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INTRODUCTION TO
ELECTRONICS
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CHAPTER OUTLINE VISIT THE COMPANION WEBSITE

1-1 The Atom Study aids for this chapter are available at
1-2  Materials Used in Electronics http://www.pearsonhighered.com/electronics

1-3 Current in Semiconductors

1-4  N-Type and P-Type Semiconductors INTRODUCTION
1-5  The PN Junction Electronic devices such as diodes, transistors, and integrated
GreenTech Application 1: Solar Power circuits are made of a semiconductive material. To under-

stand how these devices work, you should have a basic
knowledge of the structure of atoms and the interaction of
atomic particles. An important concept introduced in this

L

=a

CHAPTER OBJECTIVES

¢ Describe the structure of an atom chapter is that of the pn junction that is formed when two
+ Discuss insulators, conductors, and semiconductors and different types of semiconductive material are joined. The pn
how they differ junction is fundamental to the operation of devices such as

. . . ] the solar cell, the diode, and certain types of transistors.
¢ Describe how current is produced in a semiconductor typ

¢ Describe the properties of n-type and p-type
semiconductors

Describe how a pn junction is formed

KEY TERMS

i) vl Ll gl

¢ Atom ¢ Conductor

¢ Proton ¢ Semiconductor
¢ Electron ¢ Silicon

¢ Shell ¢ Crystal

¢ Valence ¢ Hole

¢ lonization ¢ Doping

¢ Free electron ¢ PN junction

¢ Orbital < Barrier potential
¢ Insulator
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2 ¢ INTRODUCTION TO ELECTRONICS

1-1 THE ATOM

All matter is corposed of atomsy all atons consist of electrons, protons, and neutrons
except norral hydrogen, which does not have a neutron. Eachegleim the periodic
table has a unique at@rrstructure, and all atosrwithin a given eleent have the sagn
nunber of protons. At first, the atomas thought to be a tiny indivisible sphere. Later it
was shown that the atowas not a single particle but wasde up of a sall dense
nucleus around which electrons orbit at great distancestfremucleus, siitar to the
way planets orbit the sun. Niels Bohr proposed that the electrons in aniatienthe
nucleus in different obits, sitar to the way planets orbit the sun in our solar system
Bohr nodel is often referred to as the planetandel. Another view of the atocalled
thequantum model is considered a are accurate representation, but it is difficult to
visualize. For rost practical purposes in electronics, the Bobdet suffices and is
commonly used because it is easy to visualize.

After conpleting this section, you should be able to

2 Describethe structure of an atom
+ Discuss the Bohr odel of an atom ¢ Defineélectron, proton, neutron, and
nucleus
Define atomic number
Discuss electron shells and orbits
+ Explain energy levels
o Definevalence el ectron
Discuss ionization
+ Definefree electron andion
o Discuss the basic concept of the quantnodel of the atom

The BohrModel

An atom* is the snallest particle of an eleemt that retains the characteristics of that ele-
ment. Each of the known 118 elents has atomthat are different frorthe atons of all
other elerents. This gives each elemt a unique atoim structure. According to the clas-

HISTORY NOTE sical Bohr nodel, atorns have a planetary type of structure that consists of a central nucleus
e surrounded by orbiting electrons, as illustrated in Figure 1-1ntitieus consists of pos-
Niels Henrik David Bohr (October 7,1 itively charged particles callegirotons and uncharged particles callagutrons. The

1885-November 18, 1962) was a basic particles of negative charge are catledtrons.
Danish physicist, who made Each type of atonfas a certain nuber of electrons and protons that distinguishes it
important contributions to from the atons of all other elemnts. For exaple, the sirplest atomis that of hydrogen,

understanding the structure of the . \vhich has one proton and one electron, as shown in Figure 1-2(a). As anottgegettan

atom and quantum mechanics by heliumatom shown in Figure 1-2(b), has two protons and two neutrons in the nucleus and
postulating the “planetary” model two electrons orbiting the nucleus.

of the atom. He received the Nobel

prize in physics in 1922. Bohrdrew  Atomic Number

upon the work or collaborated
with scientists such as Dalton,
Thomson, and Rutherford, among
others and has been described as
one of the most influential
physicists of the 20th century.

All elements are arranged in the periodic table of the etesin order according to their
atomic nunber. Theatomic number equals the nubver of protons in the nucleus, which is
the sare as the nulver of electrons in an electrically balanced (neutral) akmnexamle,
hydrogen has an ataemunber of 1 and heliurhas an atoi nurmber of 2. In their normal
(or neutral) state, all atesrof a given eleenthave the samnunberof electrons aprotons;
the positive charges cancel the negative charges, and thénasoennet charge of zero.

*All bold termsarein the end-of-book glossary. The bold termsin color arekey termsand are also defined
at theend of the chapter.
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@ Electron @ Proton () Neutron

FIGURE 1-1

The Bohr model of an atom showing electrons in orbits around the nucleus, which consists of
protons and neutrons. The “tails” on the electrons indicate motion.

Nudeus Nudeus
@ :Ev; ©
Electron

~ Electron X

3 )

Electron

(a) Hydrogen atm (b) Helium atan

FIGURE 1-2

Two simple atoms, hydrogen and helium.

Atomic numbers of all the eleents are shown on the periodic table of the elesin
Figure 1-3.

Electrons and Shells

Energy Levels Electrons orbit the nucleus of an at@mcertain distances frothe nu-
cleus. Electrons near the nucleus have less energy than thoseeidistant orbits. Only
discrete (separate and distinct) values of electron energies exist withic atamtures.
Therefore, electrons mst orbit only at discrete distances fréime nucleus.

Each discrete distancerpit) from the nucleus corresponds to a certain energy level. In
an atom the orbits are grouped into energy levels knowsha$ls. A given atomhas a
fixed nunber of shells. Each shell has a fixedximum nunmber of electrons. The shells
(energy levels) are designated 1, 2, 3, and so on, with 1 being closest to the nucleus. The
Bohr nodel of the silicon atoris shown in Figure 1-4. Notice that there are 14 electrons
and 14 each of protons and neutrons in the nucleus.
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Helium
Atomic number = 2

4 ¢ INTRODUCTION TO ELECTRONICS

Silicon
Atomic number = 14

A FIGURE 1-3
The periodic table of the elements. Some tables also show atomic mass.

> FIGURE 1-4

lllustration of the Bohr model of the
silicon atom.

The Maximum Number of Electrons in Each Shell The maxinum number of ele-
trons (N) thatcan exgt in each shell of an atoms a fect of naure andcan becalculated by
the formula,

Equation 1-1 Ne = 2n?

wheren isthe rumber of theshell. The maximim number of eletrons thatcan exst in the
innermgst shell (shell 1) is

Ne = 2% = 2(1F = 2
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The maxinum number of eletrons thatcan exgt in shell 2 is
Ne = 2n° = 2(2F = 2(4) = 8

The maxinum number of eletrons thatcan exgt in shell 3 is
Ne = 2n° = 2(3)%> = 2(9) = 18

The maxinum number of eletrons thatcan exgt in shell 4 is

Ne = 2n° = 2(4Y = 2(16) = 32

Valence Electrons

Electrons that are in orbg# farther from the ndeus have higher energy and areséghtly
bound to the atom than teecloser to the mdeus This is because the foce of attration
between the pitively charged ndeusand the negativelgharged eletron decreases with
increasing distance from the mdeus. Electrons with the highet energy exdt in the aiter-
moast shell of an atom and are relatively kmby baund to the atom. Tkioutermast shell is
known & thevalence shell and eletrons in this shell arecalled valence electrons. These ~ -approximately the same mass. The
valerce eletrons contribute tochemical reations and bonding within thetructure of a -massofan electron’is1/1836 ofa
material and determinesitlectrical propertis. When a valece eletron gairs sufi cient  ~Proton. Within protons and
energy from an externaburce, itcan break free fromstatom. Ths is the bais for con- -heutrons there are even smaller
duction in materias. particles called quarks.

lonization

When an atom aorbs energy from a heaburce or from light, for example, the energie
of the eletrons are rased. The valece eletrons possess more energy and are more
loosely baund to the atom than inner eteons, so theycan eaily jump to higher energy
shells when external energg alsorbed by the atom.

If a valerte eletron acquires a sufi cient amaint of energycalledionization energy, it
can atually escape from the ater shell and the ators'influence. The depaute of a valene
electron leave a previaidy neutral atom with an esess of pasitive charge (more protan
than eletrons). The praessof losing a valege eletron is known & ionization, and the
resuting pasitively charged atonsicalled apositiveion. For example, thehemical symbol
for hydrogens H. When a netral hydrogen atom kes its valerce eletron and beomes a
positive ion, it is designated H . The scaped valece eletron is called afree electron.

