forward bias current flows
from ground to the emitter, through RBE,
out the base lead and through RD, to VCC.

600 sV

.25 V

15 V

3-8. The coupling capacitor (CC) in Figure
3-2 serves two purposes. It is used to
COUPLE the AC signal to the amplifier
input. Also, it blocks the DC voltages which
are present on one side of the coupling
capacitor from reaching the other side.

3-9. The input signal to the amplifier is a
sinewave which causes the bias voltage to
vary above and below the static bias level
(no signal input). Figure 3-3 illustrates
the static bias condition, with 800 milli-
volts of bias voltage and no signal input.
The 800mv battery represents the bias volt-
age developed across RBE. A static IC of
2 mA will develop 10 volts across the col-
lector load resistor (RL). Since RL and Q1
are in series with 25 volts (VCC), applied,
V C will be equal to 15 volts. The voltage
across RL and the transistor must add up
to VCC.

25

15 V

0 V

Figure 3-3. static Conditions
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Figure 3-4. Input Signal Conditions

3-10. As the input signal goespositive, base
voltage increases from 600mv to 700mv. See
Figure 3-4. This increase in base voltage
increases collector current. Assume IC
increases from 2 mA to 3 mA. The voltage
across RL will increase from 10 to 15

volts and VC will decrease to 10 volts. Note
that the output voltage is a negative alterna-
tion of voltage that is 180° out of phase and
larger in amplitude than the input. In other
words, a positive input signal will produce
a decrease in output voltage.

3.11. During the negative alternation of the
input signal, Figure 3-4, base voltage
decreases from 800 my to 500 my. This
decrease in base voltage decreases base
current. Collector current will decrease front
2 mA to 1 mA. The voltage across Ili,
would decrease to 5 volts, and VC would
increase to 20 volts. The output is a positive
alternation of voltage which is out of phase
with and larger than the input. To summarize,

- v cc

with an input signal voltage amplitude of
200 my peak-to-pe ak the bane current changes
caused output amplitude changes of 10 volts
peak-to-peak. A small input signal voltage
has been amplified to produce a large output
signal voltage.

3-12. The PNP veraionof a commonemitter
configuration is shown in Figure 3-5. The
primary difference between PNP and NPN
common emitte r configuration9 is the polarity
of the source voltage. With a negative VCC,
the base voltage is negative with respect to
ground and furnishes a forward bias for the
base. This is represented by the 800 my
battery in Figure 3-8 and is the static
bias.

3-13. On the positive alternation of the
input signal, Figure 3-6, base current will
decrease due to the fact that base voltage
has decreased from 800 my to 500 my.
The decrease in IB causes IC to decrease

-v
0: I\7

04Pu t

Paigallo L

OUT Pu t

OV

-'vc

-vCC .
Ou I Pul

To0 t0 t Oita

..ge .11, .I rd. mi.=

Figure 3-5. Common Emitter Amplifier (PNP)
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Figure 3-6. Common Emitter Signal Amplification (PNP)

from 2 mA to 1 mA. The voltage across
AL decreases from 10 volts to 5 volts.
Collector voltage (VC) then increases from
-15 volts to -20 volts. Note that increasing
IB, increases IcandincreasingIc, decreases
VC. The output signal varies atthe same rate
as the sinewave input, but is amplfled.

3-14. When the negative alternation of the
input signal is applied, Figure 3-6, base
voltage increases to 700 my which increases
IB. As IB increases, IC increases to 3 mA.
As collector current increases, the voltage
across AL increases to 15 volts and VC
decreases to -10 volts. The change in VC
from it's static value (-15 volts) is the output
signal voltage. This is the amplified version
of the input signal.

3-15. Common Emitter Circuit Analysis

3-16. There are several methods of
analyzing amplifier circuits. We will use
the graphical method. It gives good results
and is quite simple to do. This method is
called LOAD-LINE ANALYSIS.

3-17. In order to use this method, we must
first review common emitter characteristic
curves. You should recall that this family of
curves relates collector voltage VC to col-
lector current IC for various values of base
current IB. Also, any point on one of the IB
curves shows three important values; base
current, collector voltage, and collector cur-
rent. Finally, each transistor has its own
set of characteristic curves.

3-4

3 -18. To predict the performance of a cir-
cuit, we can use characteristic curves and
draw LOAD LINES to represent the circuit
studied. A LOAD LINE is a line representing
all the possible current - voltage relation-
ships (IC and VcE) for a given circuit.
In other words, the load !like will show the
values of IC and VCE (output) for any value
of IB (input). With a load line we can deter-
mine current, voltage, and power gains.

3-19. The circuit of Figure 3-7 will be
used to demonstrate the use of a load line
to analyze a transistor amplifier. A close
inspection of the circuit diagram will reveal
the following facts:

a. The circuit is a common-emitter con-
figuration.

b. Transistor is a type 2N118 (NPN
low power).

c. Vcc, the collector supply voltage, is
25 volts.

RO

3:: tt

314ak P.P
Ce

I vc 131,

Figure 3-7.. Transistor Amplifier Circuit
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2N 118

Figure 3-8. Common Emitter Characteristics

d. EL, the collector load resistor, is 5
k ohms.

e. EDE, the base-emitter junction resist-
ance, is 3 k ohms.

f. 11D, the forward bias resistor, is 247
k ohms.

g. Input signal is 50 AA peak-to-peak.

3-20. We will also need the common emitter
characteristic curves for the 2N118
transistor, as shown in Figure 3-8. With this
information, we are ready to proceed with
the circuit analysis.

3-21. Step 1: Plot the Load Line.

3-5

40

3-22. Two points establish a load line:
maximum collector voltage and maximum col-
lector current. To find the maximum col-
lector voltage, let the transistor act as an
OPEN circuit. Now there is no path for col-
lector current. With no collector current
through the load resistor }it, there is no
voltage drop across it to subtract from the
supply voltage. We read the applied voltage
across the tran.sistoil. The collector voltage
will equal the supply voltage; we have one
point of the load line. This point is on the
collector voltage (horizontal) axis (VC) at
25 volts and collector current (vertical) axis
(lc) at 0 mA. This is point A in Figure 3-8.

3-23. The second point is determined
by letting the transistor appear as a SHORT
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CIRCUIT. Now maximum Collector current will
flow, limited Only by the value of the load
resistor RL. Use Ohm's Law to find col-
lector current.

v
CC 25 volts/ a . = 5 mA

C R
I. It rtuns

Since all the supply voltage 15 dropped
across RL, the collector voltage VG is 0
volts, This information allows us to locate
point B in Figure 3-8 on the collector cur-
rent (vertical) axis at 5 mA, and the col-
lector voltage (horizontal) axis at 0 volts.

3-24. To complete the load line, connect
points A and B with a straight line. The
resulting line is a LOAD LINE representing
all of the possible collector voltage - col-
lector current relationships for the circuit.
We must now determine where on this load
line the circuit is operating.

3-25. Step 2: Establish the Static Circuit
Conditions.

3-26. Thi operating point Q (QUIESCENT
point) represents the STATIC or no input
signal condition for the circuit. The operating
point on the load line will show the col-
lector voltage and collector current for this
static condition.

3-27. To find the operating point, the base
current must be determined. Base current
(IB) flows through the base to emitter
resistance RBE and the forwardbias resistor
(RE). The total resistance in the base
current path is then:

RT a R
BE

+ RD

RT = 3 k ohms + 247 k ohms = 250 k ohms.

The applied voltage is 25 volts (VCC). Now
use Ohm's Law to find the base current:

VCC 25 volts ,,,,,,
I = = = 1 v., A 2
B RT 250 ki1

3-8

3-28. The operating point is located where
the 1B A 100 AA curve crosses the load line,
as shown in Figure 344 and is labeled Q.
NOw, the static collector voltage and current
can be read from the graph. The collector
voltage at the operating point is 12.5 volts
(read from the horizontal axis), and the
collector current is 2.5 mA (read from the
vertical axis).

3-29. The emitter current is equal to the
base current plus the collector current.
Therefore, IE is:

IE = IB + IC = .100 mA + 2.5 mA = 2.8 mA

3-30. This completes the analysis of the
circuit in the static (no signal) condition.
Next, the effect of the input signal on the
circuit will be discussed.

3-31. Step 3: Apply the Input Signal.

3-32. Figure 3-10 illustrates the effect of
the input signal on the base current of the
transistor. Figure 3-10A shows the base
current at the operating point Q. The input
signal is illustrated in Figure 3-108. Notice
that the positive alternation of the input
signal will increase base current. Figure

4
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Figure 3 -10. Effect of Input Signal

3-10C. On the negative alternation, the input
signal will decrease base current. Notice
the resulting base current in the transistor
now varies, from 75 pA to 125 pA, in step
with the input signal.

3-33. At the peak of the positive alternation
of the input, the base current is 125 pAmp.
At this instant, the circuit will be operating

4

3.

3

2.

1

where the IB = 125 pA curve crosses the
load line (point C in Figure 3-11). Th.2
instantaneous operating point moves up along
the load line to point C as the base current
increases, then back down, as base current
decreases, to the static operating point Q.

3-34. As the base current continues to
decrease (due to the negative alternation of
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Figure 3-11. Common Emitter Characteristics
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Figure 3-12. Effect of Input Signal

the input), the instantaneous operating point
moves down along the load line to point D
(Figure 3-11). At point D the base current
reaches its minimum value of 75 p,A; then
moves back up the curve again to the static
operating point Q (IB = 100 AA). The total
change in base current, which is called
6113. is 50 AA (125 ILA - 75 121660 PA)

3-35. The change in base current ( AIB)
through the base-emitter junction resistance
(RBE) will produce a corresponding change
in base-emitter voltage ( a VBE).

A VBE
= AIB x R

BE

3 -38. In this circuit, the change in base
current (given as the input signal) is 50MA
p.p. The value of R

BE
is 3 k ohms. Using

the formula:

AV
BE

= PIE x R
BE

= 50 A A p-p x 3 k ohms 0.15v p-p

3-37. The effect of the input signal onbase-
emitter voltage is illustrated in Figure 3-12.

3-8

In Figure 3-I2A, the value of VBE at the
operating point Q is shown as 0.3 volt.
Figure 3-12B shows the resulting VBE when
the input signal is applied.

Notice that the base-emitter voltage changes
in response to the input signal. In the next
step, we will determine the effect of the input
signal on the collector circuit.

3-38. Step 4: Determine Output Current
Change.

3-39. Figure 3-11 illustrates the effect of
the input signal on the output current (lc).
At the operating point note that the IC
is 2.5 mA. This is found by drawing a
line parallel to the horizontal axis at the
operating point (Q). This line will cross
the vertical axis (IC) at the 2.5 mA level.
At the peak of the positive alternation of the
input signal, the base current is increased
to 125 MA, located on the load line at point
C. The collector current at point C is 3.5
mA. At the peak of the negative alternation,
IB decreases to 75 g.tA, located on the load
line at point D. The decrease in IB will

39 ,
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cause lc to decrease to 1.5 mA. The total
change in lc la called Alc and is equal to
2 mA (3.5 mA -1.5 mA =. 9 mA)

3-40. Step 5: Determine Output Voltage
Change.

3-4L Figure 3-11 also illustrates the effect
of the input signal on the output voltage
(VC). At the operating point, the static VC
can be found by dropping a tine from the
operating point perpendicular to the hori-
zontal axis. This line crosses VC at 12.5
volts. At the peak of the positive alternation
of the input signal, the base current increases
to 125 MA, located on the load line at point
C. A line dropped from point C would indi-
cate a decrease in collector to emitter
voltage from 12.5 volts to 7.5 volts. At the
peak of the negative alternation of the input
signal, 1B decreases to 75 gA (point 0)
and the collector to emitter voltage would
increase to 17.5 volts. The total change in
collector to emitter voltage is called AVc
and is equal to 10 volts (17.5v - 7.5v = 10 volts).
From your analysis of the effects of the input
signal, or transistor operation, this important
fact should now be more evident. As IB
increases, lc increases, and VC decreases.

3-42. Step 6: Determine Current Gain.

3-43. The gain of rly device is the ratio of
the output to the input. Expressed as a
formula: Gain a output

. We statedinput
earlier that we can use the load line to
calculate the current, voltage and power
gains in an amplifier. The changes in an
amplifier's output, divided by it's input
changes, will give us the gain. The units
used for this division must be the same.

3-44. The formula for current gain becomes:

Current Gain = output current change . Thisinput current change
current gain under operating conditions is
called CURRENT GAIN (Ai). The A stands for
gain and the subscript "i" stands for current.
The total output current change ( Alc) in the
circuit we have been discussing is 2 mA
(Refer to Figure 3-11 and Step 4). The total
input current change ( AlB) is 50 pi% (Refer

3-9

:49

to Figure 3-10 and Stop 3). We convert
each of these changes to the same units,
either mA or microamps, and um) the
formula:

A I
mAC 2 2000 AA 40=

B
50 MA 50 ;IA

This means that the output current changes
are 40 times greater than the input current
changes.

3-45. Step 7: Determine Voltage Gain.

3-46. The VOLTAGE GAIN (Av)of an ampli-
fier may be determined in the same manner as
the current gain (Ai) using the formula:

Voltage Gain (Av) - Output voltage changes
input voltage changes

The total output voltage change ( AVc) we
found to be 10 volts. (Refer to Figure 3-11
and Step 5). The total input voltage change
(AVBE) is .15 volts. (Refer to Figure 3-12B
and Step 3). The voltage gain is:

10 volts
88.8AV . volts

Observe that gain is not expressed in units
such as volts, amperes, or watts. Gain simply
means that the output is that many times
greater than the input.

3-47. Step 8: Determine Power Gain.

3-48. The power gain (Ap) of an amplifier
can be determined by multiplying the current
gain by the voltage gain. The power gain for
the amplifier we are discussing is:

A a Ai x Av 40 x 66.6 = 2666
p

3,-49. Power gain may also be determined
by the ratio of output signal power to input
signal power. Signal, power is current change
times the voltage change. The input signal
power is:

Pi A IB x AVBE

= 50 p.A x 0.15 volts a 7.5 microwatts

30#
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Figure 3-13. Common Emitter Amplifier

The output signal power is:

Po * x AV
C C

= 2mA x 1.0 volts = 20 minivans.

Therefore, the power gain of the amplifier
is found by using the formula:

40

Po 20 x 10.3 watts 2666

.81 Pi 7.5 x 10-6 watts

Notice that this is the same as the power
gain calculated earlier.

3-50. Figure 3-12C shows a summary of
the previous problem. The input signal is
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projected onto the load line, showing the
resulting change in In from point 13 to C.
These points are projected to the vertical
Axis, showing the change in I. These points
are also projected down to the horizontal
axis, giving us the change in Vc. Following
the points TO, T1, T2, T3, and T4 on the
3 sets of projected lines will show the rela-
tionship between input current, output current,
and output voltage. As the input current
increases from TO to Ti, output current
increases, and output voltage decreases.
Thus, input and output signal VOLTAGES
are 180° out of phase. This 180° PHASE-
SHIFT or PHASE INVERSION is a character-
istic of the common emitter configuration
ONLY.

3-51. Notice that the common emitter con-
figuration develops a current gain (Ai) and
a voltage gain (Av). Many factors govern
the current and voltage gain of an ampli-
fier, Some of these factors are the type of
transistor and its characteristics, the amount
of voltage applied to the circuit (V COP
and the size of the collector load resistor
RL. The latter is the most important and
useful to you as a technician. Figure 3-13
shows the same circuit as we studied before

....
except that the value of RL has been reduced
from 5 k ohms to 4.2 k ohms. To find out
what effect this change will have on circuit
performance, we must construct a new load
line following the steps previously outlined.

3-52. Step 1: Plot the Load Line.

Transistor OPEN:

V
C

2 V
CC

= 25 V when I
C

0 mA (Point A)

Transistor SHORT:

I = = 6mA when V 2 0 v (Point B)
C R

C

L

C
C

Join points with straight line.

3-53. Step 2:
Conditions.

RT = R
BE

+ RD=

Establish Static Circuit

3 K + 247 K= 250 k ohms

V
CC

1 ...: =100µA
B R

T

Point Q (operating point) is AneatLd wion:
I

13
% 100 0 A curve and load line cross.

We find that at the operating point:

V C= 14.4 voits a
C

and I = 2.5 tnA

3-54. Step 3: Apply the Input Signal.

The change in base current is:

AIB = 50 p. A p-p (given)

This will cause the base current to go from
a maximum of 125 AA (Point C) to a minimum
of 75 MA (Point D). The change in base-
emitter voltage is:

UBE = AIB x 11BE = 50 MA x3K ohms=

0.15 volt p-p

3-55. Step 4: Determine Output Current
Change,

Zit., = 3.6 mA - 1.5 mA = 2.1 mA p-p
(read from graph, Figure 3-13)

3-56. Step 5: Determine Output Voltage
Change.

.,..VC= 18.5v- 10.5v =8 volts p-p
(read from graph, Figure 3-13)

3-57. Step 6: Determine Current Gain.

Ai =
AIC 2.1 mA p-pIT . 0.05 mA p-p

B

= 42

Notice that when the load resistance RL
is reduced, the current gain INCREASES.

3,1b

3-58. Step 7: Determine Voltage Gain.

Av =

pVc

AVBE

8 volts p-p
0.15 volts p-p - 53.3

Note that making the load resistor RL,
smaller REDUCES the voltage gain of the
amplifier.

3-59. Step 8: Determine Power Gain.

Ap = Ai x Av = 42 x 53.3 = 2238

3-11
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A. NPN CE Amplifier

C. Simplified Input Circuit

-VCC

CC OUTPUT

E. PEP CE Amplifier

-DICE

D.. Alternate Power Connection

(NPN)

D. AC tquivulant Circuit

P.

+Vim

Alternate Circuit (PN?)

Figure 3-14. Common Emitter Configurations

NOTE: The power gain for this ext mple
DECREASED as EL was reduced. Do not
be misled into believing that this will always
occur. Power gain is dependent on impedance
matching, and will be maximum when the
value of RL is such that it matches the
characteristic impedance of the transistor.
Increases or decreases in this value of EL
will result in a reduced power gain (ApT

3-12

For this reason, the slope of the load line
cannot be used to determine the effect of
changes in RL on Ap.

3-80. So, as the size of the collector load
resistor decreases, current gain (Ai)
increases, and voltage gain (Ay) decreases.
Likewise, when EL is made larger, Av
Increases and AI decreases.

3) 5

3gb



3-61. It is not always necessary to have a
+VCC for NPN transistors and a -VCC
for PNP transistors. Figure 3-14 shows
alternate methods of connecting the common
emitter configuration. Figure 3-14B shows
how an NPN transistor can be connected
when only a negative power source voltage
( -VEE) is available. The Input and output
signal connections identify this circuit as a
common emitter configuration. DC current
flow is still from negative to positive; that
is -VEE, through the transistor, to ground.

3-62. Figure 3-14C shows the simplified
input circuit of Figure 3-14B. The coupling
capacitor Cc acts as an AC short circuit
(low reactance), and couples the input signal
to the base of the transistor. Capacitor CE
is called a BYPASS or DE COUPLING capacitor
and acts as an AC short circuit. This placis
the emitter at ground as far as the input
AC signal is concerned. Figure 3-14D shows
that the input signal is therefore developed
across the base-emitter Junction. This same
technique can be applied to the PNP CE
amplifier (Figure 3-14E) to operate the
transistor from a positive power source
(+VEE) as shown in Figure 3-14F.

3-63. The commonemitteramplifieris often
used because it is capable of producing cur-
rent, voltage, and power gains. Decreasing
the load resistor Eli, causes Ai to increase
and Av to decrease, and vice versa. The
input and output signals for the common
emitter amplifier are 180° out of phase.

3-64. Common Base Amplifier

"'Cc

3-65. A common base amplifier configura-
tion is shown in Figure 3-15. Notice that the
input signal is applied between the emitter
and base, and the output signal is taken
between the collector and base. The base is
the element which is common to both the
input and output. Forward bias for the
emitter-base junction is provided by the
emitter supply voltage (V g), resistor 11E'
and RBE. The positive alternation of the
input signal applied to the emitter of the NPN
transistor in Figure 3-15A decrease sforward
bias and causes emitter current to decrease.
A decrease in emitter current results in a
decrease in collector current. A decrease in
Ic causes collector voltage (VC) to become
more positive. The collector waveform is an
amplified reproduction of the positive input
alternation. Therefore, there is no phase
shift in a common base circuit.

3-66. The negative alternation of the input
signal adds to the forward bias and IE will
increase. Collector current will increase
causing collector voltage to decrease. Notice
the output voltage is going in a negative direc-
tion as the input signal goes negative.

3-67. Figure 3-15B illustrates the common
base amplifier employing a PNP transistor.
Note that VEE and VCC are opposite in
polarity to that of the NPN in Figure 3-17A.

3-68. The positive alternation will add to the
forward bias by making the "P" type emitter
more positive. IE and IC will increase,
causing VC to go in a positive direction.
Note the output waveform decreasing toward
zero volts in Figure 3-15B.

Ow
,/

-V

vc c

ow

-yr-v.00.0

"II
I. PM,

Figure 3-15. Common Base Configuration
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Figure 3-16, Load Line for 2N117 Transistor (Common Base Configuration)

3-89. On the negative alternation of the
input signal, IE and lc will decrease due
to the decrease in bias. Collector voltage
will become more negative. Note that input
and output signal voltages are in phase in
the common base amplifier.

3-70. Figure 3-18 illustrates the common
base amplifier circuit and its characteristic
curves. We will now demonstrate the use of
load line analysis on the common base
circuit.

3-71. Step 1; Plot the Load Line.

3-72. With a VCC of 20 volts and a load
resistor of 4 k ohms, the amplifier's load
line extends from point A (0 mA, 20 volts)
for an open transistor to point B (5 mA,
0 volts) for a shorted transistor.

NOTE: The emitter resistor RE has been
disregarded in figuring maximum current of
5 mA. This is due to the fact that the
resistance of RE is less than one tenth
AL.

3-73. Step 2: Establish the Static Circuit
Conditions.

3-74. The controlling element in a common
base configuration is the emitter. Emitter

current is controlled by the values of RE,
BEE, and VEE.

V
EE

1E 2 ELBE
t volt

= = 2 mA

The operating point (Q) is at the Junction
of the IE = 2 mA curve and the load line.
At the operating point, the static collector
to base voltage VCB is 12.5 volts and the
static collector current IC is 1.95 mA.

3-75. Step 3: Apply the Input Signal.

3-78. The positive alternation of the 2 mA
p-p signal will oppose emitter current and
IE will decrease to 1 mA (point C of Figure
3-18). With a decrease in 1E, collector
current decreases to I mA and collector
voltage increases to 18.25 volts.

3-77. During the negative alternation, bias
current (1E) will increase to 3 mA at point
D on the load line. lc increases to 2.9
mA and Vcs decreases to 8.5 volts.

3-78. Step 4: Determine Output Olrrent
Change.

3-79. The change in collector (output) cur-
rent can be read from the vertical axis of

3-14 3 9 7
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Figure 3-17. Load Line for 2N117 Transistor (Common Base Configuration)

the characteristic curves. At point c, col-
lector current is 1 mA; at point D, IC is
2.9 mA. The change in collector current is
then:

A I
C

-. 2.9 mA - 1 mA = 1.9 mA

3-60. Step 5: Determine Output Voltage
Change.

3-81. The change In collector to base (out-
put) voltage can be read from the horizontal
axis. At point C, VC is 16.25 volts; at
point D, VCB is 8.5 volts. The change in
collector to base voltage is:

1/03 = 16.25 v - 8.5v = 7.75 volts

3-82. Step 6: Determine Current Gain.

3-83. The current gain (Ai) for the common
base amplifier is:

Ai =
A IC

ATE

The peak -to -peak output current ( A IC
is 2.9 mA minus 1 mA or 1.9 mA.

The peak-to-peak input current is 2 mA.
Substituting these values into the formula,
At is equal to 0.95,

Al = AIC 1.9 raA= 0.95=
AIE

2 mA

398
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NOTE: This represents a current gain of
less than one.

3-84. Step 7: Determine the Voltage Gain.

3-85. The voltage gain formula is:

Av
CBAv = -AVBE

It is the ratio of change in output voltage
to a change in input voltage. The AVCB is
7.75 volts (refer to Figure 3-18). The input
voltage ( AVBE) is

AVBE =

R
BE

or AI
E

x R
BE

Peak-to-Peak Signal Current x

Multiplying the input signal change by the
base - emitter resistance results in an input
signal voltage of 0.35 volts.

AVBE
A 2 x 10-3 x 175 to = 0.35 volts,

the voltage gain is:

AV = ---
AVCB

AV
BE

7.75 volts
0.35 volts

= 22.1

The output signal voltage is 22.1 times
larger than the input signal voltage.

3-66. Step 8. Determine Power Gain.



3-87, The power gain for the common base,
like that of the common emitter, can be
calculated by one of two methods:

Ap Ai x Av or Ap output power
Input )1:, V r

Ap = .95 (Ai) x 22.1 (Av) 21

3.80. The gain of the commonbase configu-
ration depends on many factors, as with the
common emitter. One main factor is the size
of the collector load resistor. Because the
current gain of a common base amplifier is
less than one, the circuit is not used as a
current amplifier. The circuit is usually used
for a large voltage gain. Figure 347 illus-
trates the effect on voltage and current gain
when the collector load resistor is increased
in size.

3-89. With a 8.88 lc ohms resistor in the
collector, the load line extends from 20V
and 0 mA (point A) to 0V and 3 mA (point B).
With the same amount of bias as before, the
operating point will be at point Q. The input
signal is still 2 mA pealc-to-pealc, so emitter

cc

OV TPUT

-CC

Figure 3-18. Common Base Configurations

current moves between points C and D
during operation.

3-90. Collector current will vary from 1 mA
to 2.8 m.%. The current gain is now 0.9.
Observe that current gain decreases as the
size of the collector load resistor increases.

3-91. Collector voltage varies between13.2
volts and 1 volt. The input voltage is the
same as before (.35 volts) so the voltage
gain is now 34.7. This represents an increase
in voltage gain with the increase in collector
load resistance. The power gain (A?) of the
common base amplifier is dependent
on impedance matching, and will be maximum
when the characteristic impedance of the
transistor is equal in value to RL. Changes
in the resistance of Rl, above or below this
optimum value will result in a decreased
power gain.

3-92. As with the common emitter, the
common base configuration may appear in
different arrangements. Figure 340 shows
some typical examples. Part A shows a

340 3 fl _1
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Figure 3-19. Common Collector Configuration

common base using a NPN transistor. Note
that VEE (emitter bias supply voltage) has
been eliminated. Bias is now provided by RD
connected to the base. Because of this
arrangement, CB must be used to place the
base lead at AC ground. Figure 3-18B is
Figure 3-18A redrawn.

3-93. Figures 3-18C and D illustrate common-
base drawings for PNP transistors. fir)
furnishes the forward bias, RE is the emitter
resistor, RL is the collector load resistor,
and CB is the base by-pass capacitor. Tt.,
base current path is shown as a solid line
while the collector current path is shown as
a dashed line.

3-94. Common Collector Amplifier.

3-95. The third configuration in which we
employ the NPN and PNP transistor as an
amplifier is the common collector. Like the
common emitter and commonbase configura-
tions previously discussed, the common col-
lector (CO has certain identifiable anduseful
characteristics, such as a relatively high
current gain.

3 -98. The common collector is also called
an EMITTER FOLLOWER. In Figure 3-19,
the collector is placed at AC GROUND or
made common to both the input and output
signals by the large by-pus capacitor, CF.

3-97. In Figure 3-19, the input signal is
applied between the base and ground. The
output signal is developed between the emitter

3-17

00

and ground. Thus, the collector (AC ground),
is common to both the input and output.
Note the output signal is developed across
the emitter resistor (RE) which is the load
resistor. CC is the input coupling capacitor
and RD provides forward bias for the
transistor.

3-98. Let us now discuss the effect of the
input signal on current through the common
collector amplifier. Basically, as the positive
alternation of a sinulsoidal input signal is
applied to the base of the NPN transistor
in Figure 3-19A, an increase in base and
emitter current occurs (forward bias
increases). The increase in current through
the emitter resistor (RE) causes a corres-
ponding increase in voltage across RE. In
other words, VE (output signal) goes more
positive with respect to ground. The negative
alternation of the input signal causes base
and emitter current to decrease, thus causing
a corresponding decrease in output signal.
Therefore, it can be seen from Figure 3-19A
that the output signal voltage, developed
across RE, is controlled by a change in
input signal, and the two signals are IN-
PRASE.

3-99. The circuit operation of Figure 3-19B,
using a PNP transistor, follows the operation
of Figure 3-19A. The positive alternation of
the input signal, applied to the base ce the
PNP transistor, causes base current to
decrease (less forward bias). Therefore,
emitter current decreases, the negative
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Figure 3-20. Voltage Gain - Common Collector

voltage across RE decreases, and the output
voltage goes in a positive (less negative)
direction.

3-100. The negative alternation of the input
signal causes base current to increase.
Therefore, IE increases and the voltage drop
across RE increases. The output voltage
goes in a negative direction.

3-101. Another important characteristic of
the common collector amplifier is the cur-
rent gain. You recall from previous discus-
sions on current gain in the three basic
configurations, to calculate the gain of a
common collector amplifier (Gamma), add the
numerical value "1" to the current gain of
the common emitter amplifier (Beta). Beta+
1 = Gamma. Of the three configurations,
the common collector has the highest current
gain and for this reason is often used as a
CUR RENT AMPLIFIER.

3-102. In terms of voltage gain, the common
collector provides a gain of less than one.
That is, the output voltage is SMALLER than
the input voltage. This can best be explained
by referring to Figure 3-20. As you recall,
the output signal is developed across the
emitter resistor .R-1! shile the input signal
is applied acrossboth REE and R1 in series.
The effective input voltage (base to emitter
voltage) is the input voltage (VIN) minus

3-18

the output voltage (V OUT)' As the gain
approaches one the effective input voltage
approaches zero. Thus, the voltage gain of a
common collector amplifier is always less
than one, and is not normally used as a
voltage amplifier. As with the common emitte r
and common base amplifiers, the power gain
of the common colle ctor amplifie ris dependent
on impedance matching.

3-103. Since the input signal is applied to
the base in a common collector configuration
and the output is taken across the emitter
resistor, this causes both control elements
(base and emitter) to feel a signal at the same
time. As the voltage on the base goes in a
positive direction, the voltage on the emitter
goes in a positive direction. Likewise, as
the voltage on the base goes in a negative
direction, the voltage on the emitter goes
in a negative direction.

3-104. This action is referred to as DE-
GENERATION. DEGENERATION is defined
as the process of returning a part of the
output of an amplifier back to its input in
such a manner that it cancels part of the
input signal.

3-105. Figure 3-20 illustrates what this
means. An input signal of one volt peak-
to-peak is applied at the input terminals
and developed across the resistance of the

4 01



base-emitter junction (RBE) and the emitter
resistor (RI). Part of the input signal would
be developed across RBE andpart across RI.
With respect to controlling the emitter cur-
rent, the transistor would "feel" and respond
to the voltage across the base - emitter junction
only. Part of the input signal to the amplifier
has been lost, or cancelled. Refer backto the
definition of degeneration. Degeneration is
present because both control elements of the
transistor (base and emitter) has a signal
on them. The signal voltage on the emitter
is in phase with and, therefore, cancels part
of the signal voltage applied to the base.