The revese praesscan @cu in certain ators when a free etigron collides with the atom
and s capured, releaing energy. The atom that fiacquired the extra elgron is called a
negativeion. The ionization preessis not restricted tosingle atons. In manychemrcal rea-
tions, a graup of atons that are bonded togethean lose or @quire one or more etrors.

For some nonmetalti materia$ such as chlorine, a free elgron can becaptured by the
neutral atom, forming a negative ion. In tbase ofchlorine, the ions morestable than the
neutral atom beause it ha a filled auter shell. Thechlorine ion & designated aCl™.

The Quantum Model

Although the Bohr model of an atorewidely used be&ause of its simplicity and eae of
visualization, it s not acomplete model. Theuginum model, a more pent model,s con-
sidered to be morecaurate. The ganum model § a statistical model and very diféiult to
undestand or vsualize. Like the Bohr model, thaugntum model ha a rudeusof protors
and netrons surounded by eletrons. Unlike the Bohr model, the elieons in the qian-
tum model do not et in precise circular orbits as particles. Two important theorgeunder-
lie the quantum model: the wave-pade duality and theuncertainty prirtiple.

+ Wave-particle duality. Jug as light can be both a wave and a pelgi(photon),
electrons are thaight to exhibit a dal charateristic. The velaity of an orbiting ele-
tron is considered to be & wavelength, whih interfere with neighboring eletron
waves by amplifying orcarnceling e@h other.
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Schrodiger developed a wave
equation for electrons.

TABLE 1-1

Electron configuration table for
nitrogen.
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+ Uncertainly principle. As you know, a waves charaterized by peakand valles;
therefore, eletrons acting as waves cannot be prasely identified in terrs of their pa-
tion. According to Hesenberg, it $ impaossble to determinesimultaneaidy both the
pasition and velaity of an eletron with any degree otawacy or certainty. The reut
of this principle prodices a concept of the atom withprobability clouds, which are
mathematal desaiptions of where eletrons in an atom are n®likely to be Iaated.

In the gyanum model, eeh shell or energy levetonsists of up to four subshells called
orbitals, which are daignateds, p, d, andf. Orbitalscan hold a maximm of two el&trons,
orbital p can holdsix electrons, orbitald can hold ten elgrons, and orbitaf can hold faur-
teen eletrons. Each atomcan be deaibed by an eletron configuration table thashows
the shells or energy leved the orbitas, and the omber of eletrons in eah orbital. For
example, the etdron configuration table for the nitrogen atomdiven in Table 1-1. The
first full-size rumber s theshell or energy level, the lettes the orbital, and the exponent
isthe rumber of eletronsin the orbital.

NOTATION EXPLANATION

15 2 elestrons in shell 1, orbitals
28 2p° 5 electrons in shell 2: 2 in orbitals, 3 in orbitalp

Atomic orbitak do not reemble a diaetecircular path for the elgron a deptted in
Bohr’s planetary model. In theugntum picture, e@h shell in the Bohr modelsia three-
dimersional space surounding the atom that repsents the mean (average) energy of the
electron cloud. The termelectron cloud (probability cloud) is used to dsaibe the area
araund an atons nudeuswhere an elegron will probably be fand.

EXAMPLE 1-1
Solution
TABLE 1-2
Related Problem*

Using the atomic number from the periodic table in Figure 1-3, desaibe asilicon (Si)
atom using an electron configuration table.

The atomic number of sili con is 14. This means that there are 14 protonsin the nudeus.
Since there is dways the same number of electrons as protons in a neutral atom, there
are also 14 electrons. As you know, there can be up to two electrons in shdl 1, eight in
shell 2, and eighteen in shell 3. Therefore, in silicon there are two electronsin shell 1,
eight electrons in shdl 2, and four electrons in shel 3 for atotal of 14 eectrons. The
electron configuration take for silicon is shown in Tabe 1-2.

NOTATION EXPLANATION

12 2 electrons in shell 1, orbital s
28 2pf 8 electrons in shell 2: 2 in orbital s, 6 in orbital p
3 3p? 4 electrons in shell 3: 2 in orhital s, 2 in orbital p

Develop an electron configuration table for the gemmanium (Ge) atom in the periodic table.

“Answers can be found at www.pearsonhighered.com/floyd.

In a three-dimesional repreentation of the ganum model of an atom, theorbitals
areshaped likespheres with the rudeusin thecenter. For energy level 1, tisphere &
“solid” but for energy leved 2 or more, ezh single s-orbital iscompaed ofspherical sufaces
that are ngted shells. A p-orbital for shell 2 ha the form of two elligoidal lobes with a
point of tangeny at the mcdeus (sometimes referred to aa dumbbellshape.) The three
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p-orbitals in eaxh energy level are oriented at right asglzeah other. Onesoriented on
the x-axis, one on theg-axis, and one on the-axis. For example, a view of theugntum
model of asodium atom (Na) that &1l eletronsis shown in Figire 1-5. The three age

areshown to give yo a3-D pespective.

2p, orbital (2 eletrons)

2p, orbital (2 eletrors) Y A
\‘\\\ A__.‘g o -

3sorbital (1 eletron) ——» iliﬁ

A

Z-axis

X-axis

Nudeus

y-axis

& 2p, orbital (2 eletrons)

FIGURE 1-5

Three-dimensional quantum model
of the sodium atom, showing the
orbitals and number of electrons in
each orbital.

1s orbital (2 eletrons)

2s orbital (2 eletrons)

Define atomic

What fs4' e

Describe the Bohr model of the atom.
Define electron.
What is the nucleus of an atom composed of? Define each component.

nurﬁb@#‘t

Discuss eledrots;héﬂs and orbits and their energy levels.
What is,a’ﬁlén\ce{?dron?

N
electron?

Discﬁss\t "Iifﬁerence between positive and negative ionization.
|
Name two theories that distinguish the quantum model.

1-2  MATERIALS USED IN ELECTRO

NICS

In terns of their eletrical propertis, materias can beclassfied into three graps: con-
ductors, semiconductors, and irsuators. When atoracombine to form &olid, crystalline
material, they arrange theaives in asymmetrical pattern. The atoswithin thecrystal
structure are held together lmpvalent bond, which arecreated by the intection of the
valerce eletrons of the atoms. Silicon is acrystalline material.

After completing ths section, yau should be able to

o Discuss insulators, conductors, and semiconductors and how they differ
+ Define thecore of an atom ¢ Desaibe thecarbon atom ¢ Name two type
each of semiconductors, conductors, and irsuators

o Explain the band gap
+ Definevalence band andconduction band ¢ Compare aemiconductor atom
to aconductor atom

o Discusssilicon and gemanm atons

o Explaincoval

ent bond

+ Definecrystal
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8 ¢ INTRODUCTION TO ELECTRONICS

~~ Valence electrons Insulators, Conductors, and Semiconductors

© All materialk are madeip of atons. These atons contribute to the eletrical propertis of a
Core (+4) L . . - .

° material, irtluding its ability to conduct electrical current.

" For purposes of discusing electrical propertis, an atomcan be repreented by the

J \ valerce shell and acore thatconsists of all the inneshells and the ndeus. This concept s
illugrated in Figire 1-6 for acarbon atom. Carbors used insome typs of electrical

resistors. Notice that thecarbon atom hefour electronsin the valeoe shell and two eletrons

in the innershell. The mideus consists of six protors andsix neutrons, so the+6 indicates

° the paitive charge of thesix protors. Thecore ha a netcharge of+4 (+6 for the mdeus

B and—2 for the two inneshell electrons).

FIGURE 1-6

Insulators An insulator is a material that demotconduct electrical currentunder nor-
mal conditiors. Most good irsuators arecompaunds rather tharsingle-element material
and have very high sestivities. Valerce eletrons are tightly band to the atorg) there-
fore, there are very few free elmns in an irsuator. Example of insuators are ubber,
plastics, glass mica, and gartz.

Diagram of a carbon atom.

Conductors A conductor is a material that esly conducts electrical current. Mast
metak are goodconductors. The bet conductors aresingle-element materigl suc as
copper (@), silver (Ag), gold (Au), and aliminum (Al), which arecharacterized by ators
with only one valece eletron very losely baund to the atom. Tise locsely baund va-
lence elestrons become free eletrons. Therefore, in @onductive material the free ete
trons are valene eletrons.

Semiconductors A semiconductor isa material thatsibetweerconductors and irsua-
torsin its ability to conduct electrical current. Asemiconductor in its pure (intrinsic) state
is neither a goodonductor nor a good isuator. Single-elemengemiconductors are
antimony (Sb), aenic (As), astatine (At), boron (B), polonim (Po), telurium (Te),
silicon (Si), and germauin (Ge). Compand semiconductors sud & gallium arsenide,
indium phasphide, gallum nitride, sili con carbide, andsilicon germanim are ao com-
monly used. Thesingle-elemensemiconductors arecharacterized by atormwith four va-
lence elestrons. Silicon is the m@t commonlyused semiconductor.

Band Gap

Recall that the valece shell of an atom repeent a band of energy lev@and that the va-
lence elestrons areconfined to that band. When anelen aquires enaigh additional en-
ergy, itcan leave the valee shell, beeome afree electron, and exst in what 5 known &
the conduction band.

The differerce in energy between the vatenband and theonduction band § called
anenergy gap or band gap This is the amant of energy that a valea eletron nmug
have in order toymp from the valece band to theonduction band. One in theconduc-
tion band, the elgron is free to move throghout the material andsinot tied to any
given atom.

Figure 1-7shows energy diagrasfor insuators, semiconductors, andconductors. The
energy gap or band gapthe differere between two energy legelnd & “not allowed” in
guanum theory. It § a region in isuators andsemiconductors where no eletron states

exist. Although an eletron may not ex in this region, itcan “jump” acrossit undercer-
"'__ the hich f ncy tain conditiors. For irsuators, the gapcan becrossed only when breakdoweonditions
(1 GHz to 10 GHa) signals from TV occu—as when a very high voltage applied arossthe material. The band gapill us-
trated in Figire 1-7(a) for isdators. In semiconductors the band gapsismaller, allowing
an eletron in the valece band toymp into theconduction band if it alsorbs a photon. The
band gap depesdn thesemiconductor material. Ths is illugrated in Figre 1-7(b). In
conductors, theconduction band and valexe band overlapso there $ no gap, ashown in
Figure 1-7¢). This mears that eletrons in the valene band move freely into treanduc-
tion bandso there are alwaelectrons available afree eletrons.

satellites, etc. The main
disadvantage of GaAs is that it is
more difficult to make and the
chemicals involved are quite often
toxic!
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Enery Enery Enery FIGURE 1-7

4 Enerdy diagrams for the three types
of materials.

Corduction bamwl

A

Bard gap Corduction baul
Bard gap
Y ¢ Corduction bawl
Overlap
Valence bad Valence bad Valence bad
0 0 0
(a) Insulator (b) Semiconductor (c) Corductor

Comparison of a Semiconductor Atom to a Conductor Atom

Silicon is asemiconductor andcopper s aconductor. Bohr diagraraof thesilicon atom and
the copper atom arehown in Figire 1-8. Notie that thecore of thesilicon atom haa net
charge of+4 (14 protos — 10 eletrons) and thecore of thecopper atom hsa netcharge of
+1 (29 protos — 28 elestrons). Thecore ircludes everything egept the valece elestrons.

/—Valence electron FIGURE 1-8
=] Bohr diagrams of the silicon and
S o Core (+1) copper atoms.
/— Valence electrons o =
e =
Core (+4 ] 4 )
(+4) o °

=

=)
=)
*29
@
=)

=)
@
)
S
=)
@

(a) Silicon aton (b) Copper atm

The valeme elestron in thecopper atom “feel’ an attrative force of +1 compared to a
valerce eletron in thesilicon atom whth “feels’” an attrative force of +4. Therefore,
there & more fore trying to hold a valae eletron to the atom imili con than incopper.
Thecoppers valerce eletron isin the faurth shell, which is a greater diance from ifs nu-
cleus than thesilicon’s valerce eletron in the thirdshell. Recall that eletrons farthest
from the nudeus have the ms energy. The vala®e eletron in copper ha more energy
than the valece eletron insilicon. This mears that it i easier for valerce eletrons in
copper to aquire enaigh additional energy toseape from their atomand beome free
electrons than it Bin silicon. In fact, large mmbeis of valerte elestrons in copper already
havesffi cient energy to be free ekeons at normal room temperae.

Silicon and Germanium

The atomt structures of silicon and germanim arecompared in Figre 1-9.Silicon is
used in diods, trarsistors, integratedcircuits, and othersemiconductor devices. Notice
that bothsili con andgermanium have thecharateristic four valerce elestrons.
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FIGURE 1-9 o
Diagrams of the silicon and germa- Four valence electrons in L
. the outer (valence) shell 6
nium atoms. =) 1)
(=) ° Q
e e e @ e e e
=) Q =) o
< o e o
e -
Silicon atan Gemanium atam

The valee eletrons in germanim are in the farth shell while thase insilicon are in
the thirdshell, closer to the mdeus. This mears that the germanin valerce eletrons are
at higher energy levethan thae insilicon and, therefore, rege asmaller amant of ad-
ditional energy to sape from the atom. Téproperty makegermaniim moreunstable at
high temperatres and reuts in excessve revese current. Ths is why silicon is a more
widely used semiconductive material.

Covalent Bonds Figure 1-10shows how eah silicon atom paitions itself with four
adjecentsili con atons to form asilicon erystal. A silicon (Si) atom with & four valerce
electrons shares an eletron with e&h of its four neighbos. This effectively creates eight
shared valece elestrons for each atom and pragbes astate ofchemrtal stability. Also, this
sharing of valepe eletrons produces the covalentbonds that hold the atomtogether;
each valerce electron is attracted equally by the two adjeent atons which share it.
Covalent bonding in an intréit sili con crystal is shown in Figire 1-11. Arintrinsic crys-
tal is one that hano impurities. Covalent bonding for germamn is similar because it ako
has four valerce eletrons.

FIGURE 1-10 e

Ilustration of covalent bonds in

silicon. | \

¢
&
©
©
o 6o
¢

=] =]
- S =
e
(a) The center silicon ato shares an electron with each (b) Borting diagran. The rel negative signs
of the four surrouding silicon atans, creating a represent the shakrgalence electrons.

covalent bod with each. The surroding atans are
in turn borted to other atms, ard so on.
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Covalent bonds in a silicon crystal.

FIGURE 1-11

What is the basic difference between conductors and insulators?
How do semiconductors differ from conductors and insulators?
How many valence electrons does a conductor such as copper have?
How many valence electrons does a semiconductor have?
Name three of the best conductive materials.
What is the most widely used semiconductive material?
Why does a semiconductor have fewer free electrons than a conductor?
How are/gg\\/:ilent bonds formed?
Wha];»is/ iaht by the term intrinsic?
Whét i{ﬂ rystal?

i

0= OO Ohan tn s Wi

—_
=

1-3 CURRENT IN SEMICONDUCTORS

The way a materiatonducts electrical current is important inundestanding how
electronic devices operate. Ya can't reallyundesstand the operation of a deeisuch
as a diode or trasistor without knowingsomething abat current insemiconductors.

After completing ths section, yau should be able to

o Describe how current is produced in a semiconductor
o Discussconduction electrons and hole

+ Explain an eletron-hole pair ¢ Discussecombination
o Explain eletron and holesurrent

Asyou have learned, the eleons of an atormcan exst only within presaibed energy
band. Each shell araund the mideuscorresponds to acertain energy band anslseparated
from adjaentshells by band gag in which no eletrons can exgt. Figure 1-12shows the
energy band diagram for anexcited (no external energgud as heat) atom in aye sil-
iconcrystal. This condition acus only at a temperate of alsolute 0 Kelvin.
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FIGURE 1-12

Energy band diagram for an unexcited
atom in a pure (intrinsic) silicon
crystal. There are no electrons in the
conduction band.

FIGURE 1-13

Creation of electron-hole pairs in a
silicon crystal. Electrons in the con-
duction band are free electrons.
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Conduction Electrons and Holes

An intrinsic (pure) sili con crystal at room temperate ha sufi cient heat (thermal) energy
for some valege eletrons to jump the gap from the valea band into theonduction band,
becoming free eletrons. Free eletrons are aso called conduction electrons.Thisis illus
trated in the energy diagram of Big 1-13(a) and in the bonding diagram of tiig 1—-13(b).
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(b) Bording diagram

When an eletron jumps to theconduction band, a vearcy is left in the valene band
within thecrystal. This vacarcy is called ahole. For every eletron rased to theconduc-
tion band by external energy, theseone hole left in the valee bandcreating whats
called anelectron-hole pair. Recombinationoccus when aconduction-band eletron
loses energy and fadlback into a hole in the valee band.