3-108. One disadvantage of DEGENERATION
which should be obvious at this time, is the
reduction in signal voltage or gain in the
output of the amplifier. However, there are
advantages inusing DEGENERATION, such as
greater amplifier stability, and an increase
in frequency response. These advantages will
be discussed in a later chapter in more
detail.

3-107. Stabilization.

3-108. Transistors are very sensitive to
temperature variations. Heat, whether it
comes from current carriers flowingthrough
the transistor, or from the environment in
which the transistor operates, affects tran-
sistor circuit operating characteristics. The
process of preventing undesired changes
in a transistor circuit caused by heat is
called TEMPERATURE STABILIZATION.

3-109. In order to understand the operation
of the various stabilization circuits, the
effects of temperature on the transistor must
first be examined in more detail. The circuit
of Figure 3-21A will be used to illustrate
the temperature effects. Figure 3-21Bshows
the characteristic curves for Qi at 25 degrees
Centigrade (about room temperature)w ith the
load line for the circuit of Figure 3-21A.
The operating point has been established
so that collector current (IC) is 1 mA,
and collector voltage (VC) is 10 volts.
We would like to maintain the vaiue of
IC constant over a wide range in tempera-
ture, as indicated in Figure 3-22A.

3-19

2 mA

1 NA

A. Amplifier Circuit

2 mA

Lit

10V 2 V

B. Operating at 25° C

3V 10V 20V

C. Operating at 65° C

Figure 3-21. Effects of Temperature on
Transistor Operation

3-110. Figure 3-21C shows what happens
to the characteristic curves when the tran-
sistor is operated at a temperature of
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65 degrees Centigrade. Notice that the curves
have changed due to the increase inoperating
temperature. So not only do the character-
istic curves dependupon the type of transistor
and circuit configuration (as you learned
earlier), but also on the operating tempera-
ture of the transistor as well. The load line,
as determined by the values of VCC and RL,
remains the same. We See in Figure 3-21C
that the operating point Q has moved to the
saturation region. Collector current has in-
creasedto 1.8 mA and VC is now only 3
volts. Since the saturation region is nonlinear,

340
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the amplifier will now severely distort the
input signal. The relationship between lc
and temperature for this circuit is shown in
Figure 3-22B.

3-111. As you recall, semiconductor devices
have a NEGATIVE temperature coefficient
of resistance. This means that the resistance
of the base-emitter Junction (RBE) will
decrease as temperature increases. The
lower resistance will allow slightly more base
current to flow, and therefore more col-
lector current as well.
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3-112. The reverse biased collector-base
junction is also sensitive to temperature
changes. Recall that Ice,...) (collector-base
reverse bias current) is due to the flow of
minority current carriers. These minority
current carriers are produced when covalent
bonds are broken. Heat provides the energy
to break covalent bonds, forming electron-
hole pairs. A temperature increase of about
10° Centigrade causes the number of electron-
hole pairs to double. In the NPN transistor,
for example, this results in both majority
and minority current carriers being created
in the P-type base (electrons are minority
carriers and holes majority carriers in P
material). The electrons will move out of the
base region, since they will be aided by the
strong CB junction field. The holes, however,
cannot leave the base. Therefore, the posi-
tively charged holes will attract electrons
from the emitter, increasing IE. A small
portion of these additional electrons attracted
from the emitter will become base current.
Most will move on to the collector, aided
by the strong CB junction field. Thus, an
increase in the number of electron-hole
pairs, generated by heat, will cause an
increase in collector current.

3-113. We have seen that an increase in
temperature in an unstabilizedt ransistor cir-
cuit will cause an increase in collector
current. The increase in current through the
transistor will cause the transistor to increase
in temperature, since power (P = 12R) in the
transistor is dissipated as heat. Unlessthese
effects are controlled, the transistor may
become excessively hot and be destroyed.

3-114. In order to properly stabilize a
transistor circuit for temperature variations,
we must compensate the circuit so that base
current does not change appreciably as the
emitter-base junction resistance varies with
temperature. Also, the effects of ICED must
be compensated for to keep the collector
current constant. In most silicontransistors,
the amount of ICED is not important unless
the transistor will be operating at
temperatures above 76°C. This is not true
for germanium traisistors, however, because
of their much larger ICED (1 to 10 MA)
at room temperature. Compensationfor Icso

3-21

effects is necessary at much loweroperating
temperatures (typically 50°C), Now .v..k will
discuss some of the various circuits devised
to reduce the effects of temperature on
transistor currents.

3-115. Emitter Resistor Stabilization

3-116. One of the most commonly used
stabilization circuits is shown in figure
3-23A. An emitter resistor is placed in the
emitter circuit. This resistor is often
called a SWAMPING resistor, since it reduces
or SWAMPS out the effects of changes in
emitter-base junction resistance. To see how

A. Schematic

19 K./U.

RBE 1 K-n.,

i.
V
L 5 7-

.1.
de

B. Equivalent
Base Network

4 '1 4

RD

Rfrz

1 ' c V

C. Equivalent Emitter
Resistor

Figure 3-23. Emitter Resistor Stabilization
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on Unstabilized Amplifier

3-117. To illustrate this fact, we will com-
pare the unstabilized transistor amplifier
shown in Figure 2-24A to the emitter resistor
stabilized circuit of Figure 3-25A. Both ampli-
fier circuits are biased for the same base
current OE = 500 pA) and collector cur-
rent (Ie = 5 mA) at the operating point.
Figure 3'-2413 shows the base bias circuit for
the unstabilized amplifier of Figure 3-24A.
Let us assume that the emitter-base junction
resistance decreases from I k ohm to 500
ohms due to an inc rease in operating tempe ra -
tyre. The approximate circuit values with
BBE = 500 ohms are given in parenthesis.
Notice that the base current increases from
500 micoramperes to 513 microamperes. The
13 microamperes increase in base current
is a 2.6% increase.

this is accomplished, examine the bias net-
work and base current path. Notice first that
all of the current flowing into the transistor
(emitter current, 1E) must flow through RE.
Recalling that lE is IE plus lc, we find the
emitter current to be:

1
E

= 1
C

+ 1 = 5 mA + 500 p A = 5.5 mA

The emitter current (5.5 mA)ilowingthrough
RE (1 k ohm) will produce a voltage drop
VE of 5.5 volts. We can draw an equivalent
diagram of the base bias network as shown
in Figure 3-23B, replacing RE with a battery
that provides the same emitter voltage.
Resistors RD and PEE need only drop the
10 volt difference between VE and Vcc.
The bias circuit can be further simplified
by replacing the battery with an equivalent
resistance (fin)) that will produce the same
voltage drop (VE) due the flow of base cur-
rent. This value of resistance is found by:

VE 5.5V
R

EQ
=---

I
B

0.5
=

mA
- II k ohms

The bias circuit then becomes the circuit
shown in- Figure 3-23C. The emitter resistor
RE thus appears, to the base current, to be
a much larger resistance (RE0 = 11 k ohms)
than the 1 kohm value given on the schematic.
This will help reduce the effect of emitter-
base junction resistance changes (caused by
temperature changes) on base current.

3-22

3-118. Figure 325B shows the bias circuit
for the circuit of Figure 3-25A. Again,
assume RBE decreases from 1 k ohm to 500
ohms due to an increase in operating temp-
erature. This will produce the circuit values
shown in parenthesis. Now the base current
only increases from 500 microamperes to
508 microamperes. The 8 microampere
increase represents a change of only 1.8 %.
This illustrates how the emitter resistor
reduces or "swamps" out any changes that
RBE might produce in the circuit.

3-119. Remember that any change in base
current will be amplified the same as an
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Figure 3-25. Effects of Changes in REB on Stabilized Amplifier

capacitor CE across the emitter resistor (see
figure 3-28). This emitter "bypass" capacitor
allows the signal to "see" ground on the
emitter, so all of the input signal will be

felt across the emitter-base junction. Since
no signal is developed across RE, there will
be no loss of gain. The value of CE is chosen
such that its reactance is small compared to
HEE for the lowest signal frequency to be

amplified. This allows temperature stabili-
zation without degeneration.

input signal. The emitter resistor stabilized
circuit will therefore produce a smaller in-
crease in lc than the unstabilized circuit for
the same decrease in HEE.

3-120. The emitter resistor is also effective
in reducing the effects of km/ Recall that
Imp adds to collector current, so as temp-
erature increases, collector current will in-
crease. Also, recall that the trapped holes
in the base will draw electrons from the
emitter, so IE will increase as well. The
increase in IE will increase the Voltage drop
(VE) across RE. This will make the emitter
more positive and decrease emitter-base
current. Collector current will be reduced
back toward its original value. Thus, the
emitter resistor helps compensate for
changes in ICBO

3-121. Although the emitter swamping
resistor does help stabilize the common
emitter amplifier for DC changes caused by
temperature, it also Causes degeneration of the
input signal. As you recall from the dis-
cussion of the common collector configura-
tion, the input signal will be divided between
HEE and RE. Since only the signal felt
across HEE is amplified, the gain of the
circuit is reduced. The DC operating point
stability of the emitter resistor stabilized
circuit can be maintained, without loss of
gain, by placing the emitter at AC ground.
This is done by,placing a relatively large
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3-122. Voltage Divider Bias Stabilization

3-123. A very common modification of the
emitter resistor stabilization circuit just

cc

INIPt;

1
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11°61324:4".

Figure 3-28. Temperature Stabilization
Without Degeneration
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Figure 3-27. Voltage Divider
Bias Stabilization

discussed is shown in Figure 3-27. Notice the
addition of resistor RI between base and
ground. You may recall that this voltage
divider (RI and RD) was one of the basic
transistor bias circuits introduced earlier.
This arrangement provides additional stability
to the circuit for the effects of Imo by
holding the base 4o-ground voltage VB more
constant. In this circuit, RI provides a
current (II) which iS a large portion of the
total current (ID) that flows through RD
(ID = 11 + IB). Thus, changes in base cur-
rent will not cause a very large change in
base voltage VB. Now when le Bo causes an
increase in IE, as was described earlier, the
increase in emitter voltage (V r) will cause
a larger decrease in base-emitter voltage
(VBE). This will cause a larger decrease in
IB, and a corresponding decrease in col-
lector current, reducing lc to a value closer
to its original value.

3-124. Self Bias Stabilization

3-125. The self bias arrangement, shown in
Figure 3-28A, connects bias resistor RD
between the base and collector of the tran-
sistor. Resistor RDwaspreviously connected
directly to \fee. The collector voltage (V C)
now becomes the source voltage for the base
bias network. When temperature causes an
increase in collector current, collector volt-
age decreases. The decrease in ire causes
the voltage applied to the base (VB) to
decrease. A decrease in base voltage (VB)
will reduce forward bias, reducing base
current, and therefore collector current is

3-24
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A. Basic Self Bias Circuit

got .0

Cc

B. Self Bias Without Degeneration

C. Self Bias with Emitter Resistor

Figure 3-28. Self Bias Stabilization.

decreased. Summarizing the total effect
using symbols:

IC t, vnt, vc1, v34, 'la 4 , 'clp
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In other words, as lc tends to increase due
to temperature increases, the self bias
network tends to cut lc back down
automatically.

3-126. A disadvantage of the self bi.ts
arrangement shown in Figure 3-28A, however,
is that the amplified AC output signal on
the collector also affects the base voltage.
Since the collector and base signals are 180°
out of phase, that part of the collector signal
that gets back to the base through RD
cancels some of the input signal. This is
degeneration, and reduces the gain of the
amplifier.

3-127. To reduce this effect, the tias
network is modified as shown in Figure
3-2813. The bias resistor RD is now split
into two resistors IlDl and RD2 that add up
to the same resistance as RD. A capacitor
CF is connected from the junction of RD1
and RD2 to ground. This arrangement pro-
vides the same DC temperature stability as
the previous circuit. However, the AC output
signal present on the collector cannot get
back to the base, because the reactance of
CF is small, placing the junction of ElDi
and RD2 at AC ground. Resistors ElDi and
RD2 and capacitor CF form a low-pass
filter network which provides DC stabiliza-
tion without AC signal degeneration. The self
bias network is often used with an emitter
resistor, as shown in Figure 3-28C, to pro-
vide even greater stabilization against the
effects of temperature.

3-128. Thermistor Stabilization

3-129. Another method used to compensate
for the effects of temperature uses
a temperature-sensitive resistor called
a THEFtIvIISTOR. The word THERMISTOR
is short for thermal resistor, indicating
that the resistance will change with temp-
erature. Aa used in this example, it has a
NEGATIVE temperature coefficient of resist-
ance, as does the transistor. That is, its
resistance DECREASES as its temperature
INCREASES. The schematic symbol for the
thermistor is a resistor with t°, representing
temperature, as shown In the thermistor
stabilized amplifier of Figure 3-29.
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Figure 3-29. Thermistor Stabilization

3.130. As temperature increases, collector
current starts to rise and the resistance of
thermistor RT1 will decrease. As the resist-
ance of RT1 decreases, more current will
flow through RT1 and RD. The increase in
current through RD causes a greater voltage
drop across RD. The voltage drop across
RT1 will therefore decrease, reducing forward
bias voltage. Reducing forward bias voltage
will cause base current to decrease, thereby
causing collector current to decrease back
toward its normal (ideal) value.

3-131. To see the effectiveness of the
thermistor as a stabilization component, refer
to figure 3-30. Olrve X shows the variation
in collector current for a circuit that is not
stabilized. Curve Y shows the variation in
IC for a circuit that is emitter resistor
stabilized. Curve Z shows the variation in
collector current for a circuit using
thermistor stabilization. Notice the

Figure 3-30. Collector Oirrent versus
Temperature (Emitter Resistor and

Thermistor)
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Figure 3-31. Forward-Biased Diode
Stabilization

improvement in stability with the circuit
that is thermistor stabilized. This curve
approaches the IDEAL CURRENT reference
over a wider range Atemperatures. However,
thermistor stabilization achieves the ideal
current value at only three points (A, B
and C), because the thermistor resistance
variation with temperature is not equal to the
variation in transistor junction resistances.
Since the material of the thermistor is not
the same as the transistor, the two resist-
ances will not react identically to changes
in temperature.

3-132. Forward Biased Diode Stabilization

3-133. In order to more closely follow the
resistance changes ofthe transi
mistor can be replaced by a fot
diode, as shown in Figure 3-31
diode and transistor are made c: the same
materials and both have a negative tempera-
ture coefficient, the diode will be able to more
closely compensate the circuit for changes in
emitter-base junction resistance. The opera-
tion of this circuit is otherwise the same as
the thermistor circuit just discussed.

for, the the r-
ard biased

Since the

3-134. The effectiveness of this form of
circuit stabilization is shown in Figure
3-32. Notice on Curve B that, for temp-
e ratures less than approximately 50° Centi-
grade, the collector current is very close
to the ideal constant collector current. Above
50° C., the effects of 1CB0 become great,
and the curve begins to rise rapidly. This
indicates that additional compensation must
be employed at the higher temperatures

.11 ..........,.......,
M I.

.111 0

Figure 3-32. Collector Current Versus
Temperature (Diode Stabilized)

to offset the adverse effects of ICB0 on
collector current.

3-135. Reverse Biased Diode Stabilization

3-136. Figure 3-33 shows how a reverse
biased diode can be used to reduce the
effects of ICBO on collector current. Since
diode Clit is reverse biased, there will be
a small reverse current (IR) due to minority
current carriers. These minority current
carriers are due to electron-hole pairs,
generated by heat. Remember that 'co
is also due to electron-hole pairs, generated
by heat. If both PN junctions are identical
and at the same temperature, then electron-
hole pairs will be formed in CR1 and Q1
at the same rate.

3-137. AS the reverse current of CR1
increases, it wit' cause a larger voltage
drop across RD. This will reduce the voltage
across the base-emitter junction (VBE),
causing base current to decrease. Therefore,

Figure 3-33. Reverse Biased Diode
Stabilization
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Figure 3-34. Double-Diode Stabilization

collector current will decrease by the Fame
amount IcB0 increased. The result is that
the collector current would remain almost
constant with temperature.

3-138. Double Diode Stabilization

3-139. It is not uncommon to find both a
forward-biased and a reverse-biased diode
in the same amplifier circuit. This arrange-
ment is called DOUBLE-DIODE stabilization,
and is shown in Figure 3-34. The forward-
biased diode CRt compensates for changes
in the resistance of the forward-biased
emitter-base junction due to temperature. The
reverse-biased diode CR2 compensates for the
effects of lcB0 in the reverse-biased col-
lector-base junction. Curve C of Figure 3-32
shows the increased temperature stability of
the double -diode stabilized amplifier. The
collector current is maintained at very near
the ideal value over a wide range of operating
temperatures.

3-140. Notice resistor RI in Figure 3-34.
This resistor was not shown In either the
circuit employing the forward.biased or the
reverse-biased diode. Id this circuit, RI
serves to isolate the two diodes, and also
increases the effectiveness of each. Figure
3-35 shows how RI fits into the forward.
biased diode stabilization network employing
CR1, while Figure 3-35B shows R1 in the
reverse-biased diode stabilization network
with CR2.

3-141. Figure 3-35A shows that fit acts
similar to a "swamping" resistor in that
it increases the total resistance of the base

3-27
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current path. This will help reduce any change
in base current duo to changes in emitter-
baso junction resistance caused by tempera-
ture. Also, any increase in base currant
will produce a larger voltage drop across
RI , thus reducing VBE. This will aid the
action of CR1 in reducing the forward bias
voltage as temperature increases.

3.142. Figure 3 -35B shows that Rt also
aids the action of CR2. Tho resistance of
RI effectively adds to RD, so that increases
in reverse current from CR2 will produce
a larger decrease in bias voltage. This will
reduce base and collector current in tran-
sistor QI to better cancel the added lcB0
current. Collector current is still close to the
ideal value.

RD

R1

A. Forward Bias Network

D. Reverse Current Network

Figure 3-35. Effect of Rt on Diode
Stabilization Networks.



3-143. Throughout this section we have used
NPN transistors to demonstrate the operation
of the various stabilization circuits. However,
all of the problems, effects, and stabiliza-
tion techniques presented apply equally as well
to circuits using PNP transistors.

3-144. Distortion

3-145. in general terms, DISTORTION is a
change in waveform. it is the opposite of
fidelity; a circuit that has high fidelity has
low distortion. Amplifiers are subject to
three major types of distortion: amplitude,
frequency and phase.

3-146. By definition, AMPLITUDE DISTOR-
TION is the result of changing a waveshape
so that its amplitude is no longer propor-
tional to the original amplitude. During
the first alternation (increasing Is), the
output is varying at the same rate as the
input. On the second alternation (decreasing
IB) the output does not vary at the same rate
as the Input, since emitter current is cut off
for a portion of this alternation. The result
Is that the output signal waveshape is no
longer proportional at all points to the input
waveshape. Class AB, Class B, and Class C
operation will cause amplitude distortion.
Class A amplifiers can also cause amplitude
distortion when they are operated in the
nonlinear area of the dynamic transfer curve.

3-147. FREQUENCY DISTORT10Noccurs when
all frequencies are not amplified equally. An amp-
lifi e r designed to amplify frequencies in the audio

band should amplify all frequencies from
15 Hz to 20 kHz equally. If it does not
pass this band of frequencies equally it has
frequency distortion. Inductance and
capacitances cause frequency distortion
because their reactances depend on frequency.
These reactive components will cause the gain
of an amplifier to change with frequency.

3-148. PHASE DISTORTION is also caused
by reactive components. if two frequencies
that have a specific phase relationship are
applied to the input of an amplifier, and the
phase relationship is changed at the output,
the circuit has introduced phase distortion.
Phase distortion occurs when some fre-
quencies, applied to the amplifier, do not
receive the same time delay as the other
frequencies as they pass through the amplifier.

3-149. Distortion in an amplifier is not
always undesirable. Often distortion is
deliberately introduced to alter a waveshape
for a specific purpose. Later in this course
you will study several circuits that will use
distortion to advantage. Only when a change
in waveform characteristics is unwanted is
distortion undesirable.

3-150. Methods of Coupling

3-151. Usually, amplifier systems have a
series of amplifiers connected together. A
small signal voltage is applied to the first
or input amplifier and its output becomes the
input to the next amplifier in the series. The
purpose of each amplifier circuit or stage
is to receive the signal, increase its strength,
and pass it on to the next amplifier. The

Figure 3-36. Direct Coupled Amplifiers
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methods employed in connecting or coupling
of the amplifier stages will be discussed in
this section.

3-152. Direct, RC, impedance and trans-
former coupling are four methods commonly
used to connect amplifier circuits together.
Direct coupling is illustrated in Figure 3.36.
Notice that the output of one stage (collector)
is connected to the input of the next stage
(base) in each circuit. Figure 3-36A shows
NPN transistor Q1 directly coupled to NPN
transistor Q2. Resistor R1 acts as the bias
resistor RD for Q2 as well as the col-
lector load for Ql. The resistance of Ql
acts as bias resistor RB for Q2. The input
signal is amplified and inverted by Ql, then
amplified and inverted again by Q2, since
these are both common emitter configurations.

3-153. The circuit of Figure 3-36B is often
used to decrease the number of components
over the previous circuit. Transistors Ql and
Q2 are both common emitter amplifiers. The
input signal is applied to the base and output
signal is taken from the collector. This
arrangement allows the use of both PNP and
NPN transistors with a single power source,
+Vcc and eliminates the need for C2and R4.

3-154. Transistor Q1 is forward biased by
RD and RB. Rl is the collector load resistor
for Ql, and it establishes the forward bias
for Q2. R2 is the collector load resistor
for Q2, where the output is taken with
reference to ground.

3-155. The positive alternation of an input
signal applied to the base of Ql causes base
and collector currents to increase. The
voltage drop across Rl increases, which
causes the base current of Q2 to increase.
Collector current of Q2 increases, and the
voltage across R2 increases. On the negative
alternation of the input signal, all currents
decrease and the output voltage goes negative
(less positive).

3-156. Direct-coupled amplifiers require
minimum circuit parts, resulting in economy
of construction. The number of stages that
can be directly coupled, however, is limited,
because any undesired change in the first
stage is amplified in succeeding stages.
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Figure 3.37. Frequency Response of
Direct-Coupled Amplifier

3-157. Collector current changes due to
temperature variations, for example, in the
first stage are amplified by all the stages,
resulting in very large IC changes for small
temperature variations, causing severe temp
erature instability. Notice that Ql has two
stabilization components, RB and R3, to
minimize effects of temperature change.

3.158. Figure 3-37 shows the frquency
response curve, plotting amplifier output
signal amplitude against input signal fre-
quency, fora direct coupled amplifier. The
direct-coupled amplifier will amplify both
DC and AC signals. For a given input ampli.
tude, the output amplitude remains constant
from zero hertz throughout the audio fre-
quency range. Therefore, the amplifier has a
flat frequency response throughout the audio
frequency range. The reduction of ampli-
tude at the high frequency end, as shown in
figure 3-37 is due to the transistor's inter-
element capacitance and stray capacitance.

3-159. Figure 3-38 shows transistor INTER-
ELEMENT CAPACITANCE. Although the
capacitances CEB, CCE, and CCB are shown

Figure 3.38.Interelement Capacitance
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externally, the actual capacitive effects are
produced by the PN junctions within the
transistor. The collector and base form the
plates for Cu and the collector-base junction
depletion region is the dielectric or the
distance between the capacitor plates. As
the frequency applied to the amplifier
increases, the reactance of the transistor's
interelement capacitance decreases. The low
reactance will shunt both input and output
amplifier signals, resulting in a reduced
output amplitude.

3-160. STRAY CAPACITANCE is that capaci-
tance which exists between circuit com-
ponents and wiring. The stray capacitance
between 2 conductors could provide a shunting
effect and cause output signal amplitude to
decrease. Stray capacitance is not normally a
problem in audio amplifiers. The highest
frequency involved is about 20 kHz, which
makes the capacitive reactance high and
reduces its shunting effect on the signal.

3461. The RC coupling network, shown in
Figure 3-39, couples two amplifier stages.
The network consists of collector load
resister R2 of the first stage, coupling capa-
citor C2, and forward bias resistor R3 for
the base of Q2.

3-162. Capacitor C2 blocks or isolates the
DC collector voltage of QI from the DC
base voltage of Q2. However, signal Voltage
variations (output signal) at the collector
of Q1 will be coupled through C2 to the base
of Q2. Since C2 is in the signal path from
QI to Q2, its reactance must be very low
to prevent any signal loss (reduction in signal
amplitude).

3-163. The signal path or route the signal
follows through the amplifier in Figure 3-39
is as follows: the input signal voltage is
coupled through the coupling capacitor Cl
to the base of Ql. Bias voltage changes
cause Is and IC changes. The collector
current changes of 411 cause VC changes
at the signal rate. These output signal voltage
changes are coupled through C2 to the base
of Q2. This signal on the base of Q2 is
amplified and appears on the collector of
Q2 as the output signal.

3-30
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Figure 3-30. RC Coupled Amplifier

3-164. Two primary factors limit the
frequency response of RC coupled ampli-
fiers. The first is the coupling capacitor.
The reactance of the coupling capacitor and
the input resistance of transistor Q2 form a
series voltage divider. The reactance of a
capacitor varies inversely with frequency. At
low frequencies the reactance of the capacitor
is large in comparison to the input resist-
ance of the transistor. Therefore, the coupling
capacitor will drop a large amount of the
signal voltage, resulting in a reduced signal
to the base of Q2. The output signal ampli-
tude then would be reduced.

3-165. The other limiting factor in the
frequency response of RC coupled amplifiers
is interelement and stray capacitance. The
high frequency response is limited by these
capacitances, causing a loss in amplitude at
the high frequency end of the curve.

3-166. Figure 3-40 shows atypical frequency
response curve of an RC coupled audio
amplifier. The high reactance of the coupling
capacitor causes loss of amplitude at the low
frequency end of the curve. The size of the
coupling capacitor is chosen so that the low
frequency half power point (peak x .707)
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Figure 3-40. Frequency Response of RC
Coupled Amplifier
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Figure 3-41. Impedance Coupling

occurs at about 15 hertz. The interelement
and stray capacitances cause the loss above
20 kHz.

3-167. Impedance (or LC) coupling between
two amplifiers is shown in Figure 41. This
type of coupling is similar to RC coupling
except that the load resistor is replaced
with an inductor. Operation of the Impedance
coupled amplifier circuit is the same as the
RC coupled amplifier circuit.

3-168. Impedance coupling is normally used
at frequencies above the audio range. The
chief advantage is that the reactance of the
inductor increases as frequency increases.
This increase in load impedance will increase
the amplifier's voltage gain which will com-
pensate for loss in gain due to the inter-
element capacitance of the transistor.

3-169. The main disadvantage of impedance
coupling is that it is limited to high fre-
quency use. The reactance of the inductor
at low frequencies is not large enough to
produce good voltage gain. Referring to
Figure 3-42, the loss in gain at low fre-
quencies is due to low inductive reactance
and high coupling capacitor reactance. The
low gain at high frequencies is due to the
interwinding capacitive reactance of the
inductor and interelement capacitance of the
amplifier. These capacitances shunt the amp-
lifier, resulting in a decrease in signal
amplitude. The peak in the curve is due to

3-31
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the LC resonance of the inductor and the
interelement capacitance of the transistor.

3-170. Interstage coupling of amplifiers by
means of a transformer is shown in Figure
3-43. The primary winding of transformer
T1 is the collector load of the first stage
Ql. The secondary winding of transformer Ti
couples the AC signal to the base of Q2.

RB and Rni form a forward bias voltage
divider for Q2. The low DC resistance of the
secondary of TI does not affect the forward
bias (base current) appreciably. CI Is used
to place one side of the transformer secondary
at AC ground allowing all of the input signal
to be applied between base and emitter of Q2.

Figure 3-42. Response Curve (Impedance
Coupling)



Figure 3-43. Transformer-Coupled Amplifier

3-171. Figure 3-44 shows the frequency
response of a transformer-coupled amp-
lifier. The low reactance of the windings
at low frequencies causes the tow frequency
response to fall off. At high frequencies,
the response is reduced by the transistor
interelement capacitance and the inter-
winding capacitance of the transformer.

3-172. Troubleshooting

3-173. As a maintenance man, the technique
of troubleshooting is of primary importance
to you. A malfunction of a component in an
amplifier system will produce specific
symptoms. With a good troubleshooting
technique, the technician will be able to
analyze these symptoms and determine the
faulty component. The amount of time and
work required for the isolation of the faulty

20 Ott

Figure 3-44. Frequency Response of
Transformer-Coupled Audio Amplifier
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component depends upon your knowledge of
normal operation. The discussion of trouble-
shooting will begin with the analysis of the
single-ended Class A, CE amplifier of Figure
3-45 and progress to the two-stage amplifie r.

3-174. During normal operation, the following
DC voltages are present in the amplifier;
Base-emitter voltage (VI") would be a small
voltage (approximately 10 volts); collector
voltage (VC), measured from collector to
ground, would be approximately 1/2 Vcc
(+10 volts). In Figure 3-45, Var is dependent
upon the values of Vcc , A1, and Ftn.
Changing any of these factors would change
the measured voltage. VC is dependent upon
the values of VCO R2, and the resietance
of Ql. The equivalent circuits are shown

+20V

Figure 3-45. Single-Ended Amplifier
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Figure 3 -48. Equivalent Bias and Collector
Circuit

in Figure 3-48. Figure 3-47 shows another
single-ended amplifier. Figure 3-48 shows the
equivalent circuits. The base-emitter voltage
is controlled by VCC, R1, R3, lial, and RBE
NOTE: The bias network is a series
parallel network. The voltage from base to
ground (VB) is +2.5 volts, and the voltage
from emitter to ground (YE) is 4 volts.
The base-emitter voltage (BE) is +0.5
volts, or the difference bet-940n VB and VE.

..._ Collector voltage is controllod by the values
of V CC, Rat 11Q1 and R4.

3-175. The normal DC voltages which are
present in the amplifier circuit can be found
in the Technical Order for the equipment
you are troubleshooting. The Technical Order

"c c

Figure 3-47. Single-Ended Amplifier
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Figure 3-48. Equivalent Bias and Collector
Circuit

is a complete maintenance manual giving
operating instructions, circuit analysis,
alignment and troubleshooting procedures
for an electronic system. These voltages
can be measured with the rnuitimeter or the
oscilloscope. The measured values of voltage
can be compared with the normal voltages
to aid in the analysis of circuit operation.

3-176. The AC signal which the amplifier
is designed to pass and amplify can be
observed at various points in its path with
the oscilloscope. The signal can be traced
as it progresses through the amplifier from
the input at A to the output at J2. Figure
3-49 illustrates the signal path through
the amplifier circuit.

3-177. The signal observed at 31 is small
(millivolts). As the signal passes through
the coupling Capacitor Cl, little or no loss
in signal amplitude should be observed.
The AC signal on the collector should be
an amplified reproduction of the input signal
with a 1806 phase reversal and no distortion.
This signal passes through the coupling
capacitor C2 and essentially the same ampli-
tude and quality of signal should be observed
at 32. These voltage measurements and
waveshapes indicate the amPlitler is operating
normally.