To summarize, a piee of intrirsic silicon at room temperate ha, at any istant, a
number ofconduction-band (free) elgrons that areunattahed to any atom and arssen-
tially drifting randomly thraghaut the material. Theresialso an egal number of holsin
the valege banctreated when tise eletrons jump into theconduction band. Théisillus

trated in Figre 1-14.
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CURRENT IN SEMICONDUGTHO

Generation of an FIGURE 1-14
electron-hole pair

Electron-hole pairs in a silicon crystal.
Free electrons are being generated
continuously while some recombine
with holes.

PO

Recambination d
an electron with
a hole
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e

Electron and Hole Current

When a voltagesiapplied arossa piece of intrirsic sili con, a shown in Figire 1-15, the ther-
mally generated free ekeons in theconduction band, whih are free to move randomly in
thecrystal structure, are now esly attracted toward the Eitive end. Ths movement of free
electronsis one type oturrent in asemiconductive material andsicalledelectron current.

FIGURE 1-15

Electron current in intrinsic silicon is
produced by the movement of ther-
+ mally generated free electrons.

i O
w(

Gl

V

Another type oturrent acusin the valece band, where the halereated by the free
electrons exist. Electrons remaining in the valee band aretill attached to their atos
and are not free to move randomly in trgstal structure & are the free el#rons.
However, a valete eletron can move into a nearby hole with littthange in i energy
level, thusleaving another hole wherecgame from. Effetively the hole hamoved from
one pl&e to another in therystal structure, ailludrated in Figire 1-16. Althaigh current
in the valece band$ produced by valene eletrons, it is calledhole current to distinguish
it from electron current in theconduction band.

As you haveseen,conduction in semiconductors is considered to be either the move-
ment of free eletrons in the conduction band or the movement of hele the valece
band, wheh is actually the movement of valer elestrons to nearby atoi) creating hole
current in the oppste direction.

It isinteresting to contrest the two typs of charge movement in semiconductor with
thecharge movement in a metaltonductor, sud as copper. Copper atosform a differ-
ent type ofcrystal in which the ators are notcovalently bonded to €ha other lot consist
of a “sea” of paitive ion cores, which are atora stripped of their valece eletrons. The
valerce eletrons are attrated to the pstive ions, keeping the psitive ions together and
forming the metalti bond. The valere eletrons do not belong to a given atomyttio the
crystal s a whole. Sioe the valepe eletrons in copper are free to move, the apption
of a voltage rsuts in current. Theres only one type oturrent—the movement of free
electrons—because there are no “hag2in the metalle crystal structure.
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Hole current in intrinsic silicon.

When a valence electranoves left to right to fill a hole while leaving another hole béhihe hole
has effectivet moved from right to left. Grg arrows irlicate effectivemovement of a hole.

i 1. [Are free electrons in the valence band or in the conduction band?
2. \Which electrons are responsible for electron current in silicon?
3. |What is a hole?
4. |At what energy level does hole current occur?

1-4 N-TYPE AND P-TYPE SEMICONDUCTORS

Semconductive materias do notconduct current well and are of limited vag in their
intrinsic state. Ths is because of the limited omber of free eletrons in theconduction
band and hokein the valewe band. Intrisic silicon (or germanim) mug be modified by
increasing the rumber of free eletrons or holes to increase its conductivity and make it
useful in electronic devices. Thisis done by adding impities to the intrirsic material.
Two types of extrinsic (impure) semiconductive materia, n-type andp-type, are the key
building blocks for mast types of electronic devices.

After completing ths section, yau should be able to

o Describe the properties oh-type and p-type semiconductors

+ Definedoping
o Explain hown-type semiconductors are formed

+ Desaibe a majoritycarrier and minoritycarrier inn-type material
o Explain howp-type semiconductors are formed

+ Desaibe a majoritycarrier and minoritycarrier inp-type material

Since semiconductors are generally poatonductors, theirconductivity can be drdti-
cally increased by thecontrolled addition of imprities to the intrirsic (pure) semiconductive
material. Ths process calleddoping, increases the umber ofcurrentcarriers (electrons
or holes). The twocategories of impurities aren-type andp-type.

N-Type Semiconductor

To increase the mmber ofconduction-band eletrons in intrinsic sili con, pentavalentim-
purity atons are added. Tise are atormwith five valerce elestrons sud as arsenic (As),
phosphous (P), bemuth (Bi), and antimony (Sb).
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Asillugrated in Figire 1-17, eeh pentavalent atom (antimony, inglease) forms co-
valent bong with four adjacentsilicon atons. Faur of the antimony ators’valerce ele-
trons areused to form thecovalent bond with silicon atons, leaving one extra atgon.
This extra eletron be&omes a conduction electron because it is not involved in bonding.
Because the pentavalent atom g#vap an eletron, it is often called adonor atom. The
number ofconduction electrons can becarefully controlled by the amber of imprity
atons added to thailicon. Aconduction electron created by thd doping pr@essdoes not
leave a hole in the valea band beause it is in excessof the umber regired to fill the
valerce band.

FIGURE 1-17

=
Pentavalent impurity atom in a sili-
d 3 Free (conluction) electron <" c‘rystal.structurg. An an’urnony
© from Sb aton (Sb) impurity atom is shown in the
center. The extra electron from the

© f\a\ © Sb atom becomes a free electron.
=1

Majority and Minority Carriers Since mast of thecurrentcarriers are eletrons, silicon
(or germanim) doped with pentavalent atsiis ann-type semiconductor (then stands for
the negativecharge on an ettron). The eletrons arecalled themajority carriers in
n-type material. Althagh the majority oturrentcarriers in n-type material are eb&ons,
there are @b a few hols that arecreated when ettron-hole pais are thermally gener-
ated. Thee holes arenot produced by the addition of the pentavalent umipy atoms.
Holesin ann-type material arealled minority carriers.

P-Type Semiconductor

To incresse the mmber of hols in intrinsic sili con, trivalent impurity atons are added.
These are atormwith three valece eletrons sud & boron (B), indium (In), and gallim
(Ga). Asilludrated in Figire 1-18, eeh trivalent atom (boron, in thtase) forms covalent
bonds with four adjacentsili con atons. All three of the boron atormvalerce elestrons are
used in thecovalent bond, and,since four electrons are regired, a hole reuts when eah
trivalent atom s added. Beause the trivalent atornan take an etgron, it is often referred
to as anacceptor atom. The rumber of hole can becaretully controlled by the amber of
trivalent impurity atons added to thailicon. A holecreated by tts doping preessis not
accompanied by @onduction (free) eletron.

Majority and Minority Carriers Since mast of thecurrentcarriers are hols, silicon (or
germanum) doped with trivalent atosis called ap-typesemiconductor. The hols are the
majority carriers in p-type material. Althagh the majority ofcurrent carriers in p-type
material are hok there are ab a fewconduction-band eletrons that arecreated when
electron-hole pais are thermally generated. Teeconduction-band eletrons arenot pro-
duced by the addition of the trivalent imaity atorrs. Condiction-band eletrons in p-type
material are the minoritgarriers.
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FIGURE 1-18 e

Trivalent impurity atom in a silicon
crystal structure. A boron (B) impu-
rity atom is shown in the center.

Hole from B atam

IH{HII" " e doping.

t is the difference between a pentavalent atom and a trivalent atom?
t are other names for the pentavalent and trivalent atoms?

is an n-type semiconductoq:formed?

is a p-type semicond;uéér?ormed?

t is the majority cqtdg? ipéﬁ n-type semiconductor?

tis the majo‘ri‘ éSl‘ﬁE;ﬁh‘a p-type semiconductor?

hat prgeess-q?e’ 'aﬁjority carriers produced?

hat F(iw a?é;he minority carriers produced?
tis bé “ersgee between intrinsic and extrinsic semiconductors?

| | |

1-5 THE PN JUNCTION

When yau take a blok of silicon and dope part of it with a trivalent ionfiy and the other
part with a pentavalent inupity, a baindarycalled thepn junction is formed between the
resuting p-type andh-type portiors. Thepn junction isthe baisfor diodes, certain trasis-
tors, solar cells, and other deees, as you will learn later.

After completing ths section, yau should be able to

o Describe how gpn junction is formed
+ Discusdiffugon acrossapn junction
o Explain the formation of the depletion region
+ Definebarrier potential and dscussgts significance « State the vaies of barrier
potential insilicon and germanm
o Discussnergy diagras
+ Defineenergy hill

A p-type materiatonsists of silicon atons and trivalent imprity atons suc & boron.
The boron atom addh hole when it borslwith thesili con atons. Howeversince the nim-
ber of protos and the omber of eletrons are egal thraughaut the material, theresino
netcharge in the material argd it is neutral.
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An n-typesili con materiatonsists of sili con atons and pentavalent inypity atons sud as
antimony. /s you haveseen, an imprity atom releaes an eletron when it bongwith four
sl con atons. Since there s till an equal number of protos and eletrons (including the free
electrons) throughaut the material, theresno netcharge in the material arsd it is neutral.