3-178. Now, let us observe the effects a
malfunctioning component will have on the
voltages in the amplifier.



Figur, 3-49. Amplifier Signal Path

3-179. A component which is malfunctioning
can deviate from its normal characteristics
to one of two extreme conditions, an open or
a short. A malfunction can occur at any
point between these extremes, and the
symptoms which appear may vary. To
simplify our troubleshooting explanation, we
will use the extreme conditions. An open
will be an infinite resistance, and a short
will be zero resistance. A short may cause
damage to other circuit components. How-
ever, for our explanation, we will assume
that circuit components can withstand the
increased current without damage. Becoming
faMiliar with the symptoms for these con-
ditions will aid you in the analysis of mal-
functions which occur to a lesser degree.

3-180. In Figure 3-50, if R2 were open,
collector current would be zero because there
is now an incomplete path for current flow.
The voltage drop across the open resistor,
R2, would be the applied voltage VCC. The
voltage on the collector of Q1 would be
zero.

3-181. Figure 3-51 shows a simplified
collector circuit with B3 open and the volt-
age which will appear at the collector. A
signal applied to the amplifier will appear
at the collector as a very weak signal.
This signal is due to the coupling through
the transistor's interelement capacitance.
The signal is reduced due to the high reactance
of the transistor interelement capacitance.

3-34

Figure 3-51 shows the signals present in the
amplifier for an open collectorload resistor.

3-183. With B2 shorted, Q1 becomes the
only resistance in the circuit, and the supply
voltage will be measured on its collector.
See Figure 3-52A. With no amplifier load
resistance, no signal would appear on the
collector. However, the base signal would be
near normal amplitude. See Figure 3-53B.

3-183. The effect an open transistor will
have on the measured voltages is shown in
Figure 3-53.

3-184. The effects of this malfunction on the
signal is illustrated in Figure 3-53B. With
41 open there would be no output signal at
J2.

3-185. A shorted transistor can be the
result of an internal or an external short.
The effect of an internal short is illustrated

J1
0..41

+20V

Figure 3-50. Single-Ended Amplifier
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Figure 3-54. Q1 Shorted

in Figure 3-54. The input and output will
be shorted to ground and no output waveshape
will be observed. A large collector current
will flow and all of the applied voltage
(VCC) will be dropped across R2. If an
external short occurs in the transistor, the
symptoms will be somewhat different. Con-
sider, for instance, that the collector and
emitter leads short together. The current
and voltage symptoms would be the same,
but the input waveshape will still be present
at the base.

3-186. Finally, let's observe the effects of
RI on the DC voltages and signals in the
amplifier. Figure 3-55 shows the DC bias
voltage when RI opens or shorts.

3-187. If R1 opens, bias voltage decreases
to zero and QI will not conduct. IC decreases

V

....--1
E1 ER1 = V

CC

1

...--1

. 0

A. R1 Open.

to zero, and VC will increase to VCC.
Q1 is operating in its cutoff region. The
transistor has no bias and is operating
approximately Class B. With sufficient input
signal, a weak and distorted signal would
be present in the output.

3-188. If RI shorts, bias voltage increases
and IC will increase, causing Vcto decrease.
Q1 will be operating in the saturation region.
Increasing the bias voltage to VCC would
cause excessive transistor currents to flow.
This in all probability would destroy the
transistor. However, for our analysis, we
will assume that the transistor can with-
stand the increased current. With RI com-
pletely shorted there would be no signal
present at the base of Q1 or at its col-
lector, since the input signal would be shorted
to AC ground 0' c c ).

Figure 3-55. Effects of Faulty RI on Bias Voltage
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Figure 3-58. Single-Ended Amplifier

3-189. Figure 3-58 is basically the same
amplifier we have been discussing with the
exception of R3, R4, and C3, which are
stabilization components. We will now dis-
cuss the effects thcse components have on
circuit operation when they malfunction.

Refer to Figure 3-57 , which shows the
equivalent bias and collector networks.

3-190. If R3 opens, the base-to-ground
voltage (VB) would increase. This would
increase the bias voltage WEE). A s you
recall, as bias voltage increases, lc would
increase. This would cause VC to decrease
to a value lower than normal, and VE
to increase due to the increased current
through R4. The effect this malfunction has
on the signal current cannot be definitely

Figure 3-57. Equivalent Bias and Collector
Circuit
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Figure 3-58. Reverse Bias Collector-Base
Current Flow

stated. Due to the increase in bias voltage,
the amplifier's operating point has moved
closer to the saturation region of the dynamic
transfer curve. This may cause a decrease
in gain and saturation distortion. "Inc degree
to which the symptoms would appear is
dependent upon how much bias voltage change
is experienced when R3 opens. The base
signal would be normal; however, the col-
lector signal may show distortion.

3-191. If R3 shorts, the VBE and VE
drop to zero volts and the amplifier is cut-
off. Refer to Figure 3-57. Collector current
in this amplifier will decrease to zero.
Due to minority current through the col-
lector base junction, VC will be very close
to Vcc, but not equal to it. Refer to Figure
3-58.

3.492. The signal input to the amplifier is
now shorted to ground. Therefore, you would
observe no signal either in its input or
output circuits.

3-193. Since R4 is in the DC current path
for Qt, if it were open, IE would cease,
IC would drop tO near zero (minority current
still present), and VC would increase to
near Vcc. See Figure 3-58 and 3-57. The
base to ground voltage would be higher than
normal, since less current will flow through
RI. The emitter voltage (VE) wouldbe nearly
the same as the base voltage. Since the ampli-
fier is not functioning, the normal signal
on the base would be coupled through Ql

420
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interelement capacitance and a very weak,
distorted signal would appear in tLe output.

3-194. U R4 shorts, the VBE would increase
(VBE 2 VB VE) since the voltage across
R4 (VE) drops to zero. IC would increase
and VC would be lower than normal. Since
Q1 is now operating with a greater amount
of bias voltage, operation is approaching
saturation. The amplifier output signal may
experience a decrease in amplitude and an
increase in distortion. R4 is employed for
temperature stabilization and, shorting would
decrease circuit temperature stability. Its
swamping action on bias current changes are
no longer felt, and the increase in bias
results in greater heat which further reduces
circuit stability.

3-195. C3 is utilized in the amplifier to
prevent degeneration of the input signal
appearing between base-emitter of Ql. An
open capacitor would decrease the gain of
the amplifier. The input signal is normal.
However, due to the degeneration, the output
signal will be lower than normal. The static
operating point of the amplifier will not be
changed by this malfunction; therefore, VC
and VBE will be normal.

3-196. Refer to Figure 3-57. C3 is in
parallel with k4. When C3 shorts, it will
place a short across R4, producing the same
effects as R4 Shorting. VE would decrease
to zero and VBE would increase. This
increase in bias voltage may cause a decrease
in output signal amplitude and an increase
in distortion.

3-197. Classification of Amplifiers

3-198. Amplifiers may be classified or
grouped in a number of ways. The methods
we will discuss are classification by use,
frequency range, and class of operation.

3-199. Classification by use. Amplifiers
may be grouped by the way they are used
in a circuit. Recall that the current, voltage,
and power gains of an amplifier are dependent
on several factors, namely configuration,
size of the load resistor, transistor type,
etc. An amplifier designed to produce a

large current gain is called a current amp-
lifier, and one that provides a large voltage
gain is called a voltage amplifier. A power
amplifier is one which must deliver large
amounts of output powe.

3-200. Classification by frequency. Anamp-
lifier may be classified also by the range of
frequencies it is capable of amplifying pro-
perly. A DC AMPLIFIER is one which is
able to amplify DC (0 Hertz) applied to
its input. DC amplifiers are often found in
oscilloscopes and computer circuits. An
AUDIO AMPLIFIER, as the name implies,
operates in the audio range, which is about
15 Hz to 20 kHz.

3-38

3 -201. RADIO FREQUENCY AMPLIFIERS
are operated in the radio frequency (RF)
spectrum from about 10 kHz to 300 GHz
or higher. RF amplifiers are commonly
used in radio receivers and transmitters.

3-202. Lastly, the VIDEO AMPLIFIER,
which is also called a wide-band amplifier,
can amplify all frequencies from a few
hertz to several megahertz. They are used
in television and radar systems.

3-203. Classification by class of operation.
There are four classes of operation for
amplifiers. They are CLASS A, CLASS AB,
CLASS B, and CLASS C. The class of opera-
tion is determined by the amount of bias and
the amplitude of the input signal.

3-204. All cf the amplifiers you have seen
so far in this chapt,r have been CLASS A
amplifiers. Amplifiers operated CLASS A
are biased in such a manner as to allow
collector current to flow during the complete
380 degree cycle (100%) of the input signal.
CLASS B amplifiers are biased to allow
collector current to flow one half, or 50%,
of the input signal cycle. Class AB falls
between Class A and Class B. Collector
current is zero for a portion of one alter-
nation of the input signal; thus IC flows
for more than 180 degrees, but less than
360 degrees (51% to 99%) of the input cycle.
Finally CLASS C amplifiers are biased to
allow IC to flow for less than 180 degrees
of the input cycle (less than 50%). Each of
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Figure 3-59. Development of Dynamic Transfer Curves

these classes of operation has certain
advantages and disadvantages, and will now
be explained in detail.

3-205. Amplifiers operated Class A are
biased in such a manner as to allow col-
lector current flow during a complete 360
degrees of the input signal. Collector current
also flows when no signal is present. The
initial operating point is established, by pro-
per biasing, so that the transistor will operate
within the linear portion of its collector
characteristics, thus providing an output
waveform which is a replica of the input
waveform.

3-206. To aid the discussion of classes of
operation , we use a "dynamic transfer"
curve. Figure 3-59A shows a typical common
emitter family of curves with a load line.
These curves, however, do not give a clear
picture of the linearity between the input
current (1B) and output current (1c). To
show the linearity characteristics of a circuit,
a transfer curve, shown in figure 3-59B
is constructed. This curve is a plot of IC
(vertically) against IB (horizontally). By ex-
tracting values of IC versus IB at various
points on the load line, and transferring this
information to the chart on the right, a
dynamic transfer curve is developed.

3-207. Notice that the center portion of the
transfer curve is almost a straight line.
This is the LINEAR operation region for
the amplifier. The top and bottom of the
curve is not straight, indicating the NON-
LINEAR operation of the amplifier as satu-
ration or cutoff is approached.

3-206. Class A amplifiers operate within the
linear portion of the collector characteristic
curves. Figure 3-60 uses a transfer curve
to illustrate Class A operation. The initial
operating point is established in the middle
of the linear portion of the curve. The input
signal will cause the base current to vary
up and down along the curve. This will cause
a corresponding change in collector current.
For Class A operation, the amplifier cur-
rent never goes beyond the linear portion of
the curve. The input signal will cause the
base current to vary up and down along the
curve. This will cause a corresponding change
in collector current. For Class A operation,
the amplifier current never goes beyond the
linear portion of the curve. This results in
an output signal which is an exact replica
of the input. Notice that collector current
flows during 100% (or 360 degrees) of the
input cycle.

3-209. For ClassABoperation, the amplifier
is biased so that IC is zero (cutoff) for a

3..39
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Figure 3-60. Class A Operation

portion of one alternation of the input signal.
Thus collector current will flow for more than
180 degrees but less than 360 degrees. To
operate Class AB, forward bias current is
made less than the peak value of the input
signal current. Therefore, the input junction
will be reverse biased during one alternation
for the amount of time that the signal current
peak opposes and exceeds the value of for-
ward bias current. Figure 3-61 shows the
characteristics of a Class AB amplifier. An
examination indicates that the operating point
has been moved downward along the curve
`oward cutoff as compared to Class A.
Collector cutoff current is very small during
the time 1g is zero, because collector cur-
rent during this period is due to kBo.
Notice also that the collector current (or
output signal) waveform is not an exact
replica of the input with Class AB operation.
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Figure 3-61. Class AB Operation
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Figure 3-64. Class A Amplifier

3-210. Figure 3-62 shows a curve with the
initial operating point at zero base current
(113 = 0). This amplifier is biased for Class
B operation, with collector current cutoff
during one half cycle (50%) of the input sig-
nal. The initial operating point is established
so that base current is zero under NO SIG-
NAL conditions. When a signal is applied, one
half cycle will forward bias the base-
emitter junction and IC will flow. Since the
operating point must move through the non-
linear region near cutoff, the collector cur-
rent does not exactly follow the shape of the
input signal. On the other half cycle
of the input signal, the base-emitter junction
will be reverse biased, and IC will be cut off.
Thus, in Class B operation, collector cur-
rent will flow for approximately 160 degrees
of the input signal, and there will be no
collector current flow with no input signal
applied.

3-211. Class C amplifiers are biased so
that collector current flow is zero for more
than 180 degrees of the input signal. In
other words, the transistor remains ina cut-
off condition for all but a smallportionof the
input signal. To establish an operating point
below cutoff in a transistor requires that
the base-emitter Junction be reverse biased.

0

4
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Only the portion of the input signal that
overcomes this reverse bias will cause
collector current to flow.

3-212. Figure 3-63 shows the characteris-
tics of a Class C amplifier. Notice that the
operating point Is established beyond the col-
lector cutoff level. Only the portion of the
input signal that overcomes the reverse
bias will cause an output signal. During the
rest of the cycle the input junction is rverse
biased, as shown by the shaded area. Notice
that the output signal bears little resemblance
to the input signal waveform.

3-42

3413. From the previous discussion, you can
conclude that two primary items determine
the class of operation of an amplifier. These
are the AMOUNT OF BIAS and the AMP-
LITUDE OF THE INPUT SIGNAL. Figure
3-64 shows a common emitter amplifier.
We can determine its class of operation
from the information given on the schematic
diagram, or in the actual circuit by using an
oscilloscope and multimeter.

3-214. Notice first that the bias resistor
R1 places the base of the NPN transistor
at a positive 0.5 volts with respect to the
emitter (VBE = +0.5V), indicating that the

20
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Figure 3-65. Class AB Amplifier

transistor has forward bias. This voltage
of the multimeter across the base and
emitter leads of the transistor and measuring
the DC bias voltage.

3-215. Next we compare the PEAK value of
the input signal to the amount of bias voltage.
The input signal is given as 0.5 volts p-p,
which is 0.25 volts peak. The input signal
voltage can be measured with an oscilloscope
by placing the probe on the base lead of the
transistor. Recall that the negative alternation
of the input will oppose forward bias in this
circuit. Since the peak value of the input
(0.25 volts) is less than the bias voltage,
the transistor will have forward bias for the
entire input cycle, and collector current will
flow for the entire cycle. Therefore, this
amplifier is operating class A.

3-216. Class A operation can also be veri-
fied by observing the waveform at the col-
lector of the transistor with the oscilloscope.
As long as the transistor operates in the
linear region of the dynamic transfer curve,
the output waveform will be an exact replica
of the input waveform.

3-217. We can apply the same techniques
to the circuit of figure 3-65 to determine

t
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the class of operation. Note that the bias
voltage (VBE) is less than in the previous
example. Now the peak value of the input
signal is more than the bias voltage. The
input signal will completely cancel the forward
bias for a portion of one alternation of the
input signal, and collector current will be
cutoff during this time. Collector current is
cut off for only a portion of one alternation
(less than 180 degrees), hence the amplifier
is operating Class AB.

3-218. So far we have illustrated the effect
of the amount of bias on class of ooeration.
To illustrate the effect of signal amplitude,
consider the circui of figure 3-65, but with
an input signal of 0.2 volts p-p. Now, com-
paring peak signal amplitude (now 0.1 volts
peak) to bias voltage (0.2 volts) we see that
the input signal will no longer completely
cancel forward bias. Therefore, collector
current will flow during the entire input cycle,
and the amplifier circuit is now operating
Class A.

3-219. Now consider the amplifier circuit
of figure 3-64 (which we determined earlier
to be operating Class A), but with a larger
input signal amplitude of 1.2 volts p-p. The
peak value of the input signal (0.6 volts)
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Figure 3-68. Class B Common Base Amplifier
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is somewhat greater than the bias (0.5
Volta) so collector current will be cut off for
a protion of the negative alternation of the
input signal. The amplifier is now operating
Class AB. On the positive alternation, the
input signal will aid bias to the extent that
the transistor will be driven into satura-
tion for a portion of the positive alternation.
If the input signal to an amplifier is large
enough so that it goes alternately into cut-
off and saturation, the amplifier is called
an OVERDRIVEN AMPLIFIER.

3-220. Figure 3-66 shows a Class B
amplifier. Notice that the bias voltage (VBE)
is 0 volts. Resistor RI is used to place the
base at zero volts, and to develop the input
signal. Only the positive alternation of the
input signal will allow the transistor to con-
duct and collector current would flow for
only 50% of the input cycle.

3-221. The oscilloscope can be used to
verify Class B operation. The time for one
cycle of the input is measured (2 ms) and
compared to the time an output signal is
produced (1 ms). A ratio of 1 to 2, or 50%
indicates Class B operation.

3-222. To illustrate Class C operation we
will use the Circuit of figure 3-67. Resistors
RI and R2 form a voltage divider which
places -0.1 volts on the base. This is
reverse bias for the emitter-base junction.
The input signal must first overcome this
reverse bias before collector current can flow.
Therefore, the transistor will conduct for only

LV P-P

+25V

a portion of the positive alternation of the
input cycle. The negative alternation will
aid the reverse bias already present, and
collector current will remain cut off. Col-
lector current flows for less than 50%
of the input cycle, indicating Class C operation.

3-223. The techniques just studied can also
be applied to other transistor circuit con-
figurations. Figure 3-66 shows a common
base amplifier using a PNP transistor. By
comparing the time collector current flows
(developing an output signal) with the input
signal period, we see that this amplifier is
operating Class B. These measurements
are easily made using the oscilloscope.
Similarly, the common collector circuit of
figure 3-69 can be determined to be operating
Class AB. Remember that IE and lc cease
when the input signal cuts off the transistor.

3-224. Two terms used in conjunction with
amplifiers are FIDELITY and EFFICIENCY.
FIDELITY is defined as the degree to which
a device accurately reproduces, at its output,
the waveform characteristics of a signal
applied to its input. In other words, if a
sine wave of a certain frequency is applied
to the input of an amplifiei and a sine wave
at the same frequency is developed in the
output, the amplifier has a high degree of
fidelity.

3-225. A class A amplifier, then, has a high
degree of fidelity. A Class AB amplifier
has less fidelity, and Class B and Class C
amplifiers have low or POOR fidelity.

VE

0

Figure 3-69. Class AB Common Collector Amplifier
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3-226. EFFICIENCY is defined as the ratio
between the output signal power and the total
input power. An amplifier has two input power
sources, one from the signal and one from the
power supply. Power furnished by the power
supply is determined by voltage and current
required at the operating point. The input
signal power is determined by the current-
voltage values of the input signal. The output
power is determined by the current-voltage
values of the output signal.

3-227. A Class A amplifier has a relatively
large input power from the power supply.
This is because Class A amplifiers are biased
near the middle of the dynamic transfer curve,
where both voltage and current are relatively
large. Even with no input signal, the circuit
is using considerable power from the power
supply. The amplitude of the output signal is
limited by the nonlinear areas of the transfer
curve. Therefore, the output signal will be
relatively small. Comparing the total input
power to the output signal power reveals the
efficiency to be very low.

3-228. Class AB amplifiers are biased lower
on the dynamic transfer curve, so IC is
smaller than in a Class A amplifier. Further,
during the time the transistor is cut off by
the input signal, no collector current flows.
The total input power to the amplifier in
Class AB is less than in Class A. This leads
to better efficiency.

GEN 42
t = 3 KILOHERTZ
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3-220. Class B amplifiers are biased with
little or no IC at the operating point. With
no input signal there is little wasted power.
The efficiency of Class B is higher still.

3-230. The efficiency of Class C is the
highest of the four classes, since collector
current is- cutoff during all but a small por-
tion of one-half cycle of the input cycle.

3-231. We have discussed three methods of
classifying amplifiers; by use, frequency
range, and class of operation. It should now
be apparent that an amplifier can be described
in detail by these methods. For example, an
amplifier designed for a high power gain,
capable of amplifying frequencies in the
audio range, and operating suchthat collector
current flows during the entire cycle of the
input signal would be called a CLASS A
AUDIO POWER AMPLIFIER.

3-232. Harmonic Generation

3-233. A sine wave is the basis of all other
waveforms. It is the only waveform that
contains only one frequency.When any outside
source changes the shape of a sine wave,
other frequencies are generated. The resultant
waveform is a composite of these other fre-
quency components. To illustrate this
principle, refer to figure 3-70.

a
VI

Ail e'
IF

Figure 3-70. Complex Wave Generation
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Figure 3-71. Harmonic Generation

3-234. generator No. 1 is producing a sine
wave signal of 1 kHz. Generator No. 2
is producing a sine wave signal of 3 kHz,
which is the third harmonic of the 1 kHz.
A HARMONIC is an integral (whole number)
multiple of the fundamental frequency. That
is, the second harmonic is two times the
fundamental, the third harmonic is three times
the fundamental, etc. Those harmonics that
are odd multiples of the fundamental fre-
quency are called odd harmonics, and the
even multiples are called even harmonics.

3-235. By combining the fundamental fre-
quency and the third harmonic frequency
(Point A, figure 3-70), a resultant wave is
formed that is considerably different than
either of the originals. When the fifth har-
monic frequency (Generator No. 3) is added
with the fundamental and the third harmonic,
the resultant wave at Point B is obtained.
Both waves (Point A and 8) are called non-
sinusoidal waves. A nonsinusoidal wave is
any wave that does not vary as a sine curve.

Further, as seen above a nonsinusoidal wave
contains more than one frequency component.

3-236. It is not necessary to have three
generators to produce the waveform shown
at point B of figure 3-70. Figure 3-71
illustrates how an amplifier can do the same
thing. If a sine wave input signal were
large enough to drive an amplifier alternately
into saturation and cutoff (overdriven), the
output waveform would be nearly flat on the
top and bottom. Since the output is non-
sinusoidal, it now contains fundamental and
harmonic frequencies. The harmonic fre-
quencies have been generated by the non-
linear operation of the transistor (cutoff and
saturation).

3-237. When a sine wave is applied to a
non-linear device, harmonically related fre-
quencies are generated. Any waveform that is
not a sine wave contains more than one
frequency.

3-238. A Class A amplifier is designed to
operate on the linear portion of its trans-
fer curve. Thus, no harmonics will be
generated and the output will contain only
the frequency applied to the input of the
amplifier. Class AB, Class B, and Class C
amplifiers do generate harmonics because, at
some time during their operation, they use
the non-linear portion of the curve.

3-239. The type or class of operation will
determine the type of harmonics generated.
In Class B operation, the predominant har-
monics generated are even harmonics. Some
odd harmonics will be generated, but their
amplitudes are small compared to the even
harmonics. In Class C operation, however,
both odd and even harmonics have large
values. Overdriven amplifier operation will
generate odd harmonics.
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Chapter 4

SELECTED SOLID STATE DEVICES AND INTEGRATED CIRCUITS

4-1. The introduction and application of
semiconductor devices into the field of
Electronics has enabled us to successfully
launch a apace vehicle. This is only one of
thousands of things which have either been
improved or made possible by semiconductor
devices. The large, high power consuming,
heat generating vacuum tube amplifiers have
been replaced, to a large degree, by the
transistor, tunnel diode, or field effect tran-
sistor. The slow acting, heavy, large, un-
reliable control devices such as switchssand
relays have been replaced by special semi-
conductor devices. This has, to a great
extent, aided in the development of miniature
computers. As man's knowledge of the appli-
cation of semiconductors increased, he was
able to produce components such as resistors,
capacitors and inductors from semi-conductor
materials. In fact, it is now possible to
produce entire electronic circuits known as
integrated circuits. These circuits can be as
small or smaller than the letter "0." The
development of these micro-miniature semi-
conductor circuits has greatly reduced the
size and weight of electronic systems and
has increased their reliability. The schematic

symbols, biasing characteristics, and appli-
cations of some of these semiconductor
devices will be discussed in this chapter.

4-2. Unijunction Transistors

4-3. The unijunction transistor (UJT) is the
first one of the selected solid state devices
we will discuss. It basically is a variable
resistance which is voltage controlled. It
does not amplify, but it does serve as an
electronic switch. Like a switch, the uni-
junction can go from a high resistance
(switch open) to a low resistance (switch
closed).

4-4. Figure 4-1A shows the construction of
a unijunction transistor using an N-type
bar. Fused into the N-type material is a
piece of P-type materialwhichisthe emitter.
Ohmic contacts are connected at opposite
ends of the bar, called BASE 1 and BASE 2.
Observe that the position of the emitter is
closer to BASE 2, about two-thirds the distance
from BASE 1 to BASE 2. Other unijunctions
use a P-type bar with an N-type emitter.
The N region has a specific resistance

EMITTER 7 EMITTER
EMITTER X11 EMITTER

BASE 2

A B

BASE 1

N TYPE

C

Figure 4-1. Unijunction Transistor (UJT)
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Figure 4-2. Voltage Distribution or Gradient
in the Gnijunction Transistor

because it is a semiconductor. Figure 4-1B
shows the equivalent circuit for the three
terminals. The N-type bar appears as a
resistor between BASE 1. and BASE 2. This
resistance is called "inte rbase" resistance
and can have typical values of 5k to 10k
ohms. The P-type emitter fused to the N-
type bar forms a PN junction diode as shown.
Figure 4-1C shows the schematic symbol for
an N-type unijunction and 4-1D is the symbol
for the P-type unijunction transistor.

4-5. When a voltage is applied across the
two bases (Figure 4-2), a small current
will flow from BASE 1 to BASE 2. The
voltage applied will be evenly distributed
across the into rbase resistance which appears
as a voltage divider. This distribution is
called the "voltage gradient." One-fourth
the distance from B1 to B2 represents one-
fourth of the interbase resistance. There-
fore, one-fourth of the voltage applied will
appear at point A with respect to B1 or
ground. Point B represents one-half of the

+ 20V

(ve )
B2

+10v

R1

C...- 12.13V

HIGH
IMPEDANCE

B1

REVERSE BIAS
"OFF"

A

resistance; therefore 10 volts would appear
at point B. Three-fourths of the applied
voltage appears at point D. Increasing or
decreasing the voltage applied would change
the voltage at these points but the distri-
bution or voltage gradients would remain the
same. For 40 volts applied, point A would be
10 volts, point B would be 20 volts, and 30
volts at point D.

4 -8. In Figure 4-2, the voltage at the
junction of the emitter and bar (Point C)
is positive 12.8 volts with respect to BASE
I or ground., The emitter at point E is at
ground potential; therefore the emitter is
reverse biased by 12.8 volts. The emitter
junction is "cutoff" and will remain at
cutoff as long as the emitter is less posi-
tive than point C. In the cutoff condition,
there is very little current through the
emitter-BASE 1 junction. The impedance of
the emitter is very high (from 1 to 85
megohms) and the emitter circuit acts like
an open switch.

4-7. Figure 4-3A shows an equivalent
circuit of a cutoff unijunction. R1 and R2
provide only positive 10 volts at the emitter
and the emitter junction is reverse biased.
Current flows from BASE 1 to BASE 2,
but this current is small and is only used
to develop the voltage for biasing one side
of the junction. When the voltage on the
emitter exceeds the voltage at point C, the
junction will become forward biased, and the
UJT will "FIRE" or turn on.

4-8. Refer to Figure 4-3B. With forward
bias, the emitter to B1 resistance will

+20v

(V88)
B2

+3.1v

RI
LOW

IMPEDANCE

FORWARD BIAS
"ON"

B

Figure 4-3. Unijunction Equivalent Circuits
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decrease to a very low value. The decrease
in resistance causes the voltage at point C
to drop to a low value (3 volts in this
example). The low emitter -BI resistance
acts like a closed switch and a large cur-
rent will flow through the junction. The ..:ur-
rent will flow from 131 to the emitter,
through R2 to VBB. This large current
through R2 will cause the voltage at point E
to drop to positive 3.1 volts. The emitter
is forward biased by .1 volt and will remain
on as long as forward bias is applied. In
the "ON" state (forward biased) the UJT
is operating at saturation (maximum current).

4-9. The RI and R2 divider is used to
rep resent any sensing device which can change
the emitter voltage. To simulate the action
of the sensing device and its effect on the
UJT, we will increase the value of RI.
The voltage across RI would increase which
will forward bias the UJT and fire it. If
its resistance is then decreased, the forward
bias is removed and the UJT will turn off.
The time required to change states from on
to off or vice versa is called the "switching
time." The switching time for the uni-
junction is only a fraction of a microsecond
or a million times faster than conventional
switching devices.

4-10. Figure 4-4 shows a characteristic
curve of a uni junction transistor, plotting
emitter voltage versus emitter current. From
0 to 12.8 volts (point A to point B) at the
bottom of the chart is the area of emitter
cutoff. During cutoff, a very small amount
of reverse bias current (leakage current)
will flow in the emitter. However, this cur-
rent is from .2 to 12 microamperes and
cannot be plotted on the graph which is
calibrated in milliamperes. Forward bias
occurs at the peak voltage point (point B).
The uni junction fires and emitter current
increases. The emitter voltage will decrease
to point C called the valley voltage point.
The area between points B and C is called
the "negative resistance area" because the
emitter current increases as the emitter
voltage decreases. The time required to
change from point B to point C is the
switching time. When the UJT is fired, the
negative resistance properties of the device
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Figure 4-4. Unijunction Characteristic Curve

cause a very rapid change from the "off"
to "on" conditions or vice versa and accounts
for its fast switching time.

4-11. From our discussion of the unijunction
it can be seen that it is merely a voltage
controlled switch. it may be used in many
applications requiring a switching or control
device. One application of the UJT is as a
waveform generator and will be discussed
later.

4-12. Field Effect Transistors

4-13. NPN and PNP transistors are current -
controlled devices, and have a low input
impedance. The field effect transistor (FET)
is a voltage-controlled device, and has a
high input impedance. This semiconductor
device operates on electrostatic principles,
and is used in transmitters, receivers, test
instruments, and other electronic devices.

4-14. The FET devices can be divided into
two main groups: the Junction Field Effect
Transistor (JFET) and the Metal Oxide Semi-
conductor Field Effect Transistor (MOSF ET).
We will first discuss the characteristics of
the Junction Field Effect Transistor.

4-15. JFETs are either N-type or P-type.
For discussion purposes, we use the N-type

4-3
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JFET, although the P-type construction and
operation use the same basic principles.
Let's start with a bar of N-type silicon
crystal, shown in Figure 4-5A.

4-16. The two connections labeled source"
and "drain" are simply ohmic type con-
nections to each end of the N -type
crystal. A P-type region is processed
into the bar (Figure 4-5A and B),
and an ohmic contact is made to this region.
This connection is called the "gate." The
gate can be compared to the base of a con-
ventional transistor.

4-17. Figure 4-5B shows how an N-bar
JFET is connected to external power sources
for proper operation. The drain is connected
through RL to the positive terminal of the
drain supply (VDD), and the source to the

drain and through the external circuit as shown
by the arrows. Ignoring the action of the gate
for the moment, ID is limited by RL and the
resistance of the N-type material.