If a piece of intrirsic silicon is dopedso that parts n-type and the other pas p-type,
a pn junction forms at the bandary between the two regi®and a diodesicreated, a
indicated in Figire 1-19(a). The region ha many hols (majority carriers) from the
impurity atons and only a few thermally generated freectans (minority carriers). The
n region ha many free eletrons (majority carriers) from the imprity atons and only a
few thermally generated haéminority carriers).

pn junction Depletion region

p region / nregion p region nregion

. — a—
® — -t
Barrier
potential
(a) The basic silicon structure at the instant of junctiomégion (b) For evey electron thatliffuses across the junctionan
showing ony themajority ard minority carriers Free electrons combines with a hole, a positive charge is left initiregion
in then region near then junction begin taliffuse across the and a negative charge is credie thep region, foming a
junction aml fall into holes near the junction in theegion. barrier potential. This action continues until the voltage of

the barrier repels furtheliffusion. The blue arrows between
the positive ad negative charges in thiepletion region
represent the electric fitl

FIGURE 1-19

Formation of the depletion region. The width of the depletion region is exaggerated for illustration
purposes.

Formation of the Depletion Region

The free eletrons in then region are randomly drifting in all dicdons. At the irstant of
thepn junction formation, the free eberons near theynction in then region begin to dif-
fuse arossthe unction into thep region where thegombine with hols near thegnction,
as shown in Figire 1-19(b).

Before thepn junction is formed, reall that there aresamany eletrons as protors in
then-type material, making the materialuteal in terns of netcharge. Thesame & true for
thep-type material.

When thepn junction is formed, then region lases free eletrons as they difuse across
the junction. This creates a layer of paitive charges (pentavalent iog) near theynction.
As the eletrons move a@rossthe punction, thep region lses holes as the eletrons and
holes combine. Ths creates a layer of negativeharges (trivalent iors) near theynction.
These two layes of pasitive and negativeharges form thedepletion region,as shown in
Figure 1-19(b). The terrdepletion refeis to the fat that the region near thom junction is
depleted othargecarriers (electrons and holg) due to difuson acrossthe unction. Keep
in mind that the depletion regiosformed very gickly and & very thincompared to the
region ando region.

After the initialsurge of free eletrons acrossthe pn junction, the depletion region ba
expanded to a point wherewdiri um is established and theresino further diffuson of

vacuum from the lighted filament to
a metal plate mounted inside the
bulb. This discovery became known
as the Edison effect.

An English physicist, John
Fleming, took up where Edison left
off and found that the Edison effect
could also be used to detect radio
waves and convert them to electrical
signals. He went on to develop a
two-element vacuum tube called the
Fleming valve, later known as the
diode. Modern pn junction devices
are an outgrowth of this.
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HISTORY NOTE

~ Russell Ohl, working at Bell Labs

in 1940, stumbled on the
semiconductor pn junction. Ohl
was working with a silicon sample
that had an accidental crack down
its middle. He was using an
ohmmeter to test the electrical
resistance of the sample when he
noted that when the sample was
exposed to light, the current that
flowed between the two sides of
the crack made a significant jump.
This discovery was fundamental to
the work of the team that invented
the transistor in 1947.

INTRODUCTION TO ELECTRONICS

electrons acrossthe junction. This occus as follows. As electrons continue to diffuse
acrossthe unction, more and more gilive and negativeharges arecreated near theic-
tion asthe depletion regiorsformed. A point$reached where the total negatigkarge in
the depletion region repedny urther diffuson of electrons (negativelycharged parties)
into thep region (likecharges repel) and the diffSon stops. In other word, the depletion
region &ts as a barrier to theurther movement of etérons acrossthe unction.

Barrier Potential Any time theres a paitive charge and a negatiaharge near eh
other, theresa force ating on thecharges as desaibed by Calomb’slaw. In the depletion re-
gion there are many pitive charges and many negativeharges on oppaite sides of thepn
junction. The foces between the oppite charges form anelectric field, as illugrated in
Figure 1-19(b) by the bk arrovs between the mitive charges and the negativeharges. This
electric field is a barrier to the free aleons in then region, and energy ust be expended to
move an eletron thraugh the eletric field. That §, external energy o be applied to get the
electrons to move arossthe barrier of the ettric field in the depletion region.

The potential differece of the eletric field acrossthe depletion regiorsihe amaint of
voltage regired to move eletrons through the eletric field. This potential differene is
called thebarrier potential and b expressd in vols. Stated another way, @rtain
amaunt of voltage egal to the barrier potential and with the proper polaritysnbe ap-
plied acrossapn junction before eletrons will begin to flow arossthe unction. You will
learn more ahat this when we dicusshiasing in Chapter 2.

The barrier potential of pn junction depend on several fators, including the type of
semiconductive material, the ammt of doping, and the tempeus¢. The typcal barrier
potential  approximately 0.7 V fosilicon and B V for germanim at25°C.Because ger-
manium devies are not widelyused, sili con will beused thrauighaut the rest of the book.

Energy Diagrams of the PN Junction and Depletion Region

The valele andconduction band in ann-type material are atightly lower energy level
than the valete andconduction band in ap-type material. Reall thatp-type material ha
trivalent impurities andn-type material hepentavalent imgrities. The trivalent imprities
exert lower foces on the atershell electrons than the pentavalent impties. The lower
forces in p-type materisd mean that the etgon orbit areslightly larger and hece have
greater energy than the ei®n orbis in then-type materied.

An energy diagram for pn junction at the istant of formation $ shown in Figire
1-20(a). A you cansee, the valete andconduction band in then region are at lower en-
ergy leves than thae in thep region, lut there § asignificant amaint of overlapping.

The free eletrons in then region that ocwy theupper part of theonduction band in
terms of their energycan eaily diff use acrossthe unction (they do not have to gain addi-
tional energy) and temporarily teme free eletronsin the lower part of thp-regioncon-
duction band. Aftercrossng the jinction, the eletrons quickly lose energy and fall into
the holein thep-region valerne band aindicated in Figire 1-20(a).

As the difuson continues, the depletion region begino form and the energy level of
then-regionconduction band dereases. The derease in the energy level of tle@nduction
band in then region & due to the Igsof the higher-energy etons that have diffised
acrossthe unction to thep region. Soon, there are no@lens left in then-regionconduc-
tion band with enagh energy to getcaossthe jnction to thep-regionconduction band, a
indicated by the alignment of the top of treegionconduction band and the bottom of the
p-regionconduction band in Figre 1-20(b). At ths point, the jinction is at eailibrium;
and the depletion regios complete beause diffuson has ceased. Theresan energy gra-
diant arossthe depletion region wtth &cts as an “energy hill” that am-region eletron
mug climb to get to thep region.

Notice that a the energy level of the-regionconduction band hashifted downward,
the energy level of the valem band haalso shifted downward. Itill takes the same
amaunt of energy for a valeme eletron to beome a free elgron. In other word the en-
ergy gap between the vatenband and theonduction band remainthe same.
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FIGURE 1-20

Energy diagrams illustrating the formation of the pn junction and depletion region.
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SUMMARY

Section 1-1 ¢ According to theclasscal Bohr model, the atons viewed & having a planetary-typgructure
with electrons orbiting at variais distances araund thecentral nudeus.
¢ According to the gantum model, eletrons do not exit in precise circular orbits as particles as
in the Bohr model. The atons can be wavsor parttles and preise location at any timesi
uncertain.

¢ The rudeusof an atontonsists of protors and netrons. The protos have a psitive charge and
the naitrons areuncharged. The umber of protos is the atomé number of the atom.

¢ Electrons have a negativeharge and orbit atmd the micdeus at distances that depend on their
energy level. An atom Isalisaete band of energycalled shellsin which the eletrons orbit.
Atomic structure allows a certain maxinum number of eletrons in each shell. In their natral
state, all atora are netral because they have an eql number of protos and eletrons.

¢ The atermast shell or band of an atons called thevalence band, and eletrons that orbit in
this band arecalled valence electrons. These eletrons have the high energy of all thee in the
atom. If a valepe eletron aquires enaugh energy from anutside source suc s heat, itcan
jump aut of the valere band and break away frors étom.

Section 1-2 ¢ Insuating materiad have very few free eterons and do notonduct current at allunder normal

circumstarces.

¢ Materiak that areconductors have a largeumber of free eletrons andconduct current very well.

¢ Semtonductive materias fall in betweerconductors and irsuators in their ability toconduct
current.