4-18. The gate is connected to the negative
terminal of the gate supply, VGG. The posi-
tive terminal of VGG is returned to the source.
This connection reverse biases the gate-
source PN junction. With the gate reverse
biased, the only gate current flowing is an
extremely small reverse current. For the
moment, let's assume the gate voltage is
zero. As drain current flows through the
JFET, a voltage gradient is produced along
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negative terminal of VDD. The drain current, Figure 4-6. Effects of Changing VDS on
ID, flows through the JFET from source to Channel and Drain Current
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the bar with voltages that are positive with
respect to the source. This will also reverse
bias the gate PN junction. Whenever a PN
junction is reverse biased, a depletion region,
void of current carriers, is set up around
the junction. This is shown in Figure 4-6A.
The drain current cannot flow inthe depletion
regions, since no current carriers are avail-
able. Therefore, drain current is confined in
the space between the depletion regions. This
space is referred to as the "channel." As
the drain-source voltage (VDS) is increased,
the drain current increases. However, the
increase in drain current is nonlinear.

4-19. Refer to Figure 4 -GB. Note that a
change in drain-source voltage from 2 to 4v
results in a change of drain current from
.6 to .95 mA (AID = 0.35 mA). However, a
change in Vim from 4-6v produced a change
in ID from .95 to 1 mA (AID = 0.05 mA).
This is because the reverse bias on the gate
PN Junction increases as the drain current
increases. This causes an increase in the
size of the depletion regions, causing them
to extend further into the channel as shown
in Figure 4-6B. Thus, as drain current
Increases, it causes a decrease in channel
width, which tends to oppose an increase in..._
drain current.

4-20. Increasing the drain-source voltage
even further causes the depletion regions to

10

mA

1/0
come together, aro shown in Figure

4-6C. When this condition is present, further
increases in drain source voltage cause little
increase in drain current. Thus, drain current
is at its saturated value.

4-21. The point where drain current reaches
its saturated value is referredto as "channel
pinch-off." If the drain-source voltage is
increased too far, breakdown of the reverse
biased gate junction occurs. This causes a
high ID and the JFET is destroyed. This
action can be seen on the characteristic
curve for an N-type JFET in Figure 4-7.
With zero gate-source voltage (VGs), pinch-
off occurs when VDs is approximately 4
volts and ID is .95 mA.

4-22. Control of the channel pinch-off
point can be obtained by varying the negative
gate potential with respect to the source.
As the gate voltage is increased (made
more negative in respect to source) the
depletion regions are extended further into
the channel. This causes channel pinch -off
to occur at a lower drain-source voltage,
and thus causes a lower drain current.
Therefore, drain current can be controlled
by gate voltage. Making the gate more
negative decreases current, and vice versa.
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Figure 4-7. N-Type JFET Characteristic Curve
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4-23. Figure 4-8 shows the family of curves
for the N-type JFET. Point A, 13, and Con
the curves show where the channel pinch-off
occurs. Note that making the gate more
negative reduces channel pinch-off and also
drain current. If VGs is made negative
enough, drain current becomes almost tem
This value of VGs is called the "pinch -oft
voltage" (Vp) . You will notice that small
changes in gate voltage (V S) produce large
changes in drain current (ID). The gate is
therefore used as the controlling element of
the JFET.

4-24. The designation "unipolar" is often
given to a FET device. Urdpolar specifies
a device which essentially contains one type
of current carriers, either holes orelectrons,
but not both as in the bipolar NPN and PNP
transistors.

4-25. The term "field effect" stems from
the fact that the . resistance of the silicon
bar and the resultant drain current are
affected by varying the electrostatic field
at the gate.

4-6

4-26. Figure 4-9 shows the standard symbol
for the N-type and P-type Junction FETs,
with their electrodes and polarities labeled.
The bar is P material on the P-type JFET,
and the bar is Nmaterialinthe N-type JFET.
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P-TYPE FET

SOURCE
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N -TYPE FET

SOURCE

RE14-822

Figure 4-9. Junction FET Symbols

174.14°'



NW

SIGNAL
INPUT

0

=7 VGG

A

<40 SIGNAL
OUTPUT

ilk

--I VDD

I+ VOD
0

Figure 4-10. Common Source Amplifier

4-27. Figure 4-10 shows the JFETamplifier
circuit in one of the three circuit configura-
tions that may be employed, the common
source amplifier. In Figure 4-10A, the input
signal is applied to the gate, and the output
is taken from the drain, with the source
common to input and output. Resistor RG
is used to develop the input signal, VGG
is the gate supply voltage. RL is the drain
load resistor, and VDD is the drain supply
voltage. With the application of a positive
input signal, the negative gate Voltage will
decrease, which increases drain current.
This would cause drain voltage (VD) to
decrease causing the output signal to go in a
negative direction. A negative input signal
would increase gate voltage, drain current
would decrease and the output signal would go
more positive. Thus, the signal is shifted
180° 23 it passes through the JFET. Figure
4-10B shows the common source amplifier
with VGG removed and Rs added. Rsis placed
in the source lead to develop the gate-
source bias voltage as a self biasing network.
Cl bypasses the signal around RS preventing
degeneration. Drain current through Rs will
develop a voltage drop of the larity shown.
The gate is connected to the negative end
of Rs while the source is on the positive

4-7
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end. Thus the gate is made negative with
respect to the source, providing the desired
reverse bias for the gate.

4-28. As with conventional transistors, the
JFET may be connected in a common source,
common gate, or common drain configuration.
These may be compared to the common
emitter, common base, and common collector
configurations respectively. Each configura-
tion has the same input-output signal phase
relationship as the conventional transistor.
In contrast however, the input signal of the
JFET is applied to a reverse biasedjunction,
while in the transistor the input is applied
to a forward biased junction.

4-29. The input Impedance for the JFET
therefore is much higher than conventional
transistors. Due to the reverse biased input
of the JFET, its interelement capacitance is
very low. As you recall the input inte relement
capacitance is one factor which limits tiie
high frequency reSponse in conventional tran-
sistor amplifters. Two characteristics of the
JFET therefore are its high input impedances
which make it useful in test equipment and
its low interelement capacitance enabling
operation in high frequency circuits.
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Figure 4-11. Cut-Away View of MOSFET
(N-Channel)

4-30. The field effect transistor is a constant
current device. That is, beyond a certain
point (channel pinch-off) changes in drain
voltage cause almost no change in drain
current. Drain current is controlled entirely
by gate voltage. Therefore, one of the most
important dynamic characteristics of a JFET
is how much change in drain current is
produced by a given change in gate voltage.
This characteristic is refe rred to as "t rans-
conductance" (gm). It is the ratio of a change
in drain current to a change in gate voltage,
holding VDS constant.

ID
gm = VDS constant

" GS
The unit for transconductance is the mho,
and is equal to 1 ampere divided by 1 volt.
As an example, refer to points X and Y in
Figure 4-8. A change in VGs from 0 volts
(point X) to -.8 volts (point Y) causes a
change in drain current from 1.05 mA to
.4 mA. The gm is therefore:

ID .65 x 10-3 amperes
078-7/451-fs

GS
gm s

= .8125 x 10-3 mho

The unit "mho" is generally too large for
most specifications. Generally, gm is
expressed in milli- or micromhos. Thus
.8125 x 10-3 mho becomes 812.5 micronthos.
Transconductance (gm) is a figure of merit
for the JFET. The higher the value of gm
the greater the amplifying ability of the JFET.

4-8

Although the JFET is a great improvement
over the conventional transistor, it also has
limitations. The small amount of reverse bias
gate current which is drawn from a signal
source would produce some loading of that
source. To reduce this loading effect and to
improve frequency response, an improved
type FET Was developed.

4-31. The second type of FET is the Metal
Oxide Semiconductor (MOS), usually referred
to as a MOSFET. The basic operation is
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V
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APPLIED & NEGATIVE GATE VOLTAGE
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Figure 4-12. N-Channel Depletion Type MOSFET
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Figure 4-13. N-Channel Enhancement Type
MOSFET

similar to the JFET. However, due to design
characteristics, the MOSFET has a higher
input impedance and a lower input capacitance
than the JFET. The physical construction of a
MOSFET is shown in Figure 4-11. Ohmic
contacts are made to a section of N-type
material to form the source and drain. This
is called the channel material. The channel
material is chemically joined with P-type

4-9

*91
material callod tho BULK Or substrato. The
N- channel and P- subst rate form a PN junction
and have all the characteristics of the PN
junction. An insulator consisting of an oxide
layer is placed between the source and drain.
A metal gate is deposited over the oxide
layer and a connection is made to the gate,
MOSFETs are sometimes referred to as
"insulated gate" FETs or IGF ETs. The
metallic gate and channel material form the
plates of a very small capacitor. Onrent
flows from the source to the drain through
the channel immediately below the gate. The
amount of current will depend on channel
doping, gate, and drain-source voltages.

4-32. MOSFETs are classified as depletion
or enhancement types. The depletion type
has its channel doped heavily to allow a large
amount of drain current flow with a small
draln-source voltage applied. The enhance-
ment type has a very lightly doped channel
which allows a small amount of ID flow.

4-33. Figure 4-12A and 9-I3A show the N-
channel depletion and enhancement MOSFETs
with no circuit connections. Note that there
is a depletion region at the junction between
the channel and substrate. This will form a
channel through which ID will flow. As you
recall from the discussion of PN Junctions,
the width of the depletion region is dependent
upon percentage of doping. Since the enhance-
ment MOSFET is lightly doped, its barrier
width is large and the resultant channel is
small.

4-34. When a voltage is applied to the
MOSFET drain and source, drain current will
flow in the channel. In Figures 4.128 and
4-13B, note that a large amount of ID
will flow in the depletion type and a small
ID flows in the enhancement type. Drain
current through the channel will produce a
voltage drop in the channel which becomes
more positive as we go from source to
drain. This changes the amount of reverse
bias and the barrier width from source to
drain.

4-35. In Figure 442C, we can see the
effect of applying a negative voltage to the
gate. This negative gate potential makes the
N-channel more positive. Remember, the gate
is one plate of a capacitor and the N-channel
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Figure 4-14. MOSFET Symbols

is the other plate. Making the gate negative
increases the reverse bias between the channel
and substrate. Thejunctionbarrierincreases,
channel width decreases, and' drain current
de creases. Therefore, in the depletion N-type
MOSFET, a negative gate voltage will decrease
drain current,

4-36. Figure 4-13C shows the enhancement
type MOSFET with a positive gate voltage.
This causes the channel to become lees
positive, reducing the reverse bias between
channel and substrate. Notice barrier width
decreases, channel width increases, and a
larger drain current will flow. The gate
voltage for both types of MOSFETs will
establish the operating point. The input
signal applied to the gate will alternately
add to and subtract from the gate voltage,
and will cause ID to vary accordingly. The
schematic symbols for MOSFETs are shown
in Figure 4-14. You will note that the
MOSFET can be manufactured with the N-
channel, as we've discussed, or with the P-
channel. With P- Channel MOSFET, all voltage

4-10

polarities will be reversed, and drain current
will flow in the opposite direction. The arrow
on the Bulk lead pointing "in" represents an
N-Channel device, and pointing "out," the P-
Channel. The solid line between the source
and drain represents a depletion type and a
broken line the enhancement type. The gate,
which does not touch the other elements,
represents the insulated gate.

4-37. Basic circuit applications for the
MOSFET are the same as the JFET. Figure
4-15 shows the N-Channel depletion MOSFET
In a common source configuration.

4-38. Due to the insulated gate, the input
Impedance for the MOSFET is extremely
high (1014 ohms) and the interelement
capacitance is extremely low. This makes the
MOSFET very useful for frequencies well
above the range of the ordinary transistor
and in circuits requiring high input impedance
amplifiers. For this reason, MOSFETs are
employed in electronic voltohmmeters and
other electronic test equipment.

4-30. Tunnel Diodes

4-40. THE TUNNEL. DIODE is a two-element
device which can operate as a conventional
diode, amplifier, or oscillator. Like the
unijunction, JFET, and MOSFET previously
discussed, the Tunnel Diode is also a special
semiconductor device. Some of the advantages
of the tunnel diode over transistors are
smaller size, greater temperature range, and
higher resistance to radiation. The tunnel
diode takes its name from a "tunnel" effect -
a process wherein a particle can disappear

Figure 4-15. N-Channel, Depletion Type
MOSFET (Common Source Configuration)
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Figure 4-16. Tunnel Diode Energy Levels and Curve

from one side of potential barrier and
appear instantaneously on the other side,
even though it does not have enough energy
to surmount the barrier. It is as if the
particle "tunnels" underneath the barrier.
In discussing the operation of the tunnel
diode, refer to Figure 4-16G.

4-41. In the case of the tunnel diode, the
barrier is the space charge or depletion
region of a PN Junction. This is the same
barrier which prevents current from flowing
in the reverse direction in the ordinary

4-11

TUNNEL 00001

PN Junction diode. In the tunnel diode, this
barrier is made extremely thin (less than
a millionth of an inch) by doping it very
heavily. Compare the barrier of a con-
ventional diode in Figure 4-16A to the barrier
of the tunnel diode in Figure 4-16B. The
barrier of the tunnel diode is so thin that
penetration by means of the tunnel effect
becomes possible with a small forward bias
voltage (Figure 4 -16 C). With a further
increase in forward bias voltage, current
decreases, giving the effect of "negative
resistance." Negative resistance, from our
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proceeding discussion on the unijunction,
appears when an increase in voltage across
a resistor results in a decrease in current
through the resistance.

4-42. Recall that in an atomic structure,
electrons cannot exist in the forbidden band.
Also, recall that the number of holes in the
valence band, or electrons in the conduction
band, can be controlled by adding either
acceptor or donor impurities to the semi-
conductor crystal. Acceptor impurities add to
the number of holes in the valence band,
and donor impurities add more electrons to
the conduction band. In this way, P-type
(holes in the valence band) and N-type
(electrons in the conduction band) material
can be built into a single crystal lattice
structure. As we already know, the inter-
section of these two regions is called a PN
junction.

4-43. Figure 4-16A illustrates the energy
level diagram of a conventional diode. The
N-type material has many free electrons in
the conduction band, and the P-type material
has many holes in the valence band, the
diode having been properly doped for this
effect. The barrier height is relatively small
and the barrier width is relatively large
compared to those in Figure 4-16B.

4-44. Figure 4-16B illustrates an energy
level diagram of a tunnel diode. Because it
is doped much more heavily than the con-
ventional diode in Figure 4-16A, the barrier
height is very large and the barrier width
is extremely narrow. Further, notice thatthe
energy level of the holes in P-type material
are aligned with the free electrons of the
N-type material. This situation exists with
no bias voltage on the diode. There is, for
all practical purposes, no current at this
time. The condition with zero bias voltage
and no current flow is designated (1) in
Figure 4-16F.

4-45. When a small forward bias voltage
is applied td a tunnel diode, as shown in
Figure 4-16C, the free electrons of the N-type
material are raised in energy. Even though
they appear not to have sufficient energy

4-12

to travel up the "potential hill" (or overcome
the junction barrier), they will now "tunnel"
through the barrier and recombine with holes
in the P-type material. This "tunneling'.
action results in a relatively high current
through the tunnel diode (Refer to (2) in
Figure 4-16F).

4-46. As forward bias is increased further,
the free electrons are raised in energy and
become more aligned with forbidden band of the
P-type material. The current flow due to tun-
neling now decreases.When the free electrons
are exactly aligned with the forbidden band
of the P-type materials, Figure 4-16D, cur-
rent through the tunnel diode is at a mini-
mum (Figure 4-16F Point 3). The region where
increasing forward bias (E increasing) causes
current to decrease through the device (I
decreasing) is referred to as the "negative
resistance" (-R) region (Figure 4-16F). This
region is also referred to as the normal
operating region.

4-47. Figure 4-16E illustrates the energy
level diagram when the forward bias on the
tunnel diode is increased still further. Notice
the similarity between the conventional diode
of Figure 4-16A and the tunnel diode of
Figure 4-16E. The tunnel diode now acts as
a convnetional diode. (Note characteristic
curve marked (4) in Figure 4-16F.)

4-48. To summarize the discussion, refer
to the characteristic curve for a tunnel diode
(Figure 4-16F). Point (1) represents zero
current and zero voltage, as shown in the
energy level diagram in Figure 4-16B. As
forward bias increases (point (1) to point (2),
the tunnel diode current increases rather
rapidly. Point (2) on the curve represents
the "peak point" where the current reaches
a maximum value. This is represented in
Figure 4-16C. As forward bias is increased
still further, moving from point (2) to point
(3) on the curve, current begins to decrease.
This is because the free electrons are aligning
themselves with the forbidden band of the
P-type material (Figure 4-16D). At point (3)
the current is minimum (valley point) because
the free electrons are opposite the forbidden
band of the P-type material. The area between
point (2) and point (3) is called the negative
resistance region because asvoltage (forward
bias) increases, current decreases,

,1 4 C)
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Figure 4-17. Comparison of Volt Ampere Curves for Germanium and Gallium Arsenide
Tunnel Diodes

4-49. As forward bias is increased beyond
point (3), current again increases. The
tunnel diode from here on will act as a con-
ventional diode, (Figure 4-16A). To get some
idea of the magnitude of voltage and cur-
rents involved, look at Figure 4-17. Ger-
manium tunnel diodes reach their first peak
at about 0.1 volts. The total negative resist-
ance region covers approximately 400 my,
with a power level of 10-6 to 10-3 watts.

4-50. Varactor

WA
UNBIASED PN JUNCTION

REVERSE BIASED PN JUNCTION

REP4-834

Figure 4-18. Unbiased and Reverse
Biased PN Junction
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4-51. The varactor is a voltage
controlled semiconductor capacitor. To
understand its principle of operation, let's
review the PN Junction. As you recall,
when a PN junction is biased in the reverse
direction, the electrons in the N-type material
are drawn toward the positive battery
terminal. The holes in the P-type material
are drawn toward the negative battery ter-
minal. Assuming an ideal diode, all of the
carriers would be pulled away from the
Junction; therefore, no carriers would exist
in the barrier region. This situation will
remain as long as a reverse-bias voltage of
constant amplitude is applied to the PN
junction (refer to Figure 4 -18).

4-52. Electrical charges are held captive
in the diode, separated by an area where no
carriers are present. In other words, the
semiconductor diode forms a capacitor with
the N- and P-type materials acting as plates,
and the barrier as the dielectric.

4-53. As you recall, the formula for
capacitance is C m K A.

A = plate area
K = dielectric constant
D = distance between plates
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Figure 4-19, Varactor Symbol

4-54. If the value of the reverse-bias
voltage is increased from its previous value,
carriers move farther away from the junction,
(distance between plates increased) and the
value of the resulting capacitor decreases.
If the value of the reverse -bias voltage
is decreased from a previous value, carriers
move closer to the junction, and the value of
the resulting capacitance increases. Thus, the
value of the capacitor is dependent upon the
value of the applied reverse-bias voltage.

4-55. This capacitive effect is present 'nail
semiconductor diodes; it is increased by
suitable doping and manufacturing control to
produce a VARACTOR. We can now see from
our discussion that a varactor is a special
type of semiconductor diode which produces a
capacitive effect that is dependent upon the
value of the applied reverse-bias voltage.
The schematic symbol is shown in Figure
4.19.

4-58. The relationship between reverse bias
voltage (VR) and capacitance for a typical
varactor is shown in Figure 4-2D. The ratio
of maximum to minimum capacitance that can
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Figure 4-20. Varactor Reverse Bias Versus
Capacitance
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GATE o o CATHDDE

Figure 4-21. Silicon Controlled Rectifier
(SCR) Structure and Schematic Symbol

be obtained from a varactor is determined
by the range of the reverse voltage VR.
Observe that greatest capacitance values
occur at low values of VR. The upper VR
limit is fixed by the breakdown voltage rating
of the diode, and the lower VR limit is fixed
by zero volts reverse bias. The varactor
can be used in almost any application requiring
a variable capacitor.

4-57. Silicon Controlled Rectifier

448. Just as P- and N -type semiconductor
materials can form a two-layer PK device
(diode), other semiconductor devices are built
up of three or more alternate layers of P
and N materials. Most transistors are th ree-
layer devices of either PNP or NPR structure
and contain two PK junctions. Four layers
create a PNPN device, 'which has three
junctions. A large number of applications
have been found for the various four-layer
devices, since these units have certain
characteristics which make them superior to
the two- and three-layer devices for certain
control actions.

4-59. The SILICON CONTROLLED RECTI-
FIER (SCR) is basically a 4 layer (PNPN)

444
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Figure 4-22. Bias on SCR Junctions

semiconductor device having three electrodes:
a CATHODE, an ANODE, and a control
electrode called the GATE, as shown in Figure
4-21 along with its schematic symbol. The
term RECTIFIER is commonly used in
referring to circuits or devices which conduct
current primarily in one direction, such as
the junction diode. The SCR differs from
conventional rectifiers in that it will not
conduct a substantial amount of current when
forward bias is applied to the anode and
cathode until a certain minimum voltage is
reached. Tice value of this potential can be
varied or controlled by the use of anexternal
signal at the control electrode (gate) of the
SCR. This unique control characteristic
makes the SCR particularly useful in
power-controlling devices, especially in
high-power circuits.

4-80. Figure 4-22 shows the SCR properly
connected in a circuit that can be used to
determine its forward biased characteristics.
The supply voltage causes the anode to be
positive with respect to the cathode (forward
bias). The resulting electrostatic field th rough
the device causes electron carriers to be

4-15

attracted toward the anode, and hole carriers
to be attracted toward the cathode. At junction
J1, holes In section 84 are repelled by the
positive anode potential and move toward
Ji. In section 83, electrons are attracted
toward the positive anode and move toward
J1. A similar action takes place in sections
Si and 82 to bias J3. Since majority carriers
moved toward the junctions, we speak of these
junctions as being forward biased. Majority
carriers move away from junction J2 and so
it is reverse biased. Conduction from cathode
to anode would occur if J2 were not reverse
biased. The movement of carriers is only a
momentary condition, and will cease when
the reverse - biasing potential across J2 equals
the anode-to-cathode potential. The SCRis now
in its non-conducting or OFF state.

4-81. Conduction (or the ON state) can be
achieved by one of two means. The first is
to increase the anode-to-cathode potential
until the device breaks over into conduction.
The potential at which this breakover occurs
is called the FORWARD BREAKOVER PCYTEN-
TIM'. Once breakover occurs and conduction
results, the anode-to-cathode voltage Orl in

445
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Figure 4 -23. Achieving Conduction by Gating

Figure 4-22) decreases, due to the increased
voltage drop across RL. At first glance, it
would appear that there is no longer enough
potential across the SCR to maintain the
breakove r condition. However, this conducting
condition will continue. Recall that a junction
is said to be reverse-biasedwhenMAJORITY
carriers are attracted away f rom the junction.
Recall also that reverse bias for majority
carriers is forward bias for MINORITY
carriers (holes in N-type material, free
electrons in P-type mate rial). Forwa rd break -
over is based on the following concept.
Electrons (from section Si) cross .13,
attracted by the positive anode potential. U
St is more heavily doped than is S2, and
the anode potential is sufficiently large, some
of the electrons crossing .33 will NOT meet
holes and combine, because all the holes
will have already combined with electrons.
This condition is called "saturation." Those
that do not combine act like minority carriers,
since they are electrons in P-type material.
These electrons then "see" J2 as being
forward-biased, and they cross on over h
into the N-type section S3. J1 is alsoforward
biased for them, and they move on to the
anode and out into the circuit, completing
the path for current flow. If electrons continue
to be in excess in S2, (S2 now has many

v

electrons and no holes), sections St, S2,
and S3 will act like a single piece of N-
type material. Since the anode (S4) is P-
type material, the overall effect is as if we
now have a single forward biased PN
junction at Ji.

4-62. The SCR remains in the high conduction
(ON) condition until the current drops to a
value below that necessary to supply more
than enough eiectrons from Si to S2 to
combine with and cancel out all of holes in
S2. This minimum current is calle d HOLDING
CURRENT. When the holes in S2 outnumber
the free electrons arriving from S1, the number
of these electrons reaching J2 is insufficient
to maintain conduction and conduction stops.
J2 reverts to a simple reverse-biased junction
until the forward breakover potential is again
exceeded.

4-63. The second means of achieving con-
duction involves the use of the gate electrode.
A positive potential on the gate is used to
cause conduction. This potential is rnuchless
than the anode-to-cathode breakoverpotential,
usually only a few volts. To understand the
operation of the gate electrode, study Figure
4-23. You will notice that the gate terminal
is tied to the P-type section S2. With a posi-
tive potential at the gate, electrons will be

4,16 416
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Figure 4-24. E-I Ckirves for Different Values of Gate Current

drawn out of Si and into Ss Thus, the posi-
tive gate potential is aiding the anode poten-
tial. Some of these electrons will combine
with holes in S2 and gate current (IG) will
flow. Others will feel the positive anode
potential and move toward the anode. If
enough electrons are drawn to cancel all
the holes in S2, conduction will occur. The
SCR has been gated ON. The more positive
the gate potential is made, the lower the
anode-to-cathode voltage required for
conduction.

4-64. Figure 4-24 shows two curves, one
with zero gate current(1G :4: 0) and one with
gate current (IG2) which is greater than
zero6G2 ) !GI). Observe that the breakover
voltage point with IG2 is at a lower voltage
than with 101. The VOLTS FORWARD repre-
sents the anode-to-cathode voltage measured
by VI in Figure 4-23. If the gate current is
increased sufficiently to saturate section
S2, current flows through the SCR even
with very low anode-to-cathode voltages
applied.

4-65. After the silicon controlled recti-
fier is triggered (turned ON) by the gate
signal, the current flow through the device
is independent of gate voltage or gate cur-
rent. It remains inthe high conduction state
until the anode current is reduced to a level

4-17
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below that required to sustain conduction
(holding current). The device can also be
turned off by application of a reverse bias
from anode to cathode. With reverse bias,
31 and 33 become reverse biased and only
a small leakage current (due to minority
carriers) will flow. If an excessive reverse
bias is applied, structure breakdown will
occur due to avalanche current, and the
SCR will be destroyed.

4-66. Zener Diode

4-67. The zener diode is a PN junction
diode that is specially designed to withstand
operation in the reverse breakdown region
without structure damage. Its schematic
symbol is shown in Figure 4-25. The zener
diode is also referred to as the AVALANCHE
diode or BREAKDOWN diode, since it nor-
mally is operated in the breakdown voltage/
avalanche current region of the PN junction
characteristic.

REP4-941

Figure 4-25. Zener Diode Schematic Symbol
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Figure 4-28. Zener Diode Characteristic CNirve

4-88. The characteristic curve for the
zener diode is basically the same as the PN
Junction diode. With forward bias applied,
the zener diode operates the same as a regular
Junction diode (pointa A & B). Notice that
with reverse bias, the zener diode is able
to operate with a large amount of avalanche
current before structure breakdown occurs
(point E, Figure 4-28), whereas the regular
PN junction diode is destroyed as soon as the
breakdown voltage (By) is reached.

4-89. Between points D and E in Figure
4-28, the voltage changes very little (from
17 to 17.5 volts) for a wide variation in
current (from 7 mA to 40 mA). This region
is therefore called the VOLTAGE
REGULATING REGION, since the voltage
across the zener diode remains relatively
constant, or is REGULATED, over a wide
range of currents. However, if an excessive
amount of current is allowed to flow, the
diode will be destroyed due to structure
breakdown. Therefore, a current limiting
resistor, Rs, is used in series with the
diode and the power source, as shown in
Figure 4-27.

4-70. The primary purpose of the zener
diode should be evident. The zener diode is

4-18

used to REGULATE VOLTAGE. Later in the
course you will Study several circuits that
make use of the constant voltage properties
of this device to provide a constant voltage
from a power source over a wide range of
cue re nts.

4-71. The physical appearance of a zener
diode is the same as an ordinary Junction
diode. Recall that the voltage regulating
effect takes place at some reverse bias
voltage (CV). This voltage is determined

REP4P*843

Figure 4-27. Zener Diode Current
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(by doping) when the diode is manufactured,
and can be from about 3 volts to twenty
volts. More than one zener diode may be
connected in series if necessary to provide
the correct regulated voltage.

4-72. Microelectronics

4-73. Microelectronics is a broad term used
to describe the use of extremelyminlaturized
components and techniques, usually in tran-
sistors or other solid state devices and cir-
cuits. Use Figure 4-28 in studying the
following paragraphs.

4-74. Integrated Circuits

4-75. Up to now the various semiconductors,
resistors, capacitors, etc. have been

considered as separately packaged noni
ponents, called DISCRETE COMPONENTS. In
this section we will introduce some of the
more complex devices that contain complete
circuits or systolic's as a single packaged
component. These devices are referred toss
INTEGRATED CIRCUITS.

4-78. Integrated circuits (ICs) almost
eliminate the use of individual electronic
parts (resistors, capacitors, transistors, etc.)

449

ReP4-1144

as the building blocks of electronic circuits.
Instead, we have tiny CHIPS (tiny slices or
wafers of a semiconductor crystal or
insulator) whose functions are not that of a
single part, but of dozens of transistors,
resistors, capacitors, and other electronic
elements, all interconnected to perform the
task of a complex circuit. Often these
comprise a number of complete conventional
circuit stages, such as a multistage ampli-
fier, in one extremely small Component.

4-77. The family of integrated circuits have
several advantages over conventionally wired
circuits of discrete components. These
advantages include (1) a drastic reduction
in size and weight, (2) a large increase in
reliability, (3) lower cost, and (4) possible
improvement in circuit performance. How-
ever, they are composed of parts so closely
associated with one another that repair
becomes almost impossible. In case of trouble,
the entire circuit is replaced as a single
component.

4-78. Basically, there are two general
classifications of integrated circuits: HYBRID
and MONOLITHIC, as shown in Figure 4-28.

In the monolithic integrated circuit, all ele-

449
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Figure 4-29. Package Styles for Integrated Circuits

meets (resistor; transistors, etc. ) associated
with the circuit are fabricated inseparably
within a continuous piece of material (called
the SUBSTRATE), usually silicon. This type
is made very .much like a single transistor.
While one part of the crystal is being
doped to form a transistor, other parts of
the crystal are being acted upon to form
the associated resistors and capacitors. Thus,
all the elements of the complete circuit are
created in the crystal with the same proces-
ses and in the same time required to make
a single transistor. This produces a con-
siderable cost savings over the same circuit
made with discrete components-by lowering
assembly costs.

4-79. Hybrid integrated circuits are con
stracted somewhat differently from the mono-
lithic devices. The PASSIVE components
(resistors, capacitors) are deposited onto a
substrate (foundation) made of r,lass, ceramic,
or other insulating material. Then the ACTIVE
components (diodes, transistors) are attached
to the substrate and connected to the passive
circuit components on the substrate using
very fine (.001 inch) wire. The term "hybrid"

4-20

T0-5
Rap4-845

refers to the fact that different processes
are used to form the passive and active
components of the device.

4.80. Hybrid circuits are of two general
types: (1) thin film, and (2) thick film.
"Thin" and "thick" film refer to the rela.
tive thickness of the deposited material used
to form the resistors and other passive
components. Thick film devices are capable
of dissipating more power, but are somewhat
more bulky.

4.81. Integrated circuits are being used in
an ever increasing variety of applications.
Small size, weight, and high reliability make
them ideally suited for use in airborne
equipment, missile systems, computers,
spacecraft, and portable equipment. They are
often easily recognizedbecause ofthe unusual
packages that contain the integrated circuit.
Some of the most common package styles are
shown in Figure 4-29. These tiny packages
protect and help dissipate heat generated in
the device. One of these packages may
contain one or several stages, often having
several hundred components.
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MODULE 29

PN JUNCTIONS AND DIODES

This Guidance Package in designed to guide you through this module of the Electronics
Principles Course. This Guidance Package contains specific information, including references
to other resources you may study, enabling you to satisfy the learning objectives.

CONTENTS

Title Page

Overview
List of Resources
Adjunct Guide
Module Self-Check
Answers

OVERVIEW

1. SCOPE: This module will instruct you
in the basic structure of semiconductor
material and how it is modified to produce
P and N type materials. It will further
explain the formation of PN junctions and
discuss the characteristics of PN junction
diodes.

2. OBJECTIVES: Upon completion of this
module, you should be able to satisfy the
following objectives:

a. Given an energy level diagram of semi-
conductor material, identify:

(1) Valence band.

(2) Forbidden band.

(3) Conduction band.

(4) Current carrier produced by heat.
(5) Current carrier produced by doping.

i
1

1

6
10

b. Given an energy level diagram of a
PN junction diode and a list of statements,
select the statement(s) that describe(s):

(1) Junction recombination.

(2) Depletion region characteristics.

(3) Forward bias conduction.

(4) Reverse bias conduction.

(5) Effect of temperature changes on
conduction.

c. Given a PN junction diode character-
istic curve and values of forward and reverse
bias voltage, compute:

(1) Forward bias resistance.

(2) Reverse bias resistance.

Supersedes KEP-GP-29, I May 1974. Present supplies will be used.
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d. Given a PN junction diode character-
istic curve, identify:

,...- (1) Points of structural breakdown.

(2) Operating region.

e. From a group of PN junction circuit
diagrams, select the arrangement that identi-
fies proper;

(1) Forward bias.

(2) Reverse bias.

f. Given a circuit diagram of PN junction
diodes indicating direction of current paths,
select the arrangement that identifies:

(1) Majority current.

(2) Minority current.

LIST OF RESOURCES

To satisfy the objectives of this module,
you may choose, according to your training,
experience, and preferences, any or all of
the following.

READING MATERIALS:

Digest
Adjunct Guide with Student Text IV

AUDIOVISUALS:

Television Lesson 30-23h Solid State
Principles

AT THIS POINT, IF YOU FEEL THAT
THROUGH PREVIOUS EXPERIENCE OR
TRAINING YOU ARE FAMILIAR WITH
THIS SUBJECT, YOU MAY TAKE THE
MODULE SELF-CHECK. CONSULT YOUR
INSTRUCTOR IF YOU NEED HELP.

ADJUNCT GUIDE

INSTRUCTIONS:

Study the referenced materials as directed.

Return to this guide and answer the
questions.

Check your answers against the answers
at the back of this Guidance Package.

Contact your instructor if you experience
any difficulty.

Begin the program.

The major voltage requirement in elec-
tronic circuit operation is DC, yet the
generation of AC voltages is much more
efficient and economical. Because of this,
many electronic devices have been developed
to be used in converting the economical AC
voltage to required DC voltage. One of these
devices is the PN junction diode. Therefore,
it is extremely important for you to gain an
understanding of its characteristics and
operation.

A. Tura to Student Text, Volume IV, and
read paragraphs 1-1 through 1-17. Return to
this page and answer the following questions.

1. Electrons in the outermost shell of an

atom are referred to as
electrons.

2. The outermost shell of an atom that

contains electrons is called the
shell.

3. Two common semiconductor materials

are and

4. The electrons that enter into electrical
conduction or chemical combination are the

electrons.

1
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BAND

ENERGY A BAND

Energy Level Diagram

5. Before an electron becomes a free elec-
tron available for conduction, it must be

elevated from the

to the band.

6. Label the energy bands on the energy
level diagram.

CONFIRM YOUR ANSWERS AT THE
BACK OF THIS GUIDANCE PACKAGE.

B. Turn to Student Text, Volume IV, and
read paragraphs 1-18 through 1-22. Return
to this page and answer the following
questions.

1. The sharing of valence electrons in a
crystal lattice structure is referred to as

bonding.

2. When an electron breaks a covalent bond
and is elevated to the conduction band, a/an

is generated.
pair

3. Free electrons in an intrinsic (pure)
material will respond to an external EMF
and enter into electrical conduction through
the conduction band. (True) (False)

4. Electron hole pairs are generated by
heat. (True) (False)

6. Holes act as positive charges equal in
charge but opposite in polarity to the electron.
(True) (False)

'I. Holes will respond to an external EMF
and move from positive to negative through
the valence band of a material. (True)
(False)

CONFIRM YOUR ANSWERS AT THE
BACK OF THIS GUIDANCE PACKAGE.

C. Turn to Student Text, Volume IV, and
read paragraphs 1-23 through 1-35. Return
to this page and answer the following
questions.

1. The process of adding impurities to a
crystal structure is referred to as

2. When an impurity has been added to a

crystal. the crystal is called

3. The addition of a donor impurity to

silicon or germanium creates
type semiconductor material.

4. The addition of a donor impurity to a
semiconductor material creates many free
electrons in the material which appear in

5. Hole flow does not occur in an intrinsic
material. (True) (False) the band.

2 44



5. The addition of an acceptor impurity
to germanium or silicon creates

material.
type semiconductor

6. The addition of an acceptor impurity to
a semiconductor material creates many free
holes in the material which appear in the

band.

7. Conduction in P type semiconductor
material is mainly due to the movement of

carrier in the

band.

8. Conduction in N type semiconductor
material is mainly due to the movement of

carrier in the

band.

9. Electron hole pair generation occurs in
P and N type materials. (True) (False)

10. In P type material, there will be a limited
number of (majority) (minority) carrier elec-

trons in the band
which will contribute to conduction.

11. In N type material, there will be a
limited number of (majority) (minority)

carrier holes in the
band which will contribute to conduction.

12. In P type material, the majority current

carrier is the
and the minority current carrier is the

13. In N type material, the majority current

carrier is the
and the minority current carrier is the

14. In P type material, the density of the
majority carrier holes is controlled by

and the density of the
minority carrier electrons is controlled by

15. In N type material, the density of the
majority carrier electrons is controlled by

and the density of the
minority carrier holes is controlled by

16. Increasing the temperature of a semi-
conductor material will increase the number
of majority and minority current carriers in
both N and P type materials. (True) (False)

17. All semiconductor material exhibits a
(negative) (positive) temperature coefficient
of resistance.

18. If the temperature of a semiconductor

is increased, its resistance will

CONFIRM YOUR ANSWERS AT THE
BACK OF THIS GUIDANCE PACKAGE.

D. Turn to Student Text, Volume IV, and
read paragraphs 1-36 through 1-42. Return
to this page and answer the following
questions.

1. A PN junction diode is manufactured by
chemically joining a section of P type semi-
conductor material to a section of N type
semiconductor material and attaching
metallic contacts to each end. (True) (False)

2. Immediately upon manufacture, there
will be a PN junction formed at the point
where the P material meets the N material.
(True) (False)

3. Through, a process called diffusion, elec-
trons from the conduction band of the N
material cross the PN junction into the P
material, and holes from the valence band of
the P material cross the PN junction into the
N material. (True) (False)

3
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4. Junction recombination results in the

development of a
Letween the P and N materialn
junction diode.

region
in a PN

5. The depletion region is an area between
the P and N materials that contains no
majority current carrier. (True) (False)

6. The depletion region is an ionized area
between the P and N materials which has an
electrostatic field that projects from the

material toward the

material.

7. Another name for the depletion region

is the .

8. The physical distance from one side of
the depletion region to the other side is
often referred to as barrier

9. Increasing the amount of doping in a
PN junction diode will (increase) (decrease)
the width of the depletion region.

10. The difference of potential across the
depletion region is often referred to as the

barrier

11. The differen:e of potential across the
depletion region (increases) (decreases) as
doping is increased.

CONFIRM YOUR ANSWERS AT THE
BACK OF THIS GUIDANCE PACKAGE.

E. Turn to Student Text, Volume IV, and
read paragraphs 1-43 through 1-58. Return
to this page and answer the following
questions.

1. Connecting a battery across a pN junc-
tion diode so that its electrostatic field
opposes the junction electrostatic field is

referred to as bias.

2. Connecting a battery across a PN junc-
tion diode so that its electrostatic field aids
the junction electrostatic field is referred

to as bias.

3. Proper forward bias is provided for a PN
junction diode when the (negative) (positive)
battery terminal is connected to the P type
material, and the (positive) (negative) battery
terminal in connected to the N type material.

4. Reverse bias is provided for a PN
junction diode by connecting t h e

battery terminal to

the P material and the
terminal to the N material.

5. When a PN junction diode is forward
biased, electrons in the conduction band of
the N material cross the junction into the P
material and holes in the P material cross
the junction into the N material. (True)
(False)

6. When a PN junction is forward biased,
conduction is due to the movement of
(majority) (minority) current carriers.

7. Increasing the amount of forward bias
(within limits) will (increase) (decrease)
conduction in a pN junction diode.

8. When a pN junction is reverse biased,
conduction will be due to the movement of
(majority) (minority) current carriers.

9. What effect will an Increase in ambient
temperature have on reverse bias conduction

in a PN junction diode?

10. What effect does applying forward bias
have on barrier height and width of a pN

junction diode?

11. What effect does applying reverse bias
have on barrier height and width of a PN

junction diode?
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CONFIRM YOUR ANSWERS AT THE
HACK OF THIS GUIDANCE PACKAGE.

F. Turn to Student Text. Volume IV, and
read paragraphs 1-59 through 1-75. Return
to this page and answer the following
questions.

1. Draw the symbol for a PN junction
diode and label the leads.

2. If I volt forward bias is applied to a PN
junction diode and the current flow is 5 mA,

what is the resistance of the diode?

3. U 3 volts of forward bias causes 50 mA
of current flow in a PN junction diode, the

resistance of the diode is ohms.

4. Compute the resistance of a PN junction
diode that has 10 microamps of current flow

with 100 volts reverse bias applied.

5. Draw a schematic symbol for a PN
junction diode showing proper battery con-
nections for forward and reverse bias.

5

6. Draw a schematic symbol for a PN
junction diode and indicate the direction of
niajority and niinority current flow.

1. The forward bias resistance of a PN
junction diode is (low) (high) and the reverse
bias resistance is (low) (high).

8. U excessive forward bias is applied to a
PN junction diode, it will be destroyed
because of heat. This action is referred to

as .

9. Excessive reverse bias will cause
structural breakdown of a PN junction diode.
The voltage at which structural breakdown

occurs is referred to as
voltage and the current that flows alter

breakdown is referred to as
current.

10. Identify the cathode leads on the following
PN junction diodes with a checkmark.

COD

----4r-
--47-
Im.MNIM11.

Semiconductor Diode Physical Appearance
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11. Name the three current ratings and the 4. Free electrons are those which have
one voltage rating assigned to PN junction boon given enough energy to cross the
diodes by the manufacturer. forbidden band to the conductionband. (True)

(False)

CONFIRM YOUR ANSWERS AT THE
BACK OF THIS GUIDANCE PACKAGE.

YOU MAY STUDY ANOTHER RESOURCE
OR TAKE THE MODULE SELF-CHECK.

MODULE SELF-CHECK

QUESTICNS:

1. On an energy level diagram, the gap
between two permissible energy levels is

called the band.

5. Conductors have a relatively wide for-
bidden band outside the valence band. For
this reason, it takes considerable energy to
free electrons from the influence of the
nucleus. (True) (False)

6. An insulator has (many) (few) free
electrons.

7. A material whose conductivity is greater
than rubber but less than copper might be

called a

8. The sharing of outer orbit electrons
between two or more atoms is called:

a. Pair bonding.

b. Covalent bonding.

c. Adhesive bonding.

d. Junction bonding.

9. Figure 29-1 represents the energy level
2. in a given atom the highest energy level diagram of a semiconductor material.
which normally contains electrons is called Identify the forbidden band, conduction band,
the valence shell. (True) (False) and valence band.

3. The first unoccupied energy level of an 10. Electron hole pair generation is caused

atom is called the

1
ENERGY

by

C BAND

B BAND

A BAND

-

Figure 29-1. Energy Level Diagram

6 4 5 S



11. A HOLE is a mobile positive charge.
(True) (False)

12. Electron flow occurs in the conduction

band and hole flow in the

13. The process of adding impurities to
semiconductor material such as germanium

is called

14. When germanium is doped with (donor)
(acceptor) impurity, N type material is
formed.

15. P type material has an excess of

acceptor impurities.
caused by doping with

16. In figure 29-2, identify the carrierspro-
duced by heat and those produced by doping.

a.

b.

ENERGY

N-TYPE
MATERIAL

11.

00

4_, A

Figure 29-2. Energy Level Diagram

17. Figure 29-3 represents a PN junction
diode as the junction barrier isbeingformed.
Select the statement which describes junction
recombination.

P-TYPE N-TYPE

BARRIER
HEIGHT

-1- -I

00000
000
00000 -1=-111'

,

BARRIER
WIDTH

CONDUCTION
BAND

FORBIDDEN
BAND

VALANCE
BAND

REP4-604

Figure 29-3. Energy Level Diagram
of Junction Barrier Formation

a. The diffusion of holes and electrons
across the junction, forming a layer of fixed
charges on the two sides of the junction.

b. The recombining of minority carriers
in either N or P type material which
determine the barrier or junction width.

c. The depletion of electrons in the P
type material of the junction and their re-

. combining with majority carriers in the N
type material.

d. Electron hole pair generation in the
depletion area which causes the minority
carriers to recombine, forming the barrier
height.

18. Refer to figure 29-3. Barrier width is the

distance across the
junction and depends on the amount of doping.
Barrier height can be measured in

MN.

19. The application of an external potential
which opposes the junction field is called

7
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20. Reverse bias (increases) (decreases) 25. What would occur if more than 4 volts
barrier width and height. of forward bias were applied?

21. When a PN junction is reverse biased,
there is no current flow in either direction.
(True) (False)

22. Minority current (increases) (decreases) 26. Avalanche current is caused by excessive
as temperature increases.

Refer to figure 29-4 for questions 23 through
27.

23. Calculate the forward bias resistance at 27. To prevent damage to the diode, it must
be operated between points:

point B.

24. The reverse bias resistance at point C a. A-C.
would be:

a. 800 ohms. b. A-B.

c. D-C.

d. D-E.

b. 80 lt/ohms.

C. 800 Wohms.

d. 80 ohms.

BREAKDOWN
VOLTAGE

/ 120* KO*

t*
*
E

STRUCTURE
BREAKDOWN

B

1084 ...

I
I

D

C411 REVERSE BIAS

1

AVALANCHE
CURRENT

(STRUCTURE
BREAKDOWN)

1* 2* 3* 1,

= moo FORWARD BIAS '"41,

10000a

4.1500oge

ft114-3,6

Figure 29-4. Voltage-Current Characteristics of a Diode

8 4 CM
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A

tt6
o .2V v 28. Select the circuit arrangement(s) in fig-

ure 29-5 which identify proper forward bias.

0
O -IV

0 +2V

0

A BCD
29. Refer to figure 29-5. Select the arrange-
ment(s) which identify proper reverse bias.

.A B C D

30. Which arrow in figure 29-6 represents
minority current flow?

A B

0 +3V -2V CONFIRM YOUR ANSWERS AT THE
BACK OF THIS GUIDANCE PACKAGE.

Figure 29-5. PN Junction Diodes

-8V
0

A.

CURRENT

8.
CURRENT44--

O v OV

o 0

Figure 29-6. PN Junction Diodes

9
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ANSWERS TO A:

1. valence

2. valence

3. silicon, germanium

4. valence

5. valence, conduction

6. a. valence
b. forbidden
c. conduction

If you missed ANY questions, review the
material before you continue.

ANSWERS TO B:

1. covalent

2. electron hole

3. True

4. True

5. False

6. True

7. True

If you missed ANY questions, review the
material before you continue.

ANSWERS TO C:

1. doping

2. extrinsic

3. N

4. conduction

5. P

6. valence

10

7. hole, valence

8. electron, conduction

0 True
10. minority, conduction

11. minority, valence

12. hole, electron

13. electron, hole

14. doping, temperature

15. doping, temperature

16. True

17. negative

18. decrease

If you missed ANY questions, review the
material before you continue.

ANSWERS TO D:

1. True

2. True

3. True

4. depletion

5. True

6. N, P

7. junction barrier

8. width

9. decrease

10. height

11. increases

If you missed ANY questions, review the
material before you continue.
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ANSWERS TO E:

1. forward

2. reverse

3. positive, negative

4. negative, positive

5. True

6. majority

7. increases

8. minority

9. increase conduction

10. barrier height decreases, barrier width
decreases

11. barrier height increases, barrier width---
increases

U you missed ANY questions, review the
material before you continue.

ANSWERS TO F:

1.

4
q114-- ANODE

. CATHODE

2. 200 ohms

3. 60

4. 10 megohms

5.

6.

FORWARD
BIAS

0

0

f

REVERSE
BIAS

1

1

1MAJORITY CURRENT
DIRECTION

MINORITY CURRENT
DIRECTION

7. low, high

8. thermal runaway

9. breakdown, avalanche

11
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10.

11. maximum average forward current

peak recurrent forward current

maximum surge current

peak reverse voltage (PRAT)

12. valence

13. doping

14. donor

15. holes

18. a. doping

b. heat

17. a

18. physical, volts

19. forward bias

20. increases

21. False

If you missed ANY questions, review the 22. increases
material before you continue.

23. 60 ohms

ANSWERS TO MODULE SELFCHECK: 24. c

1. forbidden

2. True

3. conduction

4. True

5. False

6. few

7. semiconductor

8. b

9. A - valence band

B - forbidden band

C - conduction band

10. beat

11. True

12

25. structure breakdown

28. reverse bias

27. d

28. A, D

29. B, C

30. A

I

HAVE YOU ANSWERED ALL OF THE
QUESTIONS CORRECTLY? IF NOT,
REVIEW THE MATERIAL OR STUDY
ANOTHER RESOURCE UNTIL YOU CAN
ANSWER ALL QUESTIONS CORRECTLY.
IF YOU HAVE, CONSULT YOUR IN-
STRUCTOR FORFURTHERINSTRUCTIOU.
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Radar Principles Branch ATC OP 3AQR3X020-X
Koos ler Mr Force Base, Mississippi KEP-GP-30

1 August 1975

ELECTRONIC PRINCIPLES (MODULAR SELF-PACED)

MODULE 30

TRANSISTORS

This Guidance Package is designed to guide you through this module of the Electronic
Principles Course. This Guidance Package contains specific information, including references
to other resources you may study, enabling you to satisfy the learning objectives.

CONTENTS

Page

Overview i
List of Resources 1

Adjunct Guide 1

Module Self-Check 5
Answers 10

OVERVIEW

1. SCOPE: This module will instruct you
on the basic construction andbiasing for NPN
and PNP transistors, and on conduction in a
three element two junction device. It will
further explain how a control advantage is
attained and discuss the characteristics of
transistors.

2. OBJECTIVES: Upon completion of this
module you should be able to satisfy the
following objectives:

a. Given an energy level diagram of
a properly biased NPN or PNP transistor and
a list of statements, select the statement(s)
that describe(s)

(1) junction operation.

(2) conduction.

(3) effect of temperature changes
conduction.

b. Given the schematic diagram for a
properly biased NPN or PNP transistor,
determine the effect bias changes have on

IB, IC, and lcBo.

c. Given a group of NPN or PNP circuit
diagrams, select the arrangement that
identifies the proper biasing method.

d. Given schematic diagrams for
grounded emitter NPN or PNP transistor in
static configurations indicating direct
current paths, select the arrangement that
identifies the proper direct current path.

e. Given a list of statements, select the
statement that describes the forward current
transfer ratio (Beta) for the grounded emitter
configuration.

f. Given schematic diagrams for
grounded base NPN or PNP transistor con-
figurations indicating direct current paths,

on select the arrangement that identifies the
proper current paths.

Supersedes REP- GP -30, dated 1 June 1974. Stocks on hand will be used.

i
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g. Given a hat of statements, select the
statement that describes the forward current
transfer ratio (Alpha) for the grounded base
configuration.

h. Given circuit diagrams for grounded
collector NPN or PNP transistor hi static
configurations indicating direct current
paths, select the arrangement that identifies
the proper direct current paths.

i. Given a list of statements, select the
statement that describes the forward current
transfer ratio (Gamma) for the grounded
collector configuration.

LIST OF RESOURCES

To satisfy the objectives of this module,
you may choose, according to your training,
experience, and preferences, any or all of
the following.

READING MATERIALS:

Digest
Adjunct Guide with Student Text IV

AUDIOVISUAL&

Television Lesson 30-353, Transistor
Triodes (Construction)

Television Lesson 30-354, Transistor
Triodes (Operation)

Narrated Illustration Lesson 0502A & B,
Basic Transistor Amplifier (Configuration)

AT THIS POINT, IF YOU FEEL THAT
THROUGH PREVIOUS EXPERIENCE OR
TRAINING YOU ARE FAMILIAR WITH THIS
SUBJECT, YOU MAY TAKE THE MODULE
SELF-CHECK. IF NOT, SELECT ONE OF
THE RESOURCES AND BEGIN STUDY.

CONSULT YOUR INSTRUCTOR IP YOU
NEED HELP.

ADJUNCT GUIDE

INSTRUCTIONS:

Study the referenced material as directed.

1

Return to this vide and answer the
questions.

Check your answers against the answers
at the back of this text.

If you experience any difficulty, contact
your instructor.

Begin the program.

In your experiences in life you have often
come in contact with devices which are used
to develop a control advantage. The trans-
mission of your automobile gives the engine
a control advantage over the rear end. A
block and tackle allows a small amount of
power to lift a heavy object. In electronics
the transistor has a similar function; that is,
it is an electronic device which is used to
develop an electrical control advantage. The
transistor i3 designed 90 that it can control
a large amount of power from a small power
source. In the world of electronics today,
the transistor is used to develop an electrical
control advantage. The transistor is used in
a wide variety of applications ranging from
the pocket transistor radio to complex cir-
cuitry capable of landing a man on the moon.

A. Turn to Student Text, Volume IV, and
read paragraphs 2-1 through 2-19. Return to
this page and answer the fallowing questions.

1. Name the three elements of a junction
transistor.

2. The two junctions of a transistor are the
junction and the
junction.



3. Draw a pictorial diagram of an NPN and
a PNP transistor showing proper forward
and reverse bias for normal operation.

4. The majority current carrier to PNP
transistors is the . and the
NPN transistors is the .

5. Draw a pictorial diagram for properly
biased NPN and PNP transistors showing
direct current paths. Label the transistor
currents.

8. Base current is made minimum in a
transietor by constructing the base region
very (thick) (thin) and (lightly) (heavily)
doping it.

2

7. When a hole is placed under the influence
of an electrostatic field it will move (with)
(against) the field.

8. In an NPN tranststor, majority carrier
electrons that move from the emitter into the
base region become minority carriers and
come under the influence of the intense
reverse biased collector base Junction elec-
trostatic field and move into the collector
region where they again become majority
carriers. (True) (False)

CONFIRM YOUR ANSWERS ON THE BACK
PAGES.

B. Turn to Student Text, Volume IV. and
read paragraphs 2-21 through 2-34. Return
to this page and answer the following
questions.

1. Emitter current (fE) is equal to %

of total transistor current.

2. Complete the following formulas stating
the relationships between lc, lE, and I

B.

I.3
IC =

I8 =

3. In a transistor, the voltage that controls
the magnitude of IE' IC' and Is is the

voltage.

4. Increasing the forward bias voltage
applied to the emitter base junction of a
transistor will increase 1_z , I , r_nd IC.

B C(True) (False)

5. Decreasing the reverse btas voltage
applied to the collector base junction will
decrease 1E, Is, and IC. (True) (False)

8. Forward bias applied to the emitter base
Junction of a tranststor will (increase)
(decrease) the barrier height and (increase)
(decrease) the barrter width.

1 C "-:
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7. The relationship between the forward
bias voltage (Von) and base current is
nonlinear. What tca transistor values exhibit
a linear relationship?

CONFIRM YOUR ANSWERS ON THE BACK
PAGES.

C. Turn to Student Text, Volume IV, and
read paragraphs 2 -36 through 2-55. Return
to this page and answer the following
questions.

1. Leakage current (Ic Bo) is the current
between the collector and base of a transistor
measured with the emitter lead open. (True)
(False)

2. Increasing the reverse bias collector
base voltage will increase IcB,D (True)
(False)

3. The magnitude of leakage current is
dependent on junction temperature. (True)
(False)

4. Leakage current (1c130) consists of the
movement of minority current carriers
across the collector base junction. (True)
(False)

5. IcB0 aids base current and opposes
collector current. (True) (False)

6. Draw the schematic symbol for an NPN
and a PNP transistor. Label the leads and
indicate the direction of external electron
flow.

3

7. Draw a circuit diagram of a properly
biased NPN and PNP transistor using two
batteries. Show the current paths and indicate
direction. Label IC, ligp and ID.

ifFq
Air



O. Name the three basic configurations a
transistor can be used in.

9. Draw a cirCuit diagram of a properly
biased NPN and PNP transistor using a
single power source. Show current paths
and indicate direction. Label IE, IE, and
IC.

CONFIRM YOUR ANSWERS ON THE BACK
PAGES.

4

D. Turn to Studcnt Text, Volume IV, and
rcad paragraphs 2 -66 through 2.07. Return
to this page and answer the following
questions.

i. Draw a schematic diagram for a Common
(grounded) emitter (NPN) configuration.
Draw in and label transistor currents.

2. The control advantage of the CE con-
figuration is the control that base current

(IE) exhibits over current.

3. The formula for the control advantage
(theoretical current gain) for the CE con-
figuration is:

Beta (Q)

CONFIRM YOUR ANSWERS ON THE BACK
PAGES.
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E. Turn to Student Text, Volume IV, and
read paragraphs 2-68 through 2.76. Return
to this page and answer the following
question..

I. Draw a schematic diagram for a common
(grounded) base (PNP) configuration. Draw
in and label transistor currents.

2. The control advantage of the CB con-
figuration is the control that emitter current

(1E) exhibits over current.

3. The formula' for the control advantage
(theoretical current gain) for the CB con-
figuration is:

Alpha (CC ) =

CONFIRM YOUR ANSWERS ON THE BACK
PAGES.

5

F. Turn to Student Text, Volume IV and read
paragraphs 2-78 through 2-85. Return to this
page and answer the following questions.

I. Draw a schematic diagram for acommon
(grounded) collector (NPN) configuration.
Draw in and label transistor currents.

2. The control advantage of the CC con-
figuration is the control that base current

(IB) exhibits over current.

3. The formula for the control advantage
(theoretical current gain) for the CC con-
figuration is:

471

Gamma ( 7 ) =

CONFIRM YOUR ANSWERS ON THE BACK
PAGES.

YOU MAY STUDY ANOTHER RESOUT:A.:i. OR
TAKE THE MODULE SELF-CHECK.

MODULE SELF-CHECK

QUESTIONS:

I. Transistors have PN
junctions.

PI



2. The junction is nor-
mally forward biased while the collector

base junction is

3. The resistance of the collector base
junction is low. (True) (False)

4. The reverse biased collector base
junction of a transistor represents forward

bias to carriers in the
base.

5. Figure 30-1 is a pictorial and energy
level diagram of a properly biased NPN
transistor. The 10V battery is connected

so as to apply to the col-
lector base junction.

For questions 6 through 9 refer to figure
30.1.

N P

6. Select the correct statement.

a. Battery Vcc causes the collector
base resistance to decrease._ b. Battery VEE causes the emitter
base resistance to decrease.

c. The two batteries are connected in
series opposing.
d. Barrier height of the emitter base
junction is greater than that of the collector
base junction.

7. Base current is greater than emitter
current. (True) (False)

8. A change in base current has no effect
on collector current. (True) (False)

9. An increase in the temperature of the
emitter base junction would cause an increase
in

a.
b.
c.
d.

emitter current.
base current.
collector current.
all of the above.
N

AMMO

AMMO 000000

+Fr

O

I

.1..

E

I I

1 I

I

I I

1

EMITTER -BASE e COLLECTOR-BASE
JUNCTION JUNCTION

4komb adol.
ems 41.11111.

.11 .1.11 CONDUCTION BAND

FORBIDDEN BAND

VALENCE BAND

Figure 30-1

C
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10. Thu term 1030 means 12. Assuming no temperature change, what
effect would an increase in battery VEE have

a. collector current with base open. on the following transistor currents?

b. collector-base current with emitter
open.

11. Ic Bo is caused by heat. (True) (False)

Use figure 30-2 for questions 12 and 13.

REM-131D

C

V
E

1
C130

13. A change in VCC has more /less effect
on collector current than a change in VEE.

14. From the group of circuit diagrams in
figure 30-3, select the arrangement/
arrangements that identify the proper biasing
method.

Figure 30-3

7
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Figure 30-4

15. When a transistor in connected in the
grounded emitter configuration, the emitter
is common to both the input and output
signal path. (True) (False)

16. From figure 30-4, select the circuit/
circuits which show the correct current
paths.

0

D

17. Forward current transfer ratio (beta) for
a common Jmitter configuration is the ratio
of changes in

=1M11111.

0111IMMem

a. collector current to base current.
b. emitter current to base current.
c. collector cur rent to emitter

current.

18. A common base configuration can be
identified by the fact that the

a. input is on the base and output
from the collector.

Figure 30-5

8 471
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......m..1kM b, input is on the base and output from 22. In a grounded collector configuration,
the emitter.

c. input is on the collector and output
from the base.

d. input is on the emitter and output
from the collector.

19. From the group of diagrams in figure
30-5, select the one which identifies the
correct current paths in a, grounded base
configuration.

20. Forward current transfer ratio (Alpha)
for a grounded base configuration is the
ratio of changes in

a. collector current to emitter
current.

11.111

b. collector current to base current.

c. emitter current to base current.

21. Alpha is always (greater) (less) than one.

........ a. input is on the base and output
from the collector.

b. input is on the base and output from
the emitter.

c. input is on the emitter and output
from the collector.

23. Forward current transfer ratio (Gamma)
for the grounded collector configuration is
the ratio of changes in

--a. emitter current to collector
current.

_b. collector current to base current.

c. emitter current to base current.

24. Gamma is (greater) (less) than Beta.

25. In the group of diagrams in figure 30-6,
select the one which indicates the correctDC
paths.

CONFIRM YOUR ANSWERS ON THE BACK
PAGES.

Figure 30-6

475

9

REPO -2325



a

ANSWERS TO A: 7. Base current And collector current

I. emitter, base and collector
Ii you missed ANY questions, review the

2. emitter base. collect^r base niaterial before you continue.

-E- ANSWERS TO C:

1. True
1111 ----i 1111

REPO -1304 2. False

3. True

4. True

5. False

4. hole, electron

6. thin, lightly

7. with

8. True

1111

REP4-1305

U you missed ANY questions, review the
material before you continue.

6.

BASE

COLLECTOR

EMITTER
(Al PNP TRANSISTOR

1

ANSWERS TO B: 7.