¢ Semconductor atons have far valerce eletrons. Silicon is the mat widely used semiconduc-
tive material.
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¢ Semconductor atons bond together in symmetrical pattern to form aolid materialcalled a
crystal. The bond that hold acrystal together arealled covalent bonds.
Section 1-3 @ The valere eletrons that manage toseape from their parent atom asalled conduction elec-
trons or free electrons. They have more energy than thectlens in the valece band and are
free to drift thraghaut the material.

20 ¢ INTRODUCTION TO ELECTRONICS

¢ When an eletron break away to beome free, it leavea hole in the valere bandcreating what
is called anelectron-hole pair. These ele&tron-hole pais are thermally progced beause the
electron ha acquired enaigh energy from external heat to break away framatibm.

¢ A free eletron will eventially lose energy and fall leh into a hole. Thsis called
recombination. Electron-hole pais arecontinuoudy being thermally generatess there are al-
ways free eletrons in the material.

¢ When a voltagesiapplied arossthesemiconductor, the thermally pragted free eletrons move
toward the pdtive end and form theurrent. Thsis one type oturrent ands$ called eletron
current.

¢ Another type oturrent i the holecurrent. Ths occus as valerce eletrons move from hole to
holecreating, in effet, a movement of hotgin the oppaite direction.

Section 1-4 ¢ An n-typesemiconductive material $ created by adding impity atons that have five valere
electrons. These impurities arepentavalent atoms. A p-type semiconductor is created by adding
impurity atons with only three valece eletrons. These impurities aretrivalent atoms.

¢ The praessof adding pentavalent or trivalent inmities to asemiconductor is called doping.

¢ The majoritycarriers in ann-type semiconductor are free elegtrons acquired by the doping
process and the minoritycarriers are hols produced by thermally generated eteon-hole
pairs. The majoritycarriers in ap-type semiconductor are hols acquired by the doping
process and the minoritycarriers are free eletrons produced by thermally generated
electron-hole pais.

Section 1-5 @ A pnjunction is formed when part of a materialdopedn-type and part of itsidopedp-type. A
depletion region forsistarting at theynction that & devoid of any majoritgarriers. The deple-
tion region s formed by ionization.

¢ The barrier potentiakitypically 0.7 V for asilicon diode and @.V for germanim.

KEY TERMS Key terms and other bold terms are defined in the end-of-book glossary.

Atom Thesmallest particle of an element that peesses theunique charatteristics of that element.

Barrier potential The amant of energy redred to prodice full conduction acrossthe pn junc-
tion in forward bia.

Conductor A material that ealy conduds electrical current.
Crystal A solid material in wheh the ators are arranged in symmetrical pattern.

Doping The praessof imparting impurities to an intrirsic semiconductive material in order to
control its conduction charateristics.

Electron The baic particle of negative elgrical charge.

Free electron An electron that ha acquired enaigh energy to break away from the valemand of
the parent atom; s called aconduction electron.

Hole The alserce of an eletron in the valece band of an atom.
Insulator A material that dognot normallyconduct current.

lonization The removal or addition of an eteon from or to a natral atomso that the rsuting
atom ¢alled an ion) haa net paitive or negativecharge.

Orbital  Subshell in the glanum model of an atom.
PN junction The baindary between two different typef semiconductive materias.
Proton The baic partccle of pasitive charge.

Semiconductor A material that lis betweenconductors and irsuators in its conductive proper-
ties. Silicon, germanim, andcarbon are exampte
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Shell An energy band in wbh electrons orbit the mdeus of an atom.
Silicon A semiconductive material.
Valence Related to thewershell of an atom.

KEY FORMULA

1-1 Ne = 2n? Maximum number of eletrons in anyshell

TRUE/FALSE QUIZ Answers can be found at www.pearsonhighered.com/floyd.

=

. An atom sthesmallest particle in an element.

. An electron is a negativelycharged partie.

. An atom s madeup of electrons, protors, and netrons.

. Electrons are part of theudeus of an atom.

. Valerce eletrons exist in the aiter shell of an atom.

. Crystals are formed by the bonding of atem

. Silicon is aconductive material.

. Silicon doped withp andn impurities has onepn junction.

© 00 N O OB~ W N

. Thep andn regiors are formed by a poesscalledionization.

SELF-TEST Answers can be found at www.pearsonhighered.com/floyd.

Section 1-1 1. Every known element lsa
(a) thesame type of atos1 (b) thesame mmber of ators
(c) aunique type of atom (d) several different typgof atons
2. An atomconsists of
(a) one udeusand only one ektron (b) one rudeusand one or more agons
(c) protors, electrons, and netrons (d) amswers (b) and €)
3. The rudeusof an atoms madeup of
(a) protorsand netrons (b) electrons
(c) electrons and protos (d) electrons and netrons
4. Valerce eletrons are
(a) in theclosest orbit to the mdeus (b) in the mat distant orbit from the ndeus
(c) in variousorbits araund the mideus (d) not ssciated with a partiular atom
5. A positive ion is formed when
(a) avalemre eletron break away from the atom
(b) there are more hadéhan eletrons in the aiter orbit
(c) two atons bond together
(d) an atom gaisan extra valece ele&tron
Section 1-2 6. The mat widely used semiconductive material in eletronic devices is
(@) germanim (b) carbon  (c) copper (d) silicon
7. The differere between an guator and essemiconductor is
(a) awider energy gap between the vakband and theonduction band
(b) the rumber of free eletrons
(c) the atomt structure
(d) arswers (a), (b), andd)
8. The energy band in wtth free eletrons exist is the
(a) firstband  (b) second band  (c) conduction band  (d) valerce band
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Section 1-3

Section 1-4

Section 1-5

©

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
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In asemiconductor crystal, the atora are held together by

(a) the interation of valerce eletrons (b) forces of attraction

(c) covalent bond (d) amswers (a), (b), andd)

The atomé number ofsili con is

(@ 8 (b) 2 (c) 4 (d) 14

The atomé number of germanim is

(@ 8 (b) 2 (c) 4 (d) 32

The valere shell in asilicon atom hathe rumber daignation of

(@ o (b) 1 (c) 2 (d) 3

Each atom in &sili con crystal has

(a) four valerce elestrons

(b) four conduction electrons

(c) eight valere electrons, four of its own and far shared

(d) no valere elestrons because all areshared with other atosm
Electron-hole pais are prodiced by

(a) recombination  (b) thermal energy (c) ionization (d) doping
Recombination $ when

(a) an eletron fallsinto a hole

(b) a pasitive and a negative ion bond together

(c) avalemre eletron beeomes aconduction electron

(d) acrystal isformed

Thecurrent in asemiconductor is prodiced by

(a) electrons only (b) holes only (c) negative ios (d) both eletrons and hols
In an intrirsic semiconductor,

(a) there are no free efgons

(b) the free eletrons are thermally progced

(c) there are only hoke

(d) there are amany eletrons as there are hoke

(e) arswers (b) and (d)

The praessof adding an imprity to an intrirsic semiconductor is called

(a) doping (b) recombination  (c) atomic modification (d) ionization
A trivalent impurity is added tasili con tocreate

(@) germanum (b) ap-typesemiconductor

(c) ann-typesemiconductor (d) a depletion region

The purpose of a pentavalent inypity is to

(a) reduce thecondudtivity of silicon (b) increase the mmber of hols
(c) increase the mmber of free eletrons (d) create minoritycarriers
The majoritycarriers in ann-type semiconductor are

(@) holes (b) valerce eletrons (c) conduction electrons (d) protors
Holes in ann-type semiconductor are

(@) minority carriers that are thermally praged

(b) minority carriers that are prodced by doping

(c) majority carrieis that are thermally pragted

(d) majority carrieis that are prodced by doping

A pnjunction is formed by

(a) the reombination of eletrons and hols

(b) ionization


http://cbs.wondershare.com/go.php?pid=5261&m=db

(c) the baindary of gp-type and am-type material

(d) thecollision of a proton and a o&on
24. The depletion regiorsicreated by

(a) ionization (b) diffuson (c) recombination  (d) arswers (a), (b), anddg)
25. The depletion regiononsists of

(a) nothing hut minority carriers (b) positive and negative ian

(c) no majoritycarriers (d) amswers (b) and ¢)
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PROBLEMS Answers to all odd-numbered problems are at the end of the book.
BASIC PROBLEMS

Section 1-1  The Atom

1. If the atome number of a natral atom § 6, how many elgrons does the atom have? How
many protos?

2. What s the maxinum number of eletrons thatcan exgt in the3rd shell of an atom?

Section 1-2  Materials Used in Electronics
3. For ea&h of the energy diagrasin Figure 1-21, determine tretassof material baed on

relativecomparsons.
4. A certain aton has four valerce eletrons. What type of atonsiit?
5. In asiliconcrystal, how manycovalent bond does asingle atom form?
Enery Enery Enery FIGURE 1-21
A A A
Corduction bawl
Band gap Corduction baal
Band gap Corduction banl
Overlap
Valence bad Valence bad Valence bad
0 0 0
(@) (b) (c)

Section 1-3  Current in Semiconductors
6. What happeswhen heatd added taili con?
7. Name the two energy bamdt which current is produced insili con.