1. 100

2. IE IB 4. IC

IC = IE k'.

IB = IE IC

3. forward bias or emitter base

4. True

5. False

6. decrease, decrease

10

BASE

COLLECTOR

.1.

EMITTER
(6) NPN TRANSISTOR

RIP4 -635

8. Common (grounded) emitter, common
(grounded) base, common (grounded)
collector

4 7 t3

\



RI

OR

IR

If you missed ANY questions, review the
material before you continue.

ANSWERS TO D:

1.

ANSWERS TO E:

1.

REPO -1307

R2

V
EE

2. collector
REP/ -1308

I

3. CI .= with V
CB

constant.

-vcc

If you missed ANY questions, review the
material before you continue.

ANSWERS TO F:

1.

2. collector RI

3. A with V
CE

constant.

If you missed ANY questions, review the
material before you continue.

11
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t)

2. Emitter 13. less

AIE7 14. a, c
3. .r7.. with V

CE constant
U 13

15. true

II You missed ANY questions, review the
material before you continue. 16. c, d

17. a
ANSWERS TO MODULE SELF-CHECK:

18. d
1. 2

2- emitter base, reverse biased 19. a

3. False 20. a

4. minority 21. leas

5. reverse bias 22. b

6. b
23. c

7. False

24. greater
8. False

9. d 25. b

10. b

D. True

12. IE increase

Iya increase HAVE YOU ANSWERED ALL OF THE QUES-
TIONS CORRECTLY? IF NOT, REVIEW
THE MATERIAL UNTIL YOU CAN ANSWZR

I increase ALL QUESTIONS CORRECTLY. 1F YOU
C HAVE, CONSULT YOUR INSTRUCTOR FOR

I
CEO

none FURTHER INSTRUCTIONS.

12
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Radar Principles Branch .

Kees ler Air Force Base, Mississippi
GUIDANCE PACKAGE 3AQR30020

KEP-GP-31
November 1075

ELECTRONIC PRINCIPLES (MODULAR SELF-PACED)

MODULE 31

This Guidance Package is designed to guide you through this module of the Electronic
Principles Course. This Guidance Package contains specific information, including references
to other resources you may study, enabling you to satisfy the learning objectives.

CONTENTS

TITLE

Overview
List of Resources
Adjunct Guide
Laboratory Exercise
Module Self-Check
Answers

OVERVIEW

1. SCOPE: This module will instruct you in
the principles of voltage, current, and rower
amplification as it applies to each transistor
configuration. It will further discuss class of
operation, distortion, coupling, and tempera-
ture stabilization characteristics of the basic
transistor amplifier.

2. OBJECTIVES: Upon completion of this
module, you should be able to satisfy the
following objectives:

a. Given the schematic diagram for NPN
or pNP common emitter amplifier configura-
tion and a list of statements, select the
statement(s) which describe(s) the effect of
Input signal current and input signal voltage
changes on current in each element and col-
lector voltage; of load resistor changes on
actual voltage, current, and power gain.

b. Given the schematic diagram for NPN
or pNP common base amplifier configuration
and a list of statements, select the

Supersedes KEP-GP-31, dated 1 August 1974.

i

PAGE

i
i
i
7

14
22

statement(s) which describe(s) the effect of
input signal current and input signal voltage
changes on current in each eiement and col-
lector voltage; of load resistor changes on
actual voltage, current, and power gain.

c. Given the schematic diagram for NPN
or PNP common collector amplifier con-
figuration and a list of statements, select
the statement(s) which describe(s) the effect
of input signal current and input signal volt-
age changes on current in each element
and emitter voltage; of load resistor changes
on actual voltage, current, and power gaup.

d. Given a transistor amplifier schematic
diagram and a list of statements, select the
statement that describes the cause of ampli-
tude distortion; of frequency distortion; of
phase distortion.

e. Given temperature stabilized transistor
amplifier schematic diagrams and a list of
statements, select the statement(s) that
describe(s) how collector current variations
are minimized.

4 So
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f. Given a list of statements, select
the statement that describes the capabilities
of direct, RC, impedance, and transformer
coupling as related to frequency and gain.

LIST OF RESOURCES

To satisfy the objectives of this module,
you may choose, according to your training,
experience, and preferences, any or all of
the following:

READING btATER1ALS:

Digest
Adjunct Guide with Student Text IV

AUDIOVISUALS:

Television Lesson 30-323A, Amplifier
Principles

Television Lesson 30-325, Distortion

Television Lesson 30-358, Transistorized
Audio Amplifiers

Television Lesson 30-413, Construction
of Load Lines

Television Lesson 30-435. Transistor
Stabilization

LABORATORY EXERCISE:

Laboratory Exercise 31-1, Transistor
Amplification

AT THIS POINT, IF YOU FEEL THAT
THROUGH PREVIOUS EXPERIENCE OR
TRAINING YOU ARE FAMILIAR WITH
THIS SUBJECT, YOU MAY TAKE THE
MODULE SELF-CHECK.

CONSULT YOUR INSTRUCTOR IF YOU
NEED HELP.

ADJUNCT GUIDE

INSTRUCTIONS:

Study the referenced materials as directed.

Return to this guide and answer the
questions.

Confirm your answers at the back of this
guidance packt je.

Contact your instructor if you experience
any difficulty.

Begin the program.

The basic amplifier is the heart of all
electronic equipment. Without it the world
of electronics, as it is known today, would be
non-existent. There would be no radio, tele-
vision, communications, or space travel
possible without the basic amplifier. All
electronic circuitry depends on the principles
of amplification for their existence. The
radio waves that a car antenna intercepts
are extremely weak (in the order of milli-
volts) and must be amplified (made larger)
to be heard. The signal from a tapehead of
a tape recorder is too small to be heard
and must be amplified. An electronics
technician must have a basic knowledge of
the principles of amplification. Without this
knowledge, it will be impossible to compre-
hend the complex circuitry that will be
encountered during the sets portion of this
ccurse, and later in a field envirownent.

A. Turn to .tudent Text, Volume IV, and
read paragraphs 3 -I through 3-14. Return to
this page and answer the following questions:

1. The resistance of a transistor is con-
trolled by the voltage applied between the
emitter-base junction. (True)(False )

2. In a common emitter amplifier, the input

is applied between the and

and the output is taken

between the and

1
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5. U the voltage applied to the input ter-
minals is made more Positive, what effect
will this have on

(a) Is

OUTPUT (b) 1C

.1 (c) 1E

(d) VcE

(e) Transistor resistance

Figure 31-1. Common Emitter Amplifier
(NPN)

3. Refer to figure 31-1. U 1c was 5 mA,
what would be the voltage measured between
the collector and emitter?

C

Figure 31-2. Common Emitter Amplifier
(NPN)

Refer to figure 31-2 for questions 4 and 5.

4. If a voltage change of 200 mV at the
input causes a change in collector cu-rent
of 3 mA, what would be the change in col-
lector to emitter voltage?

2

(f) ERL

Refer to figure 31-3 for questions 6 and 7.

Vcc

- 20V
RD RL

1501/0 41/0

IFIC1
INPUTI

OUTPUT

D

Figure 31-3. Common Emitter Amplifier
(PNP)

6. U the voltage applied to the input is
made more negative, what effect will this
have on

(a) IE. .

(b) IC

(c) 1E

(d) VCE
(e) Transistor resistance

(f) ERL

.
4 r. 0
4 %..) 4,

(1 72



7. If a base current change of 20 IAA causes
a collector current change of 4 mA, what is
the change in collector-to-emitter voltage?

B. What is the phase relationship of the
input signal voltage to the output signal
voltage in a common emitter amplifier?

CONFIRM YOUR ANSWERS.

B. Turn to student text, Volume IV, and
read paragraphs 3-15 thr .uish 3-63. Return
to this page and answer the following questions.

Refer to figure 31-4 for questions 1 through
6.

Figure 31-4. Common Emitter Amplifier

1. The base current (IB) will be

2. The forward bias voltage (VEB) will be

V.

3. If the input base current change of 50

AA causes a collector current change of
4 mA, the current gain (Ai) would be

Il

4. If a base to emitter voltage change of
.05 V causes a collector-to-emitter voltage
change of 10V, the voltage gain (Av) ) of the
circuit would be

5. Using the values obtained in questions
3 and 4, compute power gain (Ap).

Ap = Ai X Av

Ap = --

3

6. The output waveshape of a common emitter
amplifier is (100° out of) (in) phase with
the Input waveshape.

7. What effect would Increasing the resistive
value of the collector load resistor have on
Ai or Av?

Ai

Av

CONFIRM YOUR ANSWERS

C. Turn to Student Text, Volume IV, and
read paragraphs 3-64 through 3 -93. Return to
this page and answer the following questions.

Refer to figure 31-5 for questions 1 through 6.

2..A P..13
CI

0-1
INPUT

C2

i--0
OUTPUT

--- St

30E 0 RED 10" SkO0 I
v

CC
21v- V E E -2V

Figure 31-5. Common Base Amplifier

1. The emitter current (IE) will be

mA.

2. The forward bias voltage (VEB) will be

V.

3. U the input emitter current change of
2 mA causes a collector current change of
1.95 mA, the current gain (Ai) would be

4. If a change in emitter/base voltage of .2V
causes a change in collector-to-base voltage
of 12V, the voltage gain (Av) is

5. Using the values ribtained In questions
3 and 4, compute the power gain (Ap).

Ap = Ai x Av

AA=p ...-.---



6. The output waveshape of a common base
ami,lifier is (In) (out of) phase with the
input waveshape.

7. What effect would increasing the resistive
value of the collector load resistor have on
Ai or Av?

S

Ai ti

I

1i

CONFIRM YOUR ANSiyERS

D. Turn to Student t ext, Volume IV, and
read paragraphs 3-94 trough 3-106. Return
to this page and answer tli? following questions.

Refer to figure 31-6 for questions 1 through
3.

Av

Figure 31-6. Common Emitter Amplifier

1. The output signal voltage will be (greater)
(smaller) than the input signal voltage.

2. The voltage developed across RE (aids)
(opposes) the forward bias voltage.

3. (Degenerative) (Regenerative) feedback
developed across RE causes the voltage gain
of the common collector amplifier to be
(more) (less) than one.

4. The output signal waveshape of the com-
mon collector amplifier is (In) (out of)
phase with the input signal waveshape.

CONFIRM YOUR ANSWERS.
..011IIII

4

t
t

t

E. Tarn to Student Text Volume IV, and
read paragraphs 3-107 through 3-114. Return
to this . ()NI and answer the following
questions.%

1. IncreasOg the temperature surrounding
a transistor 'will cause the resistance of the
emitter/base1junction (REE) to (decrease)
(increase). '.

2. Increasing the temperature surrounding
a transistor will cause a/an (increase)
(decrease) in lc EQ.

3. Why do transistor amplifiers require
temperature stabilization?

i

4. A transistor amplifler has a (negative)
(positive) temperature coefficient of
resistance.

5. In an unstabilized transistor amplifier,
an increase in temperature will cause a/an
(increase) (decrease) in collector current.

6. What would happen to the density of
minority current carrier in a transistor if
an increase in temperature occurred?

7. What change in IrEo would be realized
if a ten degree (101 increase in a tran-
sistor temperature occurred?

CONFIRM YOUR ANSWERS.

F. Turn to Student Text, Volume IV, and
read paragraphs 3-115 through 3-121. Return
to this page and answer the following
questions.

1, ( tt-i ... 1



i. A series emitter lead resistor is often

referred to as a resistor.

2. The use of a series emitter lead resistor
for temperature stabilization results in
(regenerative) (degenerative) feedback.

3. How can the effect of this feedback
be prevented?

4. In an unstabilized amplifier, an in-
creas4, in temperature will result in an
increase in base current which vnllbe ampli-
fied and produce a much larger increase
in collector current. (True)(False)

5. The series emitter lead resistor prevents
RED changes from occurring in conjunction
with temperature charges. (True)(False)

6. Use of the series emitter lead resistor
will prevent IC changes from occurring when

\.._. a change in temperature occurs. (True)
(False)

CONFIRM YOUR ANSWERS
1 I . I I .

G. Turn to Student Text, Volume IV, and
read paragraphs 3-122 through 3-143. Return
to this page and answer the following
questions.

1. In a voltage divider stabilized transistor
amplifier, an increase in ambient tempera-
ture would have what effect on the following:
(increase)(decrease)(remain the same)

a. RED

b. IB

c. VED

d. IC

2. What is the disadvantage of using the
self-bias arrangement for bias stabilization?

485
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3. What can be done to the self-bias
arrangement to eliminate the disadvantage
referred to in question #2?

4. What is the temperature coefficient of
resistance of a thermistor used fortempera-
ture stabilizing a transistor amplifier?

5. Why doesn't a thermistorprovide perfect
temperature stabilization?

6. A forward bias PN junction diode pro-
vides bias stabilization for changes in REB
caused by temperature changes.(True)(False)

7. The re'erse biased diode stabilizing
circuit compensates for changes in (RED)
(ICw) caused by temperature changes.

8. Which temperature stabilizing circuit is
the most effective for temperature changes
above as well a ...9 below 50° C?

CONFIP3f YOUR ANSWERS.

H. Turn to Student Text, Volume IV, and
read paragraphs 3-144 through 3 -148. Return
to this page and answer the following
questions.

I. There are three major types of dis-
tortion. Briefly describe each type in your
own words:

a. Amplitude distortion:

b. Frequency distortion:

476



c. Phase distortion:

2. What is the primary cause of

a. Amplitude distortion?

b. Frequency distortion?

c. Phase distortion?

CONFIRM YOUR ANSWERS.

I. Turn to Student Text, Volume IV, and
read paragraphs 3-150 through 3-111. Return
to this page and answer the foliowing
questions.

1. which type of coupling has the poorest
temperature stability?

6

2. The frequency response for direct
coupling is flat ,or the audio frequency
range. What causes it to drop off above 20
kHz?

3. In an RC coupled amplifier, the ampli-
tude of the output signal drops below a
usable level for input frequencies below
15 Hz and above the audio range. What are
the primary reasons for this loss of amplitude?

4. Why is an impedance coupled amplifier
limited to use above the audio frequency
range?

5. The frequency response curve for trans-
former coupling is similar to that for an
RC coupled amplifier. Why would transformer
coupling be preferred to RC coupling?

CONFIRM YOUR ANSWERS.

3. Turn to Student Text, Volume IV, and
read paragraphs 3-19? through 3-231. Return
to this page and answer the foliowing
questions.

1. Amplifiers can be classified in many
different ways. Three common ways are by its:

a.

b.

c.

,



2. Briefly describe the classes of opera- CONFIRM YOUR ANSWERS
tion of a transistor amplifier:

a. Class A.

b. Class AB:

K. Turn to Student Text, Volume IV, and
read paragraphs 3-232 through 3 -239. Return
to this page and answer the following
questions.

. I. Any waveshape that is NOT sinusoidal
contains harmonics. (True)(False)

2. The output of an amplifier operated
c. Class U: .. class U would contain (odd)(even) harmonics.

d. Class C:

3. The output of an overdriven amplifier
contains (odd)(even) harmonics.

4. What harmonics are present in the output
of a class C amplifier?

3. The two primary items that determine CONFIRM YOUR ANSWERS.
the class of operation of an amplifier are:

a.

b.

4. What would be the class of operation of
\-- an OVER-DRIVEN amplifier?

5. Define FIDELITY as it relates to
transistor amplifier. OBJECTIVES:

L. Turn to Laboratory Exercise 31-I. The
objectives of this laboratory exercise are
to determine the voltage and current gain of
a transistor amplifier. The effect of load
resistance changes and degenerative feedback
on gain will also be investigated.
.11111M11

YOU MAY STUDY ANOTHER RESOURCE
OR TAKE THE MODULE SELF-CHECK.

LABORATORY EXERCISE 31-I

6. Define EFFICIENCY as it relates to a

1. Using a transistor amplifier trainer,
multimeter, oscilloscope, signal generator,
ammeter panel, and formulas, determine
actual:

transistor amplifier. a. current gain (Ai).

b. voltage gain (A,v).

c. power gain (Ap)

7. The class of operation of an amplifier 2. Using a transistor amplifier trainer,
that provides the best fidelity is class multimeter, oscilloscope, signal generator,

and ammeter panel, determine the effect of:

8. The class of operation of an amplifier
that provides the best efficiency is class

a. load resistance changes on gain.

b. effect of degenerative feedback on
. voltage gain.

7
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EQUIPMENT:

Transistor voltage amplifier trainer.

Oscilloscope

Multimeter

Ammeter Panel

Signal Generator

REFERENCES: Student Text, Volume IV,
paragraphs 3-1 through 3-106.

CAUTION: OBSERVE BOTH PERSONNEL
AND EQUIPMENT SAFETY RULES
AT ALL TIMES. REMOVE WATCHES
AND R1NGS.

TP.1
40 V

PROCEDURES:

1. Trainer Analysis: The transistor volt-
age amplifier trainer in extremely versatile
and can be used to determine many character-
istics of a transistor amplifier . The first
thing to do is become thoroughly familiar
with the trainer shown in figure 31-'7. Locate
the following trainer functions and components:

a. Selection of two fixed collector load
resistors. (S3)

b. Selection of ground or a series emitter
lead resistor. (S4)

c. Selection of a by-pass capacitor to be
used in conjunction with the series emitter
lead resistor. (S6)

d. Selection of a fixed or variable biasing
arrangement. (S1 and S2).

OUTPUT

F-411 TP10

t MW

Figure 31-7. Transistor Voltage Amplifier

8

C.-

471°
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e. Input test points (T P2 and TP3) and
output test points (TP10 and TPll).

f. Jacks (test points) for Inserting
ammeter for measurement of collector (TP12
and TP13) and base (TP6 and TP7) currents.

g. Test points for measuring or observing
emitter voltage (TP9), bias voltage (TP5),
collector voltage (TP8) and supply voltage
(TP1).

2. Equipment Preparation.

a. The first exercise will be to determine
the current gain of a transistor amplifier
connected in the common emitter configura-
tion. This means that the control advantage
that base current exhibits over collector
current will be determined. The formula for
current gain for the CE configuration is

A
AlC

I
= A IB

The effect of load resistance changes on A.1
will also be investigated.

b. Preset the switches on the transistor
voltage amplifier trainer to select the circuit
shown In figure 31-7.

(1) Select the 1.5 M ohm variable
biasing resistor using switch S1.

(2) Rotate switch, S2, to the open posi-
tion (NC).

(3) select the 3.9 k ohi: collector
load resistor using switch 83.

(4) Select ground on the emitter lead
using S4 (move right).

(5) Plug the trainer into a 110 VAC
bench outlet.

3. Exercise #1, Current Gain

a. Rotate the 1.5 M ohm biasing resistor
fully clockwise (CW). This provides maximum
resistance, minimum bias for the transistor.

I% 44 110 4 II Ha 0-10 mA

V4

0,4344.-0440SID

I I

4 1

I1

M.

sift

01

4

owto(__.....
t mid

4ot
0-loo mA

14 4

Figure 31-8

WO

NOTE: Refer to figure 31-8 for meter
connections.

b. Using the test lead provided, connect
the 0-10 mA ammeter on the meter panel
to TP 13 (black lead) and TP 12 (red lead)
on the trainer. Move switch S7 to the OPEN
position. The ammeter is now in series
with the collector lead and reads collector
current (IC).

c. Connect the multimeter in series with
the base lead to read base current. This is
accomplished in the following manner.

(1) Rotate the FUNCTION switch on the
multimeter to the 100uA SPECIAL position.
In this position, the multimeter will read
from 0-100 j.i.A DC on the 0-10 DC scale of
the meter.

(2) Connect the BLACK lead of the
multimeter to TP7 and the RED lead to TP6.

(3) Move switch S5 on tne trainer to
the open position. The meter is now in series
with the base lead and reads base current
(Ig).

9
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d. Rotate the 1.5 M ohm biasing resistor
counterclockwise (CCW) until a reading of
2 mA collector current (lc) is obtained.

Measure and record base current (1B)
as read on the multimeter.

1B = PA

e. Rotate the 1.5 M ohm biasing resistor
CCW until lc = 4 mA.

Measure and record 1B.

1B pA

f. Determine the change in base current
by subtracting the base current obtained in
step 3d from the value obtained in step
3e.

1B =

g. Determine the change in collector cur-
rent by subtracting the value obtained in
step 3d from the collector current value
in step 3e.

A IC 4 mA - 2 mA 2 mA

If,
h. Using the formula computela

the current gain (Ai) of the amplifier.

Ai

I. The Ai just determined is for an RL
of 3.9 k ohm and would be representative
of the load line in figure 31-9.

(1) What should happen to Ai if the slope
of the load line were increased?

Ai would (increase) (decrease) (remain
the same).

(2) What would happen to the current gain
if RL was changed from 3.9 1Cohm to 1 k ohm?

A would (increase) (decrease) remain the
same).

Confirm your answers to questions (1) and (2)
before proceeding

0 10 20

Vc. COLLECTOR VOLTAGEVOLTS

Figure 31-9. Load Line

10



7

10 20

V4eCOLLECTOlt VOLTAGEVOLTS

Figure 31-10. Load Line

j. Using 33, select the 1 k ohm
load resistor.

k. With the 1.5 M ohm biasing resistor,
adjust for the following collector current
readings and record the base currents.

lc = 2 mA, 1B -

lc = 4 mA, 1B =

.111111... L ti I

The change in 1B I$ A 1B

pA

1. Compute the current gain for the
1 k ohm load resistor.

The Ai just determined is for an RL of
I k ohm and would be representative of
the load line in figure 31-10.

CAUTION: Do not attempt to achieve
20 mA collector current.

11
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CONFIRM YOUR ANSWERS

4. Equipment Preparation (Exercise 1)

NOTE: Before beginning the second exer-
cise, plug in the oscilloscope and signal
generator and turn them on.

a. you will now determine the voltage
gain (Av) of a transistor amplifier con-
nected in the common emitter configuration.
This means that the ratio of input voltage
change to output voltage change will be
determined and expressed as

vcs

AV A VEB.

The effect of load resistance changes on
Av will also be investigated.

Remove the multimeter and meter panel
test leads from the trainer.



0-

.

!VI
20 V.

Figure

b. Preset the switches on the trainer for
the circuit corliguration .shown in figure
31-11.

31-11.

(6) Select the emitter by-pass capacitor
with S6 (move right).

C. Signal Generator
(1) Close S-5 and S-7 in the base and

collector circuits. CONTROL PO3ITION

(2) Select the 120 kohm biasing resistor (1) MULTIPLIER 100
using switch 51.

(2) FREQUENCY 100
(3) Select the 6.2 kohm biasing resistor

using switch S2. (3) RANGE .1V

(4) Select the 3.9 k ohm collector load (4) AMPLITUDE Counter Clockwise
resistor using switch S3.

(5) Select the 47 ohm series emitter
lead resistor using S4 (move left).

12

d. Connect the sine wave output of the signal
generator to the input of the trainer between
TP2 and GND. (TP3).

0,0,1IA/ A.
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e. OSCILLOSCOPE CONTROLS

(1) TRIG SELECT

(2) LEVEL

(3) TIME/CM

(4) SEPARATE - CH1 & CH2

(5) CHOP - ALT

(6) AC-ACF-DC

(7) Vertical Position CHI and CH2

(8) CH1 VOLTS/CM

(9) AC-GND-DC CH1

(10) CH2 VOLTS/CM

(11) AC-GND-DC CH2

(12) PULL X10 MAG

(13) PULL TO INVERT CH2

(14) Vertical Position CH1

(15) Vertical position CH2

5. Exercise #2 Voltage

t

a. Using the coaxial test lead with a
ground (shield), connect the CH1 input of the
oscilloscope between TP5 and GND (TN)
on the trainer.

b. Connect the EXT TRIG of the oscil-
loscope to TP8 on the trainer.

c. Adjust the sine wave output ampli-
tude control of the signal generator until
the CHI trace on the oscilloscope indicates
an input amplitude of 50 mV pk-to-pk.

d. Using a coaxial test lead with a ground
(shield), connect the CH2 input of the oscil-
loscope between TP10 and GND (TP11) on
the trainer.

POSITION

EXT 4.

AUTO

.1 mS (CAL)

SEPARATE

ALT

AC

Mid-position

50mV (CAL)

AC

5V (CAL)

AC

Pushed in

Pushed in

Position trace at top center

Position trace at bottom center

NOTE: At this time CHI of the oscil-
loscope should be displaying the input to the
trainer and CH2 should be displaying the
amplified output of the trainer. If clear
displays are not visible or if there is no
display on the oscilloscope, call the instruc-
tor for assistance.

e. The voltage gain of the amplifier is the
ratio of a change in input voltage to a change
in output voltage. The peak-to-peak amplitude
of the input to the trainer is 50 mV as
displayed on the CH1 of the oscilloscope.
The output amplitude displayed on the CH2 is

V Pk-Pk

f. Using the formula for voltage gain
and the output voltage obtained in step 5e,

13
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compute the Av of the amplifier:

A CE
Av

V

AV
Z ,Iar.1.4. -".

EB 50mV

6. Exercise #3 Power Gain

a. The voltage gain obtained in step 5f
was obtained using a 3.9 k ohm load resistor.
Recall that the current gain of the amplifier
as calculated in step 3k was approximately
57 for a 3.9 k ohm load resistor. Using
these two facts the power gain of the ampli-
fier can be determined as follows:

Power Gain (Ap) LI At x Av

Ap .1 57 x (Av) -2

(Use the value of Ay obtained in step 51.)

b. By observing the input and output
waveshapes on the oscilloscope, the phase
relationship between them can be deter-
mined. The output is (in phase) (out of phase)
with the input.

c. Observe the effect on gain when the
emitter by-pass capacitor is removed from
the circuit. This is accomplished by opening
S6 (move left). Voltage gain (increased)
(decreased). The change in gain was due
to (regenerative)(degenerative) feedback.

d. Replace the bypass capacitor by
closing S6 (move right).

e. Select the 1 k ohm collector load with
S3, and readjust the signal generator for
50 mV Pk-Pk input to the trainer.

f. Read the output voltage from the oscil-
loscope and calculate Av for a 1 k ohm
collector load.

(1) Av
A VCE.

V1TB 50mV

(2) As the collector load resistor de-
creases in value, the voltage gain (increases)
(decreases).

14

g. Tho power gain of the amplifier with a
1 k ohm load resistor is calculated as
follows:

A =A xAp v

(Ai as obtained in step 3 is 64.5.)

A
P

= 64.5 x Ay

A
P

= .

NOTE: Do not he misled by the power gain
values obtained with the 1 k ohm and 3.9
k ohm collector load resistor. The power
gain drops off for values of load above and
below this value. Impedance matching will
be discussed later in the course.

h. Remove the emitter by-pass capacitor
by switching S6 to the left and observe the
effect on gain. Gain (increased)(decreased).

CONFIRM YOUR ANSWERS.

MODULE SELF-CHECK

QUESTIONS:

For questions 1 through 5, refer to figure
31-12.

I. In an NPN common emitter amplifier, as
the input signal goes positive, base, emitter

and collector current and

transistor resistance

2. In a PNP common emitter amplifier, as
collector current increases, collector voltage
goes positive/negative.

3. In any common emitter amplifier, the
phase relationship of the output signal to the

input signal is

4. Gain is the ratio of a change in

to a change in

5. Using the circuit in figure 31-12 and
characteristic curves for a 2N118 transistor,
figure 31-13 compute Av Ai, and Air
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.375V

.300V

pk.
INPUT

RBE 3k r. 01

RE:134- 305

Firure 31-12. Common Emitter Amplifier

7
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1

0
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! e... 1

I

ii-
OUTPUT VOLTAGE

17:-. I

Figure 31-13. Common Emitter Output Characteristics
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-.175V

-.350V

.525V

CC

t

INPI

UT

I

175^1REB)

Figure 31-14. Common Base Amplifier

For questions 6 through 10 refer to figure
31-14.

6. In an NPN common base amplifier, as
the input signal goes positive, base, emitter,
and collector current
and transistor resistance =,1

7. In any common base amplifier, the phase
relationship of the output signal voltage to
the input signal voltage is

8. The current gainof a common base ampli-
fier is always (more)(less) than one.

9. Using figures 31-14 and 31-15, compute
Ai, A, and Ap.

10. In a common base amplifier, as the
collector load resistance is increased in size,
Ai (increases) (decreases), and Av
increases) (decreases).

16

RCP4.392

For questions 11 through 16, refer to figure
31-16.

11. There is a 180° phase difference between
the input and output signals in a common
collector amplifier. (True) (False)

12. The voltage gain of a common collector
amplifier is always (more)(less) than one.

13. Another name for a common collector
configuration is

14. In an NPN common collector amplifier,
as the base signal goes positive, base,
emitter, and collector current (increases)
(decreases) and emitter voltage goes (positive)
(negative).

15. In a common collector amplifier, as the
emitter load resistance is increased, Av
(increases) (decreases), and Ai (increases)
(decreases).

16. Degeneration is the process of returning
part of an amplifier output back to the input
in such a way that it cancels part of the
input. (True) (False)
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6

0

6 onA

4_ 1_ I_ ___L

ti
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4 mA

INEMPI
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,,.
mA

l mA

0 10 I 20 30

VcCOLLECTOR VOLTAGEVOLTS

Figure 31-15. Common Base Output Characteristics 2N117

Figure 31-16. Common Collector Amplifier

17
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+VCC

INPUT

Figure 31-17. Common Emitter Amplifier

17. Power gain is dependent on impedance
matching. (True) (False)

18. The effect of changing RL on Ap (power
gain) cannot be determined from the load
line (True) (False)

19. Refer to figure 31-17. The type of
distortion shown is
distortion. It is caused by (too much) (too
little) forward bias.

20. Phase distortion occurs when some fre-
quencies applied to an amplifier do not

receive the same time delay as other
frequencies. (True) (False)

21. Both frequency and phase distortion
are caused by
components.

22. A transistor amplifier operating at 85°
C will have (more) (less) collector current
flowing than it will if it is operated at
25° C.

23. Causing collector current to remain the
same over a wide range of temperature is
called

REP4-419

Figure 31-18. Common Emitter Amplifier
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24. Figure 31-18 allows a transistor ampli-
fier with several methods of stabilizing
collector current for temperature changes.
List the components used to stabilize lc
for changes in REB and those used to
compensate for changes in law.

25. The frequency response of direct coupled
amplifiers is flat from Hz
to 20 kHz.

+VCC

26. The reduced amplitude at the high fre-
quency end of the response curve for direct
coupled amplifiers is due to interelement
and stray capacitance. (True) (False)

27. Refer to figure 31-19. The lose of amp-
litude at the low end of the response curve
is caused by the
and at the high end by the .

28. impedance coupling is limited to
frequency use.

A
M

P
L
1

T
U
D
E

15 Hz
B

20k H2

REPO -443

Figure 31-19. Two Stage Common Emitter iunplifier
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29. Match the type of inter-stage coupling to the response curves shown in figure 31-20.

a.

b. RC Coupled. d. Transformer coupled.

Direct Coupled. c. Impedance coupled.

A

p

(1) 1

U
D
E
DC

A

P

(2) F

U
D
E

A

p

(3) I

T
U
D
E

A

p
L

(4)

U

E

FREQUENCY

REP,P.441

%.

20kHz

DC AUDIO RANGE
0 FREQ

FREQUENCY

RSP4-436

15 HZ

FREQUENCY
20k Hs

RFP4 -439

15 Hz 20kHz

REPO -443

Figure 31-20. Frequency Response Curves

CONFIRM YOUR ANSWERS

FREQUENCY

20 50,



ANSWERS TO A - ADJUNCT GUIDE

1. true

2. emitter, base
collector, emitter

3. 15 V

4. 12 V

5. (a) increase
(b) increase
(c) increase
(d) decrease
(e) decrease
(f) Increase

6. (a) increase
(b) increase
(c) increase
(d) decrease
(e) decrease
(f) increase

7. 16 V

8. 180 degrees out of phase.

If you missed ANY questions, review
the material before you continue.

ANSWERS TO B ADJUNCT GUIDE

1. 113 = 200 ILA

2. VEB 72
.2V

3. Ai = 80

4. Ap a 200

5. Ap = 16000

6. 180° out of phase

7. Ai decrease
Ay increase

If you missed ANY questions review
the material before you continue.

A

ANSWERS TO C - ADJUNCT GUIDE

1. IE v. 5 mA

2. VEB = .5V

3. At = .975

4. Ay = 60

5. Ap at 58.5

6. in phase

7. At decrease
Ay increase

If you missed ANY questions, review
the material before you continue.

ANSWERS TO D - ADJUNCT GUIDE

1. smaller

2. opposes

3. degenerative, less

4. in

If you missed ANY questions, review
the material before you continue.

ANSWERS TO E - ADJUNCT GUIDE

1. decrease

2. increase

3. To prevent collector current (1C)
variations from occurring in con-
junction with temperature variations

4. negative

5. increase

6. minority carrier density would
increase

would approximately double7. ICS

If you missed ANY questions, review
the material before you continue.
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ANSWERS TO F - ADJUNCT GUIDE

1. swamping

2. degenerative

3. by placing a by-pass capacitor in
parallel with the swamping resistor

4. true

5. false

6, false, IC changes will be minimized,
but not prevented.

If you missed ANY questions, reviL
the material before you continue.

1

ANSWERS TO G - ADJUNCT GUIDE

1, RE B would decrease

LB would increase

VEB would decrease

IC would increase, but not as much
as it would in an unstabilized circuit

2. Degenerative feedback

3. Use a low pass filter network

4. Negative

5. The thermistor resistance variations
do not equal the transistor emitter/
base junction resistance changes.

6. true

7' IC130

a, double diode

If you missed ANY questions, review
the materials before you continue.

22

ANSWERS TO H - ADJUNCT GUIDE

1. a. Amplitude distortion is the result
of changing a waveform so that its
amplitude is no longer proportional
to the original amplitude.

b. Frequency distortion results
when not all frequencies are ampli-
fied or attenuated equally.

c. Phase distortion results when
some frequencies applied to an ampli-
fier do not receive the same time
delay as other frequencies.

2. a. Amplitude distortion is caused
by the operation of an amplifier in
the nonlinear area of the character-
istic curve.

b. Frequency distortion is caused
by the reactive components in an
amplifier's circuitry.

c. Phase distortion is also caused
by the reactive components in an
amplifier's circuitry. When phase
distortion is present, frequencydis-
tortion will also be present.

If you missed ANY questions; review
the material before you continue.

ANSWERS TO I ADJUNCT GUIDE

1. Direct coupling

2. The interelemental and stray
capacitances.

3. Low frequency loss of gain is
because of the coupling capacitor and
the higher frequency loss of gain is
because of the interelement and stray
capacitances.

r il
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4. The XL of the inductor is directly
proportional to frequency. (XL
MIL). Because the inductor le being
used in place of the load resistor, the
amplifier gain will decrease as the
input frequency decreases. (RLdocrease
causes Av decrease).

5. For impedance matching

U you missed ANY questions, review
the material before you continue.

ANSWERS TO J - ADJUNCT GUIDE

1. a. use
b. frequency
c. class of operation

2. a. Class A: Collector current flows
during the entire input cycle.

b. Class AB: Collector current
flows for more than 180° of an
input cycle but less 360°.

c. Class B: Collector current
flows for exactly half of an input
cycle.

d. Class C: Collector current flows
for less than one half of an input
cycle.

3. a. amount of forward bias

b. amplitude of the input signal

4. Class of operation cannot be
determined.

5. Fidelity: The degree that the ampli-
fier accurately reproduces at its output
the waveform characteristics of the
signal applied to its input.

8. Efficiency: The ratio of an ampli-
fier output signal power to total input
power.

7. Class A

8. Class C

U you missed ANY questions, review
the material before you continue.

ANSWERS TO K - ADJUNCT GUIDE

1. true

2. even

3. odd

4. both odd and even

U you missed ANY questions, review
the material before you continue.
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ANSWERS TO LABORATORY EXERCISE
31-3, EXERCISE 01 CURRENT GAIN

(The answer obtained should be
approximately the same as below.
Do not expect them to be exactly
identical.)

d. TB 42 pA (approx)

e. IB = 77 ilA (approx)

f. AIB = 35 iLA (approx)

h. Ai a 57 (approx)

i . (1 ) increase
(2) increase

k. lc = 2 mA, IB, = 38 pA (approx)
IC = 4 mA, TB' = 69 pA (approx)



1. ID = 31 ilA (approx)

tr. Air 64.5 (approx)

If you missed ANY questions, review
the reference material before you
continue.

ANSWERS TO LABORATORY EXERCISE
31-1, EXERCISE 02 & 03 VOLTAGE
AND POWER GAIN

5e. 9.5 V Pk-Plc. (approx)

5 f. 190

6a. 10830 (approx)

6b. out of phase

6c. decreased, degenerative

6f. (1) 64
(2) decreases

6g. 4128 (approx)

6h. decreased.

If you missed ANY questions, review
the reference material before you
continue.

ANSWERS TO MODULE SELF-CHECK

1. increases, decreases

2. positive

3. 180*

4. output, input

5. Ay = 66.'7, Ai r. 40, Ap r: 2668

8. decreases, increases

7. zero degrees-in phase

8. less than one

24

.
9. Ai = .95, Av = 34.9, Ap = 33.2

10. Ai decreases, Av inreases

11. false

12. less

13. emitter follower

14. increase, positive

15. Av increases, Ai decreases,

16. True

17. True

18. False

19. amplitude, too little

20. True

21. reactive

22. more

23. stabilization

24. For IC -RT1, RD and CR1
For kw -RD, ni and CR2

25. zero

26. True

27. high reactance of the coupling
capacitors, low reactance of the stray or
interelement capacitance

28. high

29. a. 2, b. 3, c. 1, d. 4

HAVE YOU ANSWERED ALL OF THE
QUESTIONS CORRECTLY? IF NOT,
REVIEW THE MATERIAL OR STUDY
ANOTHER RESOURCE UNTIL YOU CAN
ANSWER ALL QUESTIONS CORRECTLY.
IF YOU HAVE, CONSULT YOUR INSTRUC-
TOR FOR FURTHER INSTRUCTION.

50.1

:.

.0-



pi
TM! MAN ATC GP 3AOR3)(020-X

Technical Training

Prepared by Keesier TTC
KEP-GP-32

ELECTRONIC PRINCIPLES (MODULAR SELF-PACED)

MODULE 32

TROUBLESHOOTING SOLID STATE AMPLIFIERS

ATC Itookster MIS

1 August 1974

AIR TRAINING COMMAND

46''

Dosignod For ATC Coors* Us.

Do NOT tag ON Teri JOS



Basic and Applied Electronics Department
Koester Air Force Base, Mississippi

GUIDANCE PACKAGE 3AQR30020-I
K EP-CP-32

1 August 1074

ELECTRONIC PRINCIPLES

MODULE 32

This Guidance Package is designed to guide you through this module of the Electronic
Principles Course. This Guidance Package contains specific information, including references
to other resources you may study, enabling you to satisfy the learning objectives.

CONTENTS

TITLE PAGE

Overview 1

List of Resources 2

Adjunct Guide 3

Laboratory Exercise 7

Critique 35

Supersedes KEP-GP-32 dated 1 November 1973, stocks on hand will be used.

i

,---..



OVERVIEW

TROUBLESHOOTING SOLID STATE AMPLIFIERS

I. SCOPE: This module will instruct you in the basic techniques of troubleshooting solid
state amplifiers. It will further provide practical experience in the use of test equipment to
determine the cause of a malfunction in a transistor voltage amplifier.

2. OBJECTIVE: Upon completion of this module you should be able to satisfy the following
objective:

Given a trainer having an inoperative transistor voltage amplifier circuit, schematic diagram,
multimeter, signal generator, and oscilloscope, determine the faulty component two out of
three times.

TURN TO THE NEXT PAGE AND PREVIEW THE LIST OF RESOURCES. DO NOT HESITATE
TO CONSULT YOUR INSTRUCTOR IF YOU HAVE ANY QUESTIONS.

I
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LIST OF RESOURCES

TROUBLESHOOTING SOLID STATE AMPLIFIERS

To satisfy the objective of this module, you may choose, according to your training, experi-
ence, and preferences, any or all of the following:

READING MATERIALS:

Adjunct Guide with Student Text.

SELECT ONE OF THE RESOURCES AND BEGIN YOUR STUDY.

CONSULT YOUR INSTRUCTOR IF YOU REQUIRE ASSISTANCE.

2 50S



TROUBLESHOOTING SOLID STATE AMPLIFIERS

INSTRUCTIONS:

Study the referenced materials as dtrected.

Return to this guide and answer the questions.

ADJUNCT GUIDE

R

Check your answers against the answers at the top of the next even numbered page following
the questions.

If you experience any difficulty, contact your instructor.

Begin the program.

The ability of an electronic technician to TROUBLESHOOT is essential to all electrical
maintenance. If you desire to become a productive technician, you must develop this ability.
It does not come naturally, nor can it be learned from a book. The technique of trouble-
shooting is learned through practice. This module provides extensive practice and will prepare
you for the more complex troubleshooting problems you will encounter later in this course,
and subsequently as a technician in a maintenance shop.

A. Turn to Student Text Volume IV and read paragraphs 3-173 thru 3-196. Return to this page
and answer the following questions.

9 Vcc = +20V

RD 11RD =18.5V

44-1

ERL=8"

C7

(ID
OUTPUT

VCE n 0
01 411 3V

RE:1.0V

Cl

1
B ERB=1.5V C3

Refer to the above diagram for the following questions.

...-.......

REPO -1267

1. The amplifier has malfunctioned and the following symptoms are present: Collector cur-
rent and collector voltage are zero. The voltage drop across RI, equals the supply voltage. The
collector waveshape is extremely small. The trouble is

3



ADJUNCT GUIDE

2. The amplifier has malfunctioned and the following symptoms are present: The collector

voltage equals the supply voltage. There is no waveshape at the collector. The base waveshape

and the base current are near normal. The trouble is .

3. The amplifier has malfunctioned and the following symptoms are present: Collector cur-

rent has increased to near 5 mA and the voltage across RL is approaching the supply voltage.

There are no collector waveshapcs and the collector voltage is near zero. The base

voltage is near normal. The trouble is .

4. The amplifier has failed and the following symptoms are present: The collector voltage

equals the supply voltage, the collector current is zero and there is no collector waveshape.

The base waveshape is near normal . The trouble is .

5. The amplifier has malfunctioned and the following symptoms are present. ERL and IC

are near zero. VC is near VCC. The collector waveshape Indicates class B operation. The

trouble is

S. The amplifier has malfunctioned and the following symptoms are present: The base voltage

equals the supply voltage. The collector current has increased to near 5 mA and the collector

voltage is near zero. There are no base or collector waveshapes. The trouble is -

Vcc = +10V

41El Z 8"

C2

(--(3
OUTPUT

VCE' 0
01 .41111 3V

ER8=1.5V C3
RE=1 OV

oiel

4

REP4-2267

J10
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ADJUNCT GUIDE

7. The amplifier has malfunctioned and the following symptoms are present: IC is above

normal and the collector voltage is below normal. VEB is high. The base waveshape is near

normal. The collector waveshape indicates that saturation distortion is present. The trouble

is .

8. The amplifier has malfUnctioned and the following symptoms are present: IC is near zero

and the collector voltage Is near V CC. The base voltage is zero. There are no base or collector

waveshapes. The trouble Is .

9. The amplifier has malfunctioned and the following symptoms are present: All voltages and

currents are normal. There is no base or collector waveshape. The trouble is

10. The amplifier has malfunctioned and the following symptoms are present: All voltages

and currents are normal. The base and collector waveshapes are normal. There is no wave-

shape at the output terminals. The trouble is .

It. The amplifier has malfunctioned and the following symptoms are present: All voltages

and currents are normal. The collector waveshape is lower than normal in amplitude but is

not distorted. The base waveshape is normal. The trouble is .

CONFIRM YOUR ANSWERS ON THE NEXT EVEN NUMBERED PAGE.

B. Turn to Laboratory Exercise 32-1. This exercise will provide valuable experience trouble-
shooting a transistor voltage amplifier. It will also provide practice in the correct use of test
equipment for the purpose of troubleshooting. Return and continue with this program.

5
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ADJUNCT GUIDE

[

ANSWERS TO A:

1. RL open

2. RL shorted

3. Q
1

shorted

4. Q
1

open or RE open

5. RD open

6. RD shorted

7. RB open or RE or C3 shorted

8. RB
shorted

9. C
1

open

10. C2 open

11. C3 open

If you missed ANY questions, review the material before you continue.

6
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LABORATORY EXERCISE

32-1

TROUBLESHOOTING SOLID STATE AMPLIFIERS

OBJECTIVE: Given a trainer having an inoperative transistor voltage amplifier circuit,
schematic diagram, multimeter, signal generator, and oscilloscope, determine the faulty
component two out of three times.

EQUIPMENT: Transistor Voltage Amplifier Trainer, #5960.
Oscilloscope, LA-261
Multimeter, PSM-6
Signal Generator, #4864.

REFERENCES: Student Text, Volume IV, Chapter IQ, Paragraphs 3-172 through 3-196.

CAUTION: OBSERVE BOTH PERSONNEL AND EQUIPMENT SAFETY RULES AT ALL
TIMES. REMOVE WATCHES AND RINGS.

The transistor amplifier trainer has built-in troubleshooting capabilities. The compartment
at the rear of the trainer allows access to the switches to be used for inserting the troubles.
The following troubles are available.

a. Open collector circuit.

b. Open emitter circuit.

c. Open Biasing arrangement.

d. Open output.

e. Open input.

1. Shorted transistor.

Troubleshooting involves the use of test equipment to obtain voltage measurements, current
measurements, and to observe voltage waveshapes. These measurements and observations are
then analyzed to determine the probable cause of a malfunction. It is important to realize
that no test equipment can be used to make measurements or to observe waveshapes without
modifying the circuit characteristics to some degree. Because of this, it is important that
only one measurement or observation be made at a time.

This laboratory exercise will provide practice In associating symptoms of a malfunction
to a specific trouble and will be conducted in the following sequence:

a. The normal voltage, current, and waveshape measurements will be taken and recorded
on the troubleshooting summary chart (Figure 16).

b. A known trouble will then be placed in the trainer. The current, voltage and waveshape
measurements will be taken and recorded in the appropriate blocks on figure 16 for that
specific trouble.

c. Next you will be questioned to assure associationof the abnormal readings to the inserted
trouble.

513
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LABORATORY EXERCISE

d. This procedure will be repeated for all six troubles.

NOTE: Before beginning the exercise detach figures15 and 16 from the rear of this guidance
package. Figure 15 Illustrates the proper test equipment connections for this practice exercise
and figure 16 is the troubleshooting summary chart.

An answer sheet with a conclusion and a troubleshooting summary chart for each exercise
is in the back of this guidance package. Answer the questions carefully before comparing with
the answer sheet. Your instructor will help you with any points that are not clear.

PRELIMINARY INSTRUCTIONS FOR TRANSISTOR VOLTAGE AMPLIFIER

a. Plug in the oscilloscope and signal generator and turn them ON.

b. Preset the switches on the trainer to obtain the following circuit configuraton and plug
the trainer into a 110V AC outlet.

'20V
3.9 k a

2 u Id
rr2.

2 "'id
(--0 r r c

o--) 2N697

6.2 1; a

47o

: .. 411.1.Id Mo

Tr Pd

REP42264

Figure I. Schematic Diagram of Trainer Circuit

c. Connect the output of the signal generator (sine wave output) to TP2 and TP3 on the trainer.

d. Connect the "A" channel input of the oscilloscope to the output of the signal generator
(TP4 and TP5).

e. Connect the trigger input to TP13. Adjust the output of the signal generator for a 10 kHz
sine wave with an amplitude of .05 V pk-pk as read on the oscilloscope. (Set trigger selector
to EXT+ and mode selector to AUTO).

PROCEDURES FOR MEASURING CURRENT, VOLTAGE, AND WAVESHAPES

1. The first step in the exercise will be to establish what the NORMAL currents, voltages,
and waveshapes are for the Transistor Voltage Amplifier. Follow the sequence and procedures
outlined below to measure and record the values for the circuit. Record the values and draw
the waveshapes in column 1, Figure 16, Troubleshooting Summary Chart.

CURRENT MEASUREMENTS

a. Base Current (IB) (TP6 to TP7) Place the PSM6 on the Special 100gAmp function and
insert the leads in TP6 and TP7. Place 8-5 in the open position and read the base current.
Remove the PSM6 and place S5 in the closed position.

8
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LABORATORY EXERCISE

NOTE: TO PREVENT DAMAGE TO METER, change function and range switches before
inserting leads in TP-12 and TP-13 (Below)

b. Collector Current (I r,). (TP12 to TP13). Place the PSMO on the mAmp function and the
range switch on 10. Insert "the leads in TP12 and TP13. Place S7 to the open position and read
the collector current. Remove the PSMO leads and place S7 to the closed position.

DC VOLTAGE MEASUREMENTS

c. Voltage Drop across lit. (E n). (TP1 to TP12). Place the PS)46 function switch on the
20k/Volt function and the range switch on 50. Measure and record the voltage between TPl
and TP12 (ERL).

d. Collector' Voltage (V e,) TP8 to TP11). Insert leads of PSM6 between TP8 and TPll.
Measure and record the DC voltage (VC).

e. Emitter-Base Voltage (VEB). (TP7 to TP9). Insert leads of PSM6 in TP7 and TP9.
Measure and record the DC voltage (VEB).

PK/PKVOLTAGE AND WAVESHAPE MEASUREMENTS

f. Sinewave Signal Input (TP2). Measure the Pk/Plc amplitude of the input signal from the
sigriai generator. Re-adjust to .05V Pk/Pk if necessary. Draw the waveform observed at TP2.

g. Base Voltage and Waveform (TP7). Measure and record the Pk/Pk amplitude of the sine-
wave signal observed at TP7. Draw the waveform observed at TP7.

h. Collector voltage and Waveform (TP8). Measure and record the Pk/Plc amplitude of the
sinewave signal observed at the collector (TP8). Draw the waveform observed at TP8.

i. Output Voltage and Waveform (TP10). Measure and record the Plc/Pk amplitude of the
sinewave signal observed at the output of Transistor Voltage amplifier (TP10). Draw the
waveform observed at TP10.

NOTE: Before continuing with the exercise, compare your recorded results with those
indicated on figure 2. There is an allowance for slight differences due to the trainer used
and the associated test equipment. If your measurements differ greatly with those indicated
as correct, call the instructor. If your measurements are the same or`similar, continue with
the next part of the exercise.

2. The trainer has the capability of simulating six different troubles as indicated at the top
of Figure 16. These troubles can be simulated by selecting the proper switch located on the
trainer. Access to the compartment may be made by opening the door. We will treat each
problem separately and in two steps. The first step will be to insert the trouble and then
measure and record the currents, voltages, and waveforms in the same sequence as was fol-
lowed when the measurements were made for normal circuit operation. The second step will
be to compare these readings with the normal readings in an effort to establish an insight to
circuit malfunctions.

51C
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1. 2 4. 5.

LABORATORY EXERCISE

6. 7.

Measurement
Points

Normal
Voltage,
Current&
Waveshapn

Open
Collector

Open
*Litter

Open
r

Biasing
Arrange-
ment

Open
Output

Open
input

Shorted
Tran-
sister

TP-2 to TP3

(31N)

ADJUST
Pk -Pk (N

THE OUTPUT
THE OSOILLOSCOMPOR

OF THE SIGNAL CFAFRATOR
20

TO
MALFUNCTION

.05 VOLTS

a.
TP6 to TP7

(Is) 36 pa

b.

.
e.

TP42 to TP43
(re) 2 ma

TPA to TP-12
(ga) 6.5 v

d. Tpe to TP-11
(Ve ,) 10.5 V

. TP -7 to TP40

(ip.) .6 V

t.

TP-2 to TP3
Input
Waveshape

Au

at

TP -.7 to TP1
Bees

Voltage Pk-Pk

.05 y

Pk-Pk

TP4 to TP-4
Hale
Waveshape

----

h.,

TP-B to TP11
Collector

Voltage Plc-Pk

13 V

Ph-Pk

TP-B to TP41
Collector
Waveshape

.

t.

TP40 to 111.:11

48011T) Pk-Pk

i . ..
A) wFt-Pk

,

TP -1O to TP-13
Ormir)
Waveshape

Los7
.

.

Figure 2. Normal Voltage, Current and Waveahapea
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LABORATORY EXE RC=

Figure 3. Trouble switch location for an open collettor circuit.

TROUBLE 01: OPEN COLLECTOR CIRCUIT.

Insert the trouble "Open Collector Circuit" by raising the switch in the compartment.
(Note Figure 3 for electrical location of switch.) Adjust the output of the signal generator for
a .05 volt Pk/Pk signal with the oscilloscope. Record and draw the waveform on figure 16,
at item f, column 2, "Open Collector Circuit."

12 51s
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LABORATORY EXERCISE

Following the same procedures and sequence that you followed for obtaining the normal
currents, voltages, and waveforms, measure and record the values.

After recording the data, compare the results with those that wore obtained and recorded
in column 1, "Normal Voltages, Currents, and Waveshapos."

Answer the following questions pertaining to the trouble "Open Collector Circuit." When
answering the questions, refer to both Figure 3 and the Troubleshooting Summary Chart in
order to arrive at your answer.

1. Why did the base current increase with an open collector?

Answer:

2. Why did the collector current decrease to zero?

Answer:

3. Why did the collector voltage increase to the applied voltage?

Answer:

4. Why did the Pk/Plc sinewave signal decrease to zero?

Answer:

13
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LABORATORY EXERCISE

Figure 4. Trouble switch location for an open emitter Circuit.

TROUBLE 02: OPEN EMITTER CIRCUIT

Insert the trouble in the trainer by raising the switch marked "Open Emitter Circuit" in
the compartment on the trainer. Before taking your measurements, adjust the output of the
signal generatbr for .05 volts Pk/Pk. Refer to Figure 4 for the electrical location of the switch
that simulates the trouble "Open Emitter Circuit."

14
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LABORATORY EXERCISE

Follow the procedures for taking current and voltage measurements, and obtaining wave -
shapes used when you obtained the normal measurements on pages 0 and 0. Record your
measurements and draw the waveforms that you observe in column 3 under "Open Emitter
Circuit" on the Trcubleshooting Summary Chart.

After completing column 3, compare your results with the NORMAL readings in column I
and answer the following questions. Use both the troubleshooting summary chart and figure
4 when answering the questions.

I. Why is IB and lc zero with an open emitter circuit?

Answer:

2. What value of V
C

did you read? Why should Vc be this value?

Answer:

3. Were you able to observe an output sinewave signal at the collector of the transistor (TP8)?

If not, why?

4. Was there an output signal sinewave observed at TP10? ____.. If none was observed,
why?

15
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LABORATORY EXERCISE

Figure 5. Trouble switch location for open biasing arrangement.

TROUBLE 63: OPEN BIASING ARRANGEMENT

Invert the trouble in the trainer by raising the switch marked "Open Biasing Arrangement"
in the compartment on the trainer. Before taking your measurements, adjust the output of the
signal generator for .05 volts Pk/Pk. Refer to Figure 5 for the electrical location of the switch
that simulates the trouble "Open Biasing Arrangement."

16
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LABORATORY EXERCISE

.... Follow the procedures for taking currord and voltage measurements, and obtaining wave.

shapes located on pages 8 and 9. Record your measurements and draw tho waveforms that you

observe in column 4 under "Open Biasing Arrangement" on the Troubleshooting Summary

Chart, Figure le.

After completing column 4, compare your results with tho NORMAL readings in column 1,

and answer the following questions. Use both the troubleshooting summary chart and figure 4

when answering the questions.
,

1. Why did 1
C-

I
D-

. and V
EB

reduce to Zero?

2. What value of Vc did you read? , Why did V c increase to this value?

3. Why isn't there a signal observed at the collector or at the output of the trainer?

17
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...%t
Figure 6. Trouble switch locationfor an open output

TROUBLE #4: OPEN OUTPUT.

Insert the trouble in the trainer by raisingthe switch marked "Open Output" in the compart-
ment on the trainer. Before taking your measurements, adjust the output of the signal generator
for .05 volts Pk/Pk. Refer to figured for the electrical location of the switch that simulates the
trouble "Open Output." At this point, attempt to predict what type.of readings you should
obtain and what waveforms should be present.

18
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Follow the same procedures for taking current and voltage measurements, and obtaining
wavoshapos used when you obtained the normal measurements on pages 8 and 9. Record
your measurements and draw the waveforms that you observe in column 6 under "Open
Output" on the Troubleshooting Summary Chart, Figure 10.

After completing column 6, compare your results with the normal readings in Column 1 and
answer the following questions. Use both the Troubleshooting Summary Chart and figure 8
when answering the questions.

1. Was there any major difference between the voltagos and currents that you moasurod for

this exorcise compared to normal volages and currents? - Why?

2. Was there a waveform observed at the collector?

3. Was there a waveform observed at the output of the trainer? What

component would prevent an output from being observed at the output of the trainer?

19
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Figure 7. Trouble switch location for an open input

TROUBLE #5: OPEN INPUT

Insert the trouble in the trainer by raising the switch marked "Open Input" in the compart-
ment on the trainer. Before taking your measurements, adjust the output of the signal generator
for .05 volts Plc/Pk. Refer to figure 7 for the electrical location of the switch that simulates
the trouble "Open Input." While observing figure 7, attempt to predict the outcome. Analyze

20 Jx.urf)0
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s..... which waveforms should be present and which ones should be absent. Follow the procedures
for taking current and voltage measurements and obtaining waveshapes used when you obtained
the normal measurements on pages 8 and 0. Record your measurements and draw the wave-
forms that you observe in column 8 under "Open Input" on the Troubleshooting Summary
Chart, Figura 18.

After completing column 8, compare your results with the readings in column 1 and answer
the following questions. Use both the Troubleshooting Summary Chart and Figure 7 when
answering the questions.

1. Why isn't there a waveform present at the base, collector, or at the output of the trainer?

2. Why were all of the voltages and currents measured close to the normal values?

3. How could you pinpoint the problem to an open coupling capacitor?

21
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TROUBLE 08: SHORTED TRANSISTOR

Insert the trouble in the trainer by raising the switch marked "Shorted Transistor" in the
compartment on the trainer. Before taking your measurements, adjust the output of the signal
generator for .05 volts Pk/Pk. Refer to figure 8 for the electrical location of the switch that
simulates the trouble "Shorted Translator."

Follow the procedures for taking current and voltage measurements and obtaining waveshapes
used when you obtained the measurements on pages 8 and 0. Record your measurements and
draw the waveforms that you observe In column 7 under "Shorted Transistor" on the Trouble-
shooting Summary Chart, Figure 18. While observing figure 8, see if you can predict what
abnormal readings will be present and whether or not you will be able to obtain an output from
the amplifier with a shorted transistor.

After completing column 7, compare your results with the readings in column 1 and answer
the following questions. Use both the Troubleshooting Summary Chart and Figure 8 when
answering the questions.

1. Why did collector current almost double in value?

2. Why is Ent almost the same value. as VCC?

3. What prevents an output from being observed at the output of the trainer?
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Figure 9. Voltage, Current and Waveehapea with Open Collector
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EXERCISE 1 ANSWERS AND EXPLANATION (OPEN COLLECTOR)

See Figure 0 for Voltage, Current, and Waveforms

I. No electrons can flow through the base to the collector when the collector is open. There-
fore there are more electrons to flow out of the base increasing the base current.

2. There must be a continuous circuit from ground to VCC through the emitter resistor,
transistor, and load resistor in order for current to flow. If any element is open there will be
no current flow. Collector current will be zero when the collector is open.

3. Normally part of the voltage is dropped across each element. When the collector is open
all of the voltage is dropped across the open element as this is now an infinitely large resist-
ance. The load resistor is small by comparison and drops no voltage, so collector voltage (VC)
becomes equal to V.

4. The sine wave signal is blocked by the open collector and cannot be seen beyond the open
element. Plc-Pic voltage is the result of changes in voltage and as collector voltage is now a
constant VCC no waveform appears on the oscilloscope.

CONCLUSION: With an open collector circuit, IC decreases to zero, VC increases to VCC,
and there is no sinewave signal observed at the output.

EXERCISE 2 ANSWERS AND EXPLANATION (OPEN EMITTER)

See Figure 10 (next page) for voltage and current values, and waveforms.

1. Current to both base and collector must flow through the emitter. When there is an open
emitter no current can flow through the emitter to either the base or collector so IB and IC
must be zero.

2. The open emitter acts like a very large resistor so all of the voltage is dropped across
the open and very little across the load resistor so voltage measured at the collector (VC)
is equal to the applied voltage (Vcd.

3. There is no sine wave at the collector because with the emitter open the transistor is
off and does not pass the signal from base to collector. The collector voltage (VC) remains
at V

CC
and shows on the oscilloscope as a straight horizontal line.

4. There will be no sine wave at TP-I0 (Output) because the signal was interrupted at the
transistor. If there is no sine wave at the collector there will be none beyond that point.

CONCLUSION: With an open emitter, IC_ and I are zero, VC is equal to the applied voltage
(VCC), and there is no sine wave signal at coactor.
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Figure 10. Voltage, Current and Waveahapea with open emitter
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Figure 11. Voltage, Oirrent and Waveshapes with open biasing arrangement
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EXERCISE 3 ANSWERS AND EXPLANATION (OPEN BIASING ARRANGEMENT)

See Figure 11 for voltage and current values, Ind waveforms.

.1. There is no forward bias on the transistor when there to an open in the biasing arrange-
ment. Without forward bias the transistor 18 cut off. At cut off, the resistance le very large
so no current can flow from the emitter to either the base or the collector.

VEB is zero because both the emitter and base are at ground potential.

2. VC should bu equal to VCC (20 V). When the transistor is cut off the resistance is infinite,
all of the voltage appears across the transistor.

3. The cut off transistor will not pass either AC or DC current. The sine wave signal 18 an
AC current and so will not pass from the base to the collector and so cannot be seen at either
the collector or output.

CONCLUSION: With an open biasing arrangement, there is zero I
C

and I
B

p V
C

is equal to
V CC'

and there is no signal observed at the output.