Section 1-4  N-Type and P-Type Semiconductors
8. Desaibe the proessof doping and explain how it altethe atomé structure of sili con.
9. What s antimony? Whatsboron?

Section 1-5 The PN Junction

10. How isthe eletric field acrossthepn junction created?
11. Because of its barrier potentialcan a diode besed & a voltagesource? Explain.
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GreenTech Application 1: Solar Power e -

24 ¢ INTRODUCTION TO ELECTRONICS

Photovoltaic (PV) Cell Structure and Operation

The key featre of a PV ¢olar) cell is thepn junction that wa covered in Chapter 1. The
photovoltaic effectis the baic physical pracessby which asolar cell convers sunlight
into electricity. Sunlight contairs photors or “packets’ of energysuifi cient tocreate
electron-hole pais in then andp regiors. Electrons accumulate in then-region and

holes accumulate in thep region, prodicing a potential differece (voltage) erossthe

cell. When an external load tonnected, the eletrons flow through thesemiconductor
material and provideurrent to the external load.

The Solar Cell Structure Although there are other typef solar cells andcontinuing
reseacch promies new developmeatin the fiture, thecrystalline sili con solar cell is by far
the mat widely used. Asilicon solar cell consists of a thin layer or wafer dili con that
has been doped toreate gn junction. The depth and stribution of impurity atons can
be controlled very preisely during the doping preess The mat commonlyused praess
for creating asili con ingot, from whth asilicon wafer s cut, is called theCzochral ski
method. In this process aseedcrystal of sili con is dipped into melted potyystalline sili-
con. As theseedcrystal is withdrawn and rotated,@lindrical ingot ofsili con is formed.

Thin circular shaped-wafeg aresliced from an ingot ofiltra-pure silicon and then are
polished and trimmed to arctagonal, hexagonal, oratangular shape for maxiram
coverage when fitted into an array. Tdilecon wafer § dopedso that then region 5 much
thinner than the region to permit light penetrations shown in Figire GA1-1(a).

A grid-work of very thinconductive contect strips are depsted on top of the wafer by
method sudh as photoreist or silk-saeen, ashown in part (b). Theontact grid nust
maximize thesuface area of thsili con wafer that be exjged to thesunlight in order to
collect as much light energy apassble.

Polished surface pn junction and Conductive grid N
of nregion depletion region Reflective “~ “w
nregion coating

p region

Conductive laye
covers bottom

@ (b) (©

FIGURE GA1-1

Basic construction of a PV solar cell.

The conductive grid arossthe top of theell is necessary so that the eletrons have a
shorter dstarce to travel thragh thesilicon when an external loagdonnected. The far-
ther eletrons travel thraigh thesili con material, the greater the energgsdue to resist-
ance. Asolid contact covering all of the bottom of the waferthen added,ssndicated in
the figure. Thicknessof thesolar cell compared to theuface areas greatly exaggerated
for purposes of illugration.
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FIGURE GA1-2

A complete PV solar cell.

FIGURE GA1-3

Basic operation of a solar cell with

incident sunlight.

FIGURE GA1-4

A solar cell producing voltage and
current through a load under

incident sunlight.
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GREENTECH APPLICATION

After the contacts are incorporated, an antireflective coating is placed on top the con
grid andn region, as shown in Figure GA1-1(c). This allows the solar cell to absorb a
much of the sun’s energy as possible by reducing the amount of light energy reflecte
away from the surface of the cell. Finally, a glass or transparent plastic layer is attac
the top of the cell with transparent adhesive to protect it from the weather. Figure GA
shows a completed solar cell.

Operation of a Solar Cell  As indicated before, sunlight is composed of photons, or
“packets” of energy. The sun produces an astounding amount of energy. The small
fraction of the sun’s total energy that reaches the earth is enough to meet all of our p
needs many times over. There is sufficient solar energy striking the earth each hour
meet worldwide demands for an entire year.

Then-type layer is very thin compared to fheegion to allow light penetration into the
p region. The thickness of the entire cell is actually about the thickness of an eggshe
When a photon penetrates eitherittregion or thep-type region and strikes a silicon
atom near then junction with sufficient energy to knock an electron out of the valence
band, the electron becomes a free electron and leaves a hole in the valence band, ¢
anelectron-hole pair. The amount of energy required to free an electron from the vale
band of a silicon atom is called the band-gap energy and is 1.12 eV (electron volts).
p region, the free electron is swept across the depletion region by the electric field in
then region. In then region, the hole is swept across the depletion region by the elect
field into thep region. Electrons accumulate in theegion, creating a negative charge;
and holes accumulate in theegion, creating a positive charge. A voltage is developed
between th& region and region contacts, as shown in Figure GA1-3.

Light photons

Grid contact—» e e —
A oFA O 4 O= 40 4 O=- 4 =0 [nregion
R R R
O=Y =0 0Oy Oy =0y =0 1y _
p region
Solid contac +

When a load is connected to a solar cell via the top and bottom contacts, the free eleq
flow out of then region to the grid contacts on the top surface, through the negative
contact, through the load and back into the positive contact on the bottom surface, a
into thep region where they can recombine with holes. The sunlight energy continues
create new electron-hole pairs and the process goes on, as illustrated in Figure GA1

Light photons
S NN S )l B
VAR,
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Solar Cell Characteristics

Solar cells are typically 100 éto 225 cnf in size. The usable voltage from silicon solar
cells is approximately 0.5 V to 0.6 V. Terminal voltage is only slightly dependent on the
intensity of light radiation, but the current increases \igtht intensity. Forexample, a
100 cnf silicon cell reaches a maximum current of approximately 2 A when radiated by
1000 W/nf of light.

Figure GA1-5 shows thé| characteristic curves for a typical solar cell for various light
intensities. Higher light intensity produces more current. The operating point for maxi-
mum power output for a given light intensity should be in the “knee” area of the curve,
as indicated by the dashed line. The load on the solar cell controls this operating point

(Re=V/D).

FIGURE GA1-5

I (A . . .
% Approximate operating poistfor V-I characteristic for a typical single
maximum solar cell output power R e
solar cell from increasing light
2.0 . intensities.
Higher light intersity i
I
15+
1.0~
|
05 !
Lower light intersity \\
1
| | | |\T\ |
0 V (V)
0 0.1 0.2 3 0.4 05 0.6

In a solar power system, the cell is generally loaded by a charge controller or an inverter.
A special method calleshaximum power point tracking will sense the operating point

and adjust the load resistance to keep it in the knee region. For example, assume the
solar cell is operating on the highest intensity curve (blue) shown in Figure GA1-5. For
maximum power (dashed line), the voltage is 0.5 V and the current is 1.5 A. For this
condition, the load is

= ——=0.33Q

V 05V
R=1=1s5A

Now, if the light intensity falls to where the cell is operating on the red curve, the current
is less and the load resistance will have to change to maintain maximum power output as
follows:

vV 0.5V

If the resistance did not change, the voltage output would drop to
V= IR = (0.8 A)(0.33 W)= 0.264 V

resulting in less than maximum power output for the red curve. Of course, the power
will still be less on the red curve than on the blue curve because the current is less.

The output voltage and current of a solar cell is also temperature dependent. Notice in
Figure GA1-6 that for a constant light intensity the output voltage decreases as the
temperature increases but the current is affected only by a small amount.
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FIGURE GA1-6

Effect of temperature on output
voltage and current for a fixed light
intensity in a solar cell.

FIGURE GA1-7

Solar cells connected together to
create an array called a solar panel.
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GREENTECH APPLICATION

L(A)

4.0

V (V)

Solar Cell Panels

Currently, the problem is in harnessing solar energy in sufficient amounts and at a re
able cost to meet our requirements. It takes approximately a square meter solar pan
produce 100 W in a sunny climate. Some energy can be harvested even if cloud cov
exists, but no energy can be obtained during the night.

A single solar cell is impractical for most applications because it can produce only ak
0.5V to 0.6 V. To produce higher voltages, multiple solar cells are connected in seri
shown in Figure GA1-7(a). For example, the six series cells will ideally produce 6(0.
= 3 V. Since they are connected in series, the six cells will produce the same curren
single cell. For increased current capacity, series cells are connected in parallel, as 3
in part (b). Assuming a cell can produce 2 A, the series-parallel arrangement of twel
cells will produce 4 A at 3 V. Multiple cells connected to produce a specified power
output are calledolar panels or solar modules.

Vout

(a) Series connection increases

Bl e i aE

—e  —

HIGEEREEaE

(b) Series-parallel connection increases current

To load

Solar panels are generally available in 12 V, 24 V, 36 V, and 48 V versions. Higher o
solar panels are also available for special applications. In actuality, a 12 V solar pang
produces more than 12 V (15 V to 20 V) in order to charge a 12 V battery and compe
for voltage drops in the series connection and other losses. Ideally, a panel with 24 indi
solar cells is required to produce an output of 12 V, assuming each cell produces 0.5
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28 ¢ INTRODUCTION TO ELECTRONICS

practice, more than thirty cells are typically used in a 12 V panel. Manufacturers usually
specify the output of a solar panel in terms of power at a certain solar radiation called the
peak sun irradiance which is 1000 W/rfi For example, a 12 V solar panel that has a

rated voltage of 17 V and produces a current of 3.5 A to a load at peak sun condition has
a specified output power of

P=VlI=(17V)35A)=595W

Many solar panels can be interconnected to form large arrays for high power outputs, as
illustrated in Figure GA1-8.

FIGURE GA1-8

Large array of solar panels.

The Solar Power System

A basic solar power system that can supply power to ac loads generally consists of four
components, as shown in the block diagram in Figure GA1-9. These components are the
solar panel, the charge controller, the batteries, and the inverter. For supplying only dc
loads, such as solar-powered instruments and dc lamps, the inverter is not needed. Some
solar power systems do not include battery backup or the charge controller and are used
to provide supplemental power only when the sun is shining.

Efficiency is an important characteristic of a solar power system. Energy loss due to volt-
age drops, the photovoltaic process, and other factors are inevitable, so minimizing losses
is a critical consideration in solar power systems.

FIGURE GA1-9

Basic solar power system with battery
—»Jeieige Batteries =~ Inverter ——— Toacload  backup.
controller

Solar panel
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GREENTECH APPLICATION

Solar Panel  The solar panel collects energy from the sun and converts it to electrica
energy through the photovoltaic process. Of course, the solar panel will not produce
specified power output all of the time. For example, if there is 4 hours of peak sun d
a given day, a 60 W panel will produce<460 W = 240 Wh of energy. For the hours thaj
the sun is not peak, the output will depend on the percentage of peak sun and is less
the specified output. A system is typically designed taking into account the annual of
erage peak sun per day for a given geographical area.

Charge Controller A charge controller, also called a charge regulator, takes the outp
of the solar panel and ensures that the battery is charged efficiently and is not over-
charged. Generally, the charge controller is rated based on the amount of current it
regulate. The operation of many solar charge controllers is based on the principle of
pulse-width modulation. Also, some controllers include a charging method that maximiz
charging, called maximum power point tracking. The charge controller and batteries
solar power system will be examined in more detail in GreenTech Application 2.

Battery Deep-cycle batteries, such as lead-acid, are used in solar power systems be
they can be charged and discharged hundreds or thousands of times. Recall that ba
are rated in ampere-hours (Ah), which specifies the current that can be supplied for ce
number of hours. For example, a 400 Ah battery can supply 400 A for one hour, 4 A
100 hours, or 10 A for 40 hours. Batteries can be connected in series to increase vol
or in parallel to increase amp-hrs.

Inverter The inverter changes DC voltage stored in the battery to the standard 120 24(
used in most common applications such as lighting, appliances, and motors. Basical
an inverter the dc from the battery is electronically switched on and off and filtered to
produce a sinusoidal ac output. The ac output is then applied to a step-up transformg
get 120 Vac. The inverter in a solar system will be covered in more detail in GreenTe
Application 3.

QUESTIONS

Some questions may require research beyond the content of this coverage. Answers
be found at www.pearsonhighered.com/floyd.

1. What are the four elements of a solar power system?

2. How must solar cells be connected to increase output voltage?

3. What is the function of the charge controller?

4. What is the function of the inverter?

5. What range of solar panels in terms of output voltage and power are available
The following websites are recommended for viewing solar cells in action. Many othe

websites are also available. Note that websites can occasionally be removed and aré
guaranteed to be available.

http://www.youtube.com/watch?v=hdUdu5C8Tis&feature=related
http://www.youtube.com/watch?v=Caf1JIz4X2|
http://www.youtube.com/watch?v=K76r41jaGJg&feature=related
http://www.youtube.com/watch?v=2mCTSV2f36A&feature=related
http://www.youtube.com/watch?v=PbPcmo3x1Ug&feature=related


www.pearsonhighered.com/floyd
http://www.youtube.com/watch?v=hdUdu5C8Tis&feature=related
http://www.youtube.com/watch?v=Caf1Jlz4X2l
http://www.youtube.com/watch?v=K76r41jaGJg&feature=related
http://www.youtube.com/watch?v=2mCTSV2f36A&feature=related
http://www.youtube.com/watch?v=PbPcmo3x1Ug&feature=related
http://cbs.wondershare.com/go.php?pid=5261&m=db
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CHAPTER OUTLINE VISIT THE COMPANION WEBSITE

2-1 Diode Operation Study aids and Multisim files for this chapter are available at
2-2  Voltage-Current (V-) Characteristics of a Diode http://www.pearsonhighered.com/electronics
2-3 Diode Models

2-4 Half-Wave Rectifiers INTRODUCTION

2-5  Full-Wave Rectifiers In Chapter 1, you learned that many semiconductor devices
2-6  Power Supply Filters and Regulators are based on the pn junction. In this chapter, the operation
2-7  Diode Limiters and Clampers and characteristics of the diode are covered. Also, three
2.8 Voltage Multipliers diode models representing three levels of approximation are
B9  The Diode Datasheet presented and testing is discussed. The importance of the

) diode in electronic circuits cannot be overemphasized. Its
2-10 Troubleshooting ability to conduct current in one direction while blocking

Application Activity current in the other direction is essential to the operation of
GreenTech Application 2: Solar Power many types of circuits. One circuit in particular is the ac
rectifier, which is covered in this chapter. Other important al

applications are circuits such as diode limiters, diode
clampers, and diode voltage multipliers. A datasheet is
Use a diode in common applications discussed for specific diodes. A

CHAPTER OBJECTIVES

Analyze the voltage-current (V-1) characteristic of a diode "3
Explain how the three diode models differ APPLICATION ACTIVITY PREVIEW

® & & O O O o

Explain and analyze the operation of half-wave rectifiers You have the responsibility for the final design and testing .

Explain and analyze the operation of full-wave rectifiers of a power supply circuit that your company plans to use in - !

Explain and analyze power supply filters and regulators several of its products. You will apply your knowledge of i .

. ; ; 'K diode circuits to the Application Activity at the end of the
Explain and analyze the operation of diode limiters and Bhiant
pter. *-

clampers i
+ Explain and analyze the operation of diode voltage - "

multipliers -
¢ Interpret and use diode datasheets —

Troubleshoot diodes and power supply circuits

KEY TERMS

¢ Diode + Half-wave rectifier

+ Bias # Peak inverse voltage (PIV)
¢ Forward bias ¢ Full-wave rectifier

¢ Reverse bias ¢ Ripple voltage

“ ¢ V- characteristic ¢ Line regulation

¢ DC power supply ¢ Load regulation
* o Rectifier ¢ Limiter

+ Filter + Clamper

¢ Regulator ¢ Troubleshooting

oW/ il
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DiobE OPERATION

2-1 Di1oDE OPERATION

Similar to the solar cell in Chapter 1, a diode is a two-terminal semiconductor device
formed by two doped regions of silicon separated pg janction. In this chapter, the
most common category of diode, known as the general-purpose diode, is covered.
Other names, such as rectifier diode or signal diode, depend on the particular type of
application for which the diode was designed. You will learn how to use a voltage to
cause the diode to conduct current in one direction and block it in the other direction.
This process is calldniasing

After completing this section, you should be able to

o Use a diode in common applications

o Recognize the electrical symbol for a diode and several diode package
configurations

Apply forward bias to a diode

+ Defineforward biasand state the required conditions Discuss the effect
of forward bias on the depletion regior Definebarrier potentialand its
effects during forward bias

Reverse-bias a diode

+ Definereverse biagnd state the required conditions Discuss reverse cur-
rent and reverse breakdown

(]

(]

The Diode

As mentioned, aliode is made from a small piece of semiconductor material, usually
silicon, in which half is doped asparegion and half is doped as amegion with apn
junction and depletion region in between. Phregion