EXERCISE 4 ANSWERS AND EXPLANATION (OPEN OUTPUT)

See Figure 12 for voltage and current values, and waveforms.

1. No. Voltages and currents measured with an open output should be substantially the same
as those measured without any malfunction. An open output has no effect on the DC current
through the transistor nor on the voltage on the base or collector. Also, an open output has no.
effect on the sine wave signal until the signal reaches the open component.

2. There was a normal wave form at the collector.

3. There was no wave form at the output.

The only component between the collector and the output is the coupling capacitor so the
trouble had to be that this capacitor was open.

CONCLUSION: With an open output, all voltages and currents are normal. The input and output
from the transistor are normal. The output from the trainer is prevented from being observed
due to an open coupling capacitor.
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Figure 12. Voltage, Current and Waveehapes with an open output.
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EXERCISE 6 ANSWERS AND EXPLANATION (OPEN INPUT)

See Figure 13 for voltage and current values, and waveforms.

1. The waveform progresses through the amplifier from input, through the coupiing capacitor
to the base of the transistor then to the collector, coupling capacitor and output. If the wave-
form does not appear at any TP along this path it will not appear beyondthat TP. When it does
not appear at TP-7 it will not appear at TP-8 or TP-10 and the trouble will be located between
the input and TP-7..

2. DC current and voltage paths are intact and the components that the DC passes through are
functioning properly. The waveform rides on this DC reference and has only a small effect
on the DC currents and voltages.

3. With normal DC current and voltage, the trouble must be in the waveform signal path.
When the waveform does not appear at any test points the trouble must be at the input. The
only component that the waveform passes through between the input (TP-2) and TP-7 is the
input coupling capacitor so this component must be open.

CONCLUSION: With an open input coupling capacitor, all DC currents and voltages are close
to normal:The sinewave signal does not appear on the base; collector, or-the output.

EXERCISE 6 ANSWERS AND EXPLANATION (SHORTED TRANSISTOR)

See Figure 14 (next page) for voltage and current values, and waveforms.

1. The transistor normally provides resistance to the flow of current. When the transistor
is shorted there is no resistance so there is an increase in current flow.

2. Normally, a DC current path is from ground through the emitter resistor, through the
transistor, and through the load resistor. This is a voltage divider network so part of the voltage
is dropped across each component. When the transistor is shorted, the voltage is dropped only
across the two resistors. As the emitter resistor is only about 1% as large as the load
resistor, most of the voltage will be dropped across the load resistor, so En. will be almost
as large as VCC.

3. The output waveform is developed by the variation in the resistance of the transistor
which normally allows more current to flow on the positive alternation (more forward bias)
and less current to flow on the negative alternation. With Q1 shorted maximum current flows
at all times and is not effected by changes in bias. Therefore the output of the transistor is
DC current which does not pass the coupling capacitor to the output.

CONCLUSION: With a shorted transistor, IC increases, VC decreases to almost zero, and
there is no output from the circuit.
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OVERVIEW

SELECTED SOLID STATE DEVICES

1. SCOPE: This module will instruct you in the construction and basic operation of the Uni-
junction Transistor, the Junction Field Effect Transistor, the Metal Oxide Semiconductor
Field Effect Transistor, the Tunnel Diode, the Varactor Diode, and the Silicon Controlled
Rectifier. it will further instruct you on the application and physical characteristics of inte-
grated circuits.

2. OBJECTIVES: Upon completion of this module you should be able to satisfy the following
objectives:

a. From a list of statements, select the statement(s) that describe(s) the high and low
conduction conditions of the Unijunction Transistor.

b. From a list of statements, select the statement(s) that describe(s) the conduction
conditions of a Junction Field Effect Transistor.

c. Given a schematic diagram of a Junction Field Effect Transistor amplifier in the
common source configuration, determine the effect input voltage changes have on drain
current.

d. Given a list of statements, select the statement(s) that describe(s) conduction in
enhancement and depletion Metal Oxide Semiconductor Field Effect Transistor.

e. Given a list of statements, select the statement(s) that describe(s) junction operation
of a tunnel diode in terms of

(1) doping.

(2) tunneling.

t. Given a characteristic curve for a tunnel diode and a list of statements, select the
statement(s) that correlate(s) its operation to areas and points on the curve.

g. Given a list of statements, select the statement(s) that describe(s) the effect of a
changing bias voltage on the capacitance of a varactor diode.

h. From a list of statements, select the statement(s) that describe(s) the operation of
a silicon Controlled Rectifier in terms of

(I) breakover voltage.

(2) high conduction.

(3) holding current.

i. Given a list of statements, select the statement(s) that describe(s) the effect of gate
to cathode potential on breakover voltage of a Silicon Controlled Rectifier.

j. Given a list of statements, select the statementts) that describe(s) the operation of
a Zener Diode in terms of

1

543



OVERVIEW

(I) doping

(2) voltage regulation

k. Given a list of statements, select the one which describes applications of integrated
circuits.

I. Given a list of statements, select the one which describes the physical character-
istics of integrated circuits.

AT THIS POINT, YOU MAY TAKE THE MODULE SELF-CHECK. IF YOU DECIDE NOT TO
TAKE THE MODULE SELFCHECK, TURN TO THE NEXT PAGE AND PREVIEW THE LIST
OF RESOURCES. DO NOT HESITATE TO CONSULT YOUR INSTRUCTOR IF YOU HAVE ANY
QUESTIONS.

2



LIST OF RESOURCES

SELECTED SOLID STATE DEVICES

To satisfy the objectives of this module, you may choose, according to your training,
experience, ant! preferences, any or all of the following:

READING MATERIALS:

Digest

Adjunct Guide with Student Text

SELECT ONE OF THE RESOURCES AND BEGIN YOUR STUDY OR TAKE THE MODULE
SELF-CHECK.

CONSULT YOUR INSTRUCTOR IF YOU REQUELE ASSISTANCE.

3
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DIGEST

SELECTED SOLID STATE DEVICES

The Unijunction Transistor

The unijunction transistor (UJT) has two conduction conditions and operates similar
to a switch. Figure 1 shows the basic construction and schematic symbols for the UJT.

BASE 2 ABASE 2

EMITTER 7 EMITTER

BASE 2

EMITTER EMITTER

BASE 2

A

BASE 1 b BASE 1

B

SASE 1

N TYPE

C

Figure 1. Unljunction Transistor

BASE 1

P TYPE

0
REP/ -814

When the material between base 1 (131) and base 2 (B2) is N type material, the emitter
(E) will be P material. The opposite is true for the P type UJT.

The point where the emitter region is attached to the basic material forms a PN junction.
When the PN junction is forward biased, the UJT Ls in its high conduction or ON state. When
the PN junction is reverse biased, the UJT is in its low conduction or OFF state.

+20V

B2
20V

15V

First consider a voltage applied between Bi
and B2 as illustrated in figure 2.

The applied voltage will be distributed evenly
10V 1 across the N material. The emitter to B1

junction will be reverse biased because the
$V voltage gradient at the point where the emitter

material is attached to the N material is at
B1

approximately +13 V. The emitter current at

REP41228
this time will be zero and the UJT will be its

low conduction condition. This condition is
Figure 2. Pictorial Diagram of UJT Showing illustrated as the peak voltage point (B) on

Low Conduction (OFF) Condition figure 3.
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EMITTER VOLTAGE

REP4-817

Figure 3. UJT Characteristic Curve

Figure 4 illustrates' the high conduction (ON) condition of the UJT.

61
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The 15 volts applied to the emitter will forward bias the emitter base 1 Junction and a
high emitter current will flow. The recruit of this high concentration of carrier movement in
the area between the E and BI causes the resistivity of the material to decrease and the
voltage gradient across the bulk N material to be redistributed, as shown. The emitter current
through RI, will drop the emitter voltage from 1,5 V to a value determined by the size of RI.
Referring to figure 3, the UJT is now operating at point C on the curve.

The area between points B and C on the curve is referred to as the negative resistance
(-R) area because emitter current increases for a decrease in emitter voltage. The time
for the UJT to change from its low conduction to its high conduction condition is extremely
short, in the order of nanoseconds (10-B). The MIT is utilized in instances where fast switching
is required.
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lOy
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REP4-1229

Figure 4. Pictorial Diagram of UJT Showing High Conduction (ON) Condition
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Figure 5. Pictorial Diagram and Schematic Symbols for JFETS

The Junction Field Effect Transistor (JFET)

The Junction Field Effect Transistor (JFET) is available in N and P types. Figure 5A
illustrates the basic construction of an N type JFET and figure 5B shows the schematic symbol
for N and P JFETS.

Connecting a voltage between the source and drain as illustrated in figure 6 will result
in drain current (ID) and a voltage gradient across the bulk N material. The voltage gradient
between points A and B results in a reverse biased PN junction between the gate and the bulk
N material and produces a cone-shaped depletion region between the P type gate material and
the bulk N material. The depletion region projects completely around the bulk material and
is cone-shaped, therefore, the size of the depletion region controls the area in the vicinity
of the gate called the channel, through which ID can flow. In other words, controlling the size
of the depletion region controls ID. Increasing the drain to source voltage (VDS) will increase
ID and the size of the depletion region until the depletion region becomes so large that it
restricts further increases in ID. At this point, the device is saturated. This point is referred
to as channel pinch-off and further increases in VDS will not result in increases in ID.

Figure 6, Conduction in an N Type JFET
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The effect of VDS changes is illustrated pictorially and graphically in figure 7. VB is the
point where the breakdown voltage of the PN junction is reached.
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Figure 7. Effect of VDs on ID
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Figure 8. N- Type JFET Characteristic Curves

The size of the depletion region controls drain current. Figure 8 graphically illustrates

the control that a voltage applied between the gate and source leads (VGs) has on ID. Note the

similarity to the characteristic curves for a transistor.

The significant difference is that with the transistor, the base current (ID) controls

conduction; whereas in the JFET, the gate to source voltage controls the conduction. In other

words, the JFET is a voltage-controlled device. Small changes in VGs result in large changes

in ID.

The JFET can be used in three basic configurations, as with the transistor. They are the

common source, common gate and common drain. Figure 9 illustrates a common source

amplifier.

Figure 9. HET Common Source Amplifier

8
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Figure 10. Cutaway View of MOSFET
N Channel

Note that no biasing voltage is required.
On the positive alternation, the reverse bias
gate - to - source junction is decreased,
decreasing the depletion region and
increasing the channel size and drain cur-
rent (ID). This results in an increased
voltage across the load resistor and a
decreased output voltage (VDS). The negative
alternation increases the reverse bias,
increases the depletion region. and decreases
ID and ERL, increasing the output (Vas).
The output voltage waveshape is larger than
the input waveshape, thus amplification.
Positive or negative biasing voltages (V)
can be used with a JFET to move the oper-
ating (Q) point.

The Metal Oxide Semiconductor Field Effect
Transistor (MOSFET)

The construction of an "N" Channel Metal
Oxide Semiconductor Field Effect Transistor
(MOSFET) is illustrated in figure 10. The

P" channel MOSFET. uses an N type
substrate.

MOSFETS can be constructed in the
enhancement and depletion types. In the
depletion MOSFET, the channel is heavily
doped which results in high drain current
for small drain-to-source voltages. The
enhancement type MOSFET is lightly doped
and ID is small. Figure 11 and 12 illustrate

DIGEST

the effect of VDS and VG8 on the channel
and ID for N channel cnhanconent anddepte.
tion MOSFETS. Because the enhancement
type MOSFET is lightly doped, the depletion
region is largc, thus restricting the channel
and resulting in low drain currcnt. The
voltage gradient produccd by Vas modifies
the channel width and a positive gate to
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Figure 11. N-Channel Depletion Type
MOSFET
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Fik,ure 12. N-Channel Enhancement Type MOSFET

source voltage increases or enhances the channel. ID increases with increases in the positive
VGS voltage.

In the depletion MOSFET which is heavily doped, the depletion region is small, making
the channel large and resulting in high drain current. The voltage gradient produced by VI:*
modifies the channel and the negative gate to source voltage decreases, or depletes the
channel width. ID decreases with increases in the negative VGs voltage.

Figure 13 shows the schematic symbols for MOSFETS.
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Figure 14. Energy Level Diagrani of an Unbiased Tunnel Diode

The Tunnel Diode

A Tunnel Diode Ia an extremely heavily doped PN Junction diode. Figure 14 shows the
energy level diagram of an unbiased tunivi diode.

The ionization at the junction caused by Junction recombination results in the displace-
ment of the energy bands, so that the conduction band electrons in the N material are at the
same energy level as the valence band holes in the P material. The depletion region Ia
extremely thin.

Applying a small forward bias results in the movement of electrons from the conduction
band of the N material directly into the valence band of the P material. Holes in the valence

II
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Figure 15. Energy Level Diagram and Characteristic Curve for a Tunnel Diode

band of the P material move directly into the conduction band of the N material. This is a
very unconventional movement in that the carriers pr 9 through, or tunnel under, the for-
bidden band as they move across the PN junction. Figure 15A depicts this movement and
figure 15B graphically illustrates the voltage/current relationship for the tunnel diode.
The current that flows between points 1 and 3 on the graph occurs because of this tunneling.

Increasing forward bias changes the relationship between the energy levels of the N
and P materials. The N material increases in eneria and the P material decreases. The
area on the characteristic curve between points 2 and 3 is where the electrons in the N material
become opposite in energy to the forbidden band of the P material and the holes in the P
material become opposite the forbidden band of the N material. This action is illustrated in
figure 16.

This increase in forward bias will result in decreased conduction until the majority car-
riers are all aligned with the forbidden band and current flow is minimum (point 3 on the
curve). Between points 2 and 3 on the curve, the tunnel diode exhibits a negative resistance
characteristic (-R). As forward bias is further increased, the electrons in the N material
pass into the conduction band of the P material and the holes in the P material pass into the
valence band of the N material. This is conventional conduction and it is illustrated in figure
17. The area between points 3 and 4 on the characteristic curve represents conventional
conduction.
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Figure 18. Varactor Diode Schematic Symbol and Characteristic Curve

The Varactor Diode

A capacitor is described as two conductors separated by a dielectric. A reverse biased
PN junction diode exhibits the properties of a capacitor. The N and P materials become the
conductors separated by the depletion region (the dielectric). Varying the reverse bias changes
the width of the depletion region, thus changing the capacitance of the diode. A diode designed
to be used as a variable capacitor is called a VARACTOR. From the formula for capacitance:

C KT,

the effect of changing the reverse bias on capacitance can be determined. Increasing reverse
bias increases the depletion region (increased distance, D) resulting in a decreased capacitance.
Dec.-easing reverse bias increases capacitance. Figure 18 shows the schematic symbol (A)
and characteristic curve (B) for a varactor diode.
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The Silicon Controlled Rectifier (SCR)

A Silicon Controlled Rectifier (SCR) is a 4 layer, 3 junction device. Figure 19 is the
pictorial diagram and schematic symbol for the SCR. Conduction in the SCR can be achieved
by the application of an anode to cathode voltage and by applying a gate-to-cathode voltage.
After conduction is achieved, the anode-to-cathode voltage and the gate-to-cathode voltages
lose control of conduction. Figure 20A illustrates bow high conduction is achieved by the appli-
cation of an anode to cathode voltage and figure 20B is the characteristic curve.

Section 1 (Si) of the SCR is more heavily doped than section 2 (32). Junctions J1 and 33
are forward biased and J2 is reverse biased. As the arm of the potentiometer (R1) is moved
up (more positive), the anode to cathode voltage is increased. The only conduction is the reverse
current across J2. When the anode-to-cathode voltage reaches the breakover voltage (see
curve) junction, J2 goes into reverse breakdown momentarily. This results in the injection of
a high concentration of electron carriers from section Sl to S2. These electrons, once in S2,
act as minority carriers (electrons in P material) and move easily across the junction (J2).
Once they arrive in S3, they again become majority carriers and move easily across J1.
The result is high conduction and a large voltage drop across RL. This immediately reduces
the anode - to - cathode voltage and brings Junction, 32, out of reverse breakdown. The SCR
remains in high conduction because of the continued injection of electron carriers from
S1 to S2. U the current is allowed to drcp below "holding current" (see chart), then carrier
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p
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p

N
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REPO -837

Figure 19. Silicon Controlled Rectifier (SCR) Structure and Schematic Symbol
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Figure 21. Schematic Diagram and Characteristic Curve for a Gated SCR

injection into S2 will not be sufficient to maintain high conduction. Notice that the anode-to-
cathode voltage remains relatively constant for large changes in current. Refer to figure 21A
and 21B to determine the effect of a gate-to-cathode voltage on conduction in an SCR.

The application of a gate voltage will result in gate current and the injection of electron
carriers from S1 and 32 with no anode-to-cathode voltage applied. The result is that a
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significantly smaller amount of anode to-Cathode voltage is required to achieve high con-
duction (see chart). The gate voltage, therefore, can be used to determine what breakover
voltage is required to achieve high conduction. Again, the holdirl current determines when the
SCR will drop out of high conduction.

The Zener Diode

A zener diode is a PN junction diode whose doping has been increased so that it can
operate in the reverse breakdown, avalanche current area of the characteristic curve without
causing structural breakdown. While operating in the avalanche current area, the zener diode
will maintain a relatively constant voltage across it for a wide range of diode currents.
Figure 22A and 22B show the schematic symbol and the characteristic curve for a zener
diode. By controlling doping, a zener diode can be manufactured to provide a regulated voltage
between approximately 3 to 20 volts. They are connected in series it a larger regulated voltage
is required. Structural breakdown occurs when the i aximum power dissipation rating is
exceeded.

Integrated Circuits

Integrated circuits are divided into two categories, HYBRID and MONOLITHIC. In the
monolithic integrated circuit, all elements (resistors, transistors, diodes, and capacitors are
fabricated inseparably within a continuous piece of material called the SUBSTRATE. U the
substrate is N material, then controlled amounts of P material will be doped into the substrate

REPO -841
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Figure 22. Schematic Symbol and Characteristic Curve for a Zener Diode
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to form the components. Metallic contacts are attached to these areas and leads are connected.
An entire electronic circuit can be manufactured on a single piece of substrate 40 by 60
thousandths of an inch in size.

Hybrid integrated circuits have the passive -omponents (resistors, capacitors) deposited
on a substrate made of glass, ceramic, or some other insulating material. The active com-
ponents (diodes, transistors) are then attached to the substrate. Figure 23 shows some
typical examples of integrated circuit packages. One of these tiny packages may contain one
or several circuits and often have several hundred components.

Integrated circuits are small in size and light in weight. They consume very little power
and are highly reliable. This makes them ideally suited for use in airborne equipment, mis-
sile systems, computers, spacecraft, and portable equipment. Because of their construction
they are not normally repaired. When a package fails, the entire package is replaced.

18
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ADJUNCT GUIDE 6
SELECTED SOLID STATE DEVICES

INSTRUCTIONS:

Study the referenced material as directed.

Return to this guide and answer the questions.

Check your answers against the answers at the top of the next even numbered page
following the questions.

U you experience any difficulty, contact your instructor.

Begin the program.

Since the invention of the transistor there has been a continuing effort to improve it.
This improved technology has resulted in the development of solid state devices capable of
performing practically any of the electrical functions demanded by today's society. This
module will investigate the basic construction and operation of some of the more common
devices. All new Air Force systems employ some or all of these devices; therefore, it is
extremely important to become famiUar with them.

A. Turn to Student Text, Volume IV, and read paragraphs 4-1 through 4-11. Return to this
page and answer the following questions.

1. A unijunction transistor (UJT) exhibits a (negative) (positive) resistance character-
..-- istic between the peak and valley voltage points.

N.

2. The amount of time required for a UJT to change from its low conduction to its high
conduction condition is (short) (long) when compared to a mechanical switch.

3. When the UJT is in its high conductiot condition, the resistance between the emitter
and base 01 is (low) (high).

4. When the UJT is in its low conduction condition the resistance between the emitter
and base 01 is (low) (high).

5. The emitter-to-base 01 junction must be (forward) (reverse) biased to cause high
conduction or the ON condition of the UJT.

6. What will be the conduction condition of the UJT U the emitter-to-base 01 junction
were reverse biased?

CONFIRM YOUR ANSWERS ON THE NEXT EVEN NUMBERED PAGE.

B. Turn to Student Text, Volume IV, and read paragraphs 4-12 through 4-30. Return to this
page and answer the following questions.

1. The input impedance to a Junction Field Effect transistor (JFET) is (low) (high).

10
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ANSWERS TO A:

I. negative

2. short

3. low

4. high

5. forward

6. low conduction on OFF condition.

2. Increasing the positive voltage applied to the gate of a "N" type JFET would result
in an (Increase) (decrease) in drain current (ID).

3. What effect would applying a more negative voltage to the gate lead of an N type JFET

(figure 9) have on the drain to source voltage (VDs)?

4. The JFET is a (voltage) (current) controlled device.

5. Increasing the drain-to-source voltage applied to a JFET would cause sian (increase)
(decrease) in the channel width.

6. When a further increase in VDs wilt not cause an increase in ID, the JFET is saturated.

The point that this condition occurs is referred to as

7. The value of gate-to-source (VGS) that reduces the channel width of a JFET to a

point where ID ceases to flow is referred to as voltage.

8. The controlling element in a JFET is the

9. Increasing the negative voltage applied to the gate of a "P" type JFET would cause
1D to (increase) (decrease).

10. Refer to diagram on the next page:

On the positive alternation of the input signal the drain current win (increase) (decrease).

20
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11. Refer to diagram above:

ADJUNCT GUIDE

The voltage waveshape at the output terminals will be (in) (180° out of) phase with the
input.

CONFIRM YOUR ANSWERS ON THE NEXT EVEN NUMBERED PAGE.

C. Turn to Student Text, Volume IV, and read paragraphs 4-31 through 4-38. Return to this
page and answer the following questions:

1. The input impedance of a Metal Oxide Semi-conductor Field Effect Transistor
(MOSFET) is (higher) (lower) than that for a JFET.

2. The type MOSFET that works on the principle that an increase in gate voltage results
in an increase in drain current is a/an type MOSFET.

3. The type MOSFET that works on the principle that an increase in gate voltage results
in a decrelse in drain current is a/an type MOSFET.

CONFIRM YOUR ANSWERS ON THE NEXT EVEN NUMBERED PAGE.

D. Turn to Student Text, Volume N, and read paragraphs 4-39 through 4-49. Return to this
page and answer the following questions.

1. The doping of a tunnel diode is (heavier) (lighter) than that of a conventional PN
junction diode.

2. Compare the barrier height and width of a tunnel dioa tr, that of a conventional PN
junction diode.

Barrier height is

Barrier width is

21
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ANSWERS TO II:

1. high

2. Increase

3. V
DS

would increase

4. vnItage

5, decrease

6. channel pinch-off

1. pinch off

6. gate

9. increase

10. increase

11. 160° out of

If you missed ANY questions, review the material before you continue.

ANSWERS TO C:

I . highe r

2. enhancement

3. depletion

If you missed ANY of the questions, review the material before you continue.

AP

3. In a tunnel diode, tunnelling occurs when electrons from the conduction band of the N
material pass through the depletion region directly into the valence band of the P material.
(True) (False)

Refer to the following diagram for questions 4 through 7.

C
U
R
R
E

.NI
Tunnel Diode Characteristic Curve
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4. The area between points 2 and 3 is where a tunnel diode exhibits a (negative) (positive)
resistance characteristic.

5. At point 3, the placement of the energy bands of the p and N materials has the valence

band of the P material aligned with the band of the N material.

points

6. The tunnel diode operates similarly to a conventional PN junction diode between

and .

7. At point 2, the valence band of the p material is exactly aligned with the band
of the N material.

CONFIRM YOUR ANSWERS ON THE NEXT EVEN NUMBERED PAGE.

E. Turn to Student Text, Volume IV, and read paragraphs 4-50 through 4-56. Return to this
page and answer the following questions.

1. The varactor diode will act as a capacitor with forward or reverse bias applied.
(True) (False)

2. The dielectric of the varactor diode used as a capacitor is the junction depletion
region. (True) (False)

3. Increasing the reverse bias applied to a varactor diode will (increase) (decrease) its
capacitance.

4. The varactor diode responds best as a variable capacitor for (high) (low) values of
reverse bias.

CONFIRM YOUR ANSWERS ON THE NEXT EVEN NUMBERED PAGE.

F. Turn to Student Text, Volume IV, and read paragraphs 57 through 65. Return to this page
and answer the following questions.

Refer to the diagram on the next page for questions 1 and 2.

1. What is the doping relationship that exists between section #1 and section #2?
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ANSWERS TO D:

1. heavier

2. higher, narrower

3. true

4. negative

5. forbidden

6. 3 and 4

7. conduction

U you missed ANY questions, review the material before you continue.

ANSWERS TO Et

1. false

2. true
3. decrease

4. low

U you missed ANY questions review the material before you continue.

P
GATE

ANODE

SECTION
4

SECTION
3

SECTION
2

SECTION

JUNCTION 1

JUNCTIDN 2

JUNCTION 3

CATHODE RtP4 -1233

2. When the SCR is in its non-conducting or OFF state what MU be the bias conditions
of junctions 1, 2, and 3?

Junction 1 is

Junction 2 is

Junction 3 is
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s..... 3. There are two methods of achieving high conduction In an SCR. They are:

1.

2.

4. The breakover voltage is the voltage required between the anode and cathode to turn
the SCR ON or put it into its high conduction condition. (True) (False)

S. Applying a small positive voltage to the gate of an SCR will cause the breakover voltage
required to obtain high conduction to (Increase) (decrease).

6, The minimum current that can be realized In an SCR and still maintain high conduction

is referred to as current.

1, What effect does the gate-to-cathode voltage have on the operation of an SCR after It is

in its high conduction condition? .

CONFIRM YOUR ANSWERS ON THE NEXT EVEN NUMBERED PAGE.

G. Turn to Student Text, Volume rf, and read paragraphs 4-66 through 4-11. Return to this
page and answer the following questions.

I. Operating the zener diode In the breakdown voltage/avalanche current area will cause
structural breakdown. (True) (False)

2. The zener diode is designed to operate over a wide range of current values and maintain
a relatively constant voltage across the diode. (True) (False)

CONFIRM YOUR ANSWERS ON THE NEXT EVEN NUMBERED PAGE.
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q-

ANSWERS TO F..

1. Section *1 is more heavily doped than section *2.

2. Junction 41 is forward biased.

Junction *2 is reversed biased.

Junction *3 is forward biased.

3. Exceeding the anode to cathode breaicover voltage or applying a positive gate
to cathode voltage.

4. true

5. decreased

6. bolding current

1. no effect.

If you missed ANY questions, review the material before you continue.

ANSWERS TO 0:

1. false

2. true

It you missed ANY questions, review the material before you continue.

H. Turn to Student Text, Volume IV, and read paragrpahs 4-72 through 4-81. Return to this
page and answer the foUovring questions.

1. Integrated circuits are suntan size,height and weight and are highly reliable. Because
of this they are readily adaptable to many circuit applications. List five of their most common
uses:

a.

b.

26
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d.

0.

ADJUNCT GUIDE

2. A monolithic integrated circuit differs from a hybrid integrated circuit in that the
monolithic circuit has all of its components, including the transistors, resistors, capacitors
and diodes fabricated within a single piece of material and the hybrid circuit uses discrete
components mounted on a substrate. (True) (False)

3. It is impossible to repair a monolithic integrated circuit (True) (False)

CONFIRM YOUR ANSWERS ON THE NEXT EVEN NUMBERED PAGE.
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ADJUNCT GUIDE

ANSWERS TO H:

1. a. missiles

b. computers

c. spacecraft

d. portable equipment

e. airborne equipment

2. true

3. true

If you missed ANY questions, review Ele material before you continue.

YOU MAY STUDY ANOTHER RESOURCE OR TAKE THE MODULE SELF-CHECK.
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SELECTED SOLID STATE DEVICES

QUESTIONS:

I. A unijunction transistor acts as a voltage controlled

ti4011U1.X Siti.10-1'Hat h ce 1

2. Refer to figure I. Under the condition shown, current through R2 is (high) (low) and
the emitter-base I junction is (forward) (reverse) biased.

REP4-1234

Figure I

3. The negative resistance characteristic of a unijuncticn transistor determines its
SWITCHING time. True False

4. The input impedance of a JFET Is (low) (high).

5. Select the correct statement about JFET's.

a. The amount of drain current, under saturation conditions, depends mainly on
drain-to-source (VDs) voltage.

b. In an N-channel JFET, the gate-to-source (VGS) voltage is always -,ositive.

c. After PINCH-OFF, I primarily on VGs

d. Prior to PLNCH-OFF, the depletion region decreases as Vim increases.
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MODULE SELF-CHECK

Refer to figure 2 for questions 0 and 7.

Figure 2

6. The configuration is:

a. common drain.
.1111111M

b. common source.

c. common gate.

REP4.1214

7. As the input signal goes positive, drain current (decreases) (increases).

O. The MOSFET has a low input impedance and capacitance. True_ False

9. With zero volts Vos and 10 volts Vps applied to both, drain current would be (greater)
(less) in a depletion type MOSFET than in an enhancement type.

10. In a tunnel diode, the barrier width is extremely thin due to very heavy doping. True
False M.=,

11. When a tunnel diode is properly biased for tunneling, the conduction band of the N

material is aligned with the

Refer to figure 3 for questions 12 and 13.

12. TUNNELING Occurs only between points

a. 1 and 2. c. 3 and 4.

b. 2 and 3. d. 1 and 3.

13. The negative resistance area is between points

a. 2 and 3.

b. 1 and 2.

c. 3 and 4.
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MODULE SELF-CHECK
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14. As the reverse bias applied to a varactor diode increases its capacitance .

:1

15. A silicon controlled rectifier (SCR) is a layer semiconductor with
junctions.

18. High conduction occurs in a SCR when forward
or when the gate is in respect to the cathode.

potential is reached

17. As long as HOLDING current flows in a SCR, its resistance will be (high) (low).

18. The forward breakover voltage of a SCR (increases) (decreases) as the gate to
eeihade voltage is made more positive.

19. The voltage at which a zesor deeds regulates depends on the amount of

____a. forward bias c. reverse current

b. forward current d. doping.

20. Refer to figure 4. The voltage regulating region is between points

a. A and B

b. A and C.

c. C and D.

21. The small size and weal sod high rellabilityof integrated circuits make them ideally
salted for use in missile, spacecraft and portable equipment. True False

It. An integrated circuit whose physical dimensions measure1/4"x 1/8" could contain several
dozen components. True False

CONFIRM YOUR ANSWERS ON THE NEXT EVEN NUMBERED PAGE.
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MODULE SELF-CHECK

ANSWERS TO MODULE SELFCHECK:

1. switch

2. high, forward

3. True

4. high

5. c

6. b

7. increases

8. False

9. greater

10. True

11. valence

12. d

13. a

14. decreases

15. 4, 3

16. breakover, positive

17. low

18. decreases

19. d

20. a

21. True

22. True

4

HAVE YOU ANSWERED ALL OF Tits QUESTIONS CORRECTLY? IF NOT, REVIEW THE
MATERIAL OR STUDY ANOTii3R RESOURCE UNTIL YOU CAN ANSWER ALL QUESTIONS
CORRECTLY. IF YOU HAVE, :ONSULT YOUR INSTRUCTOR FOR FURTHER GUIDANCE.
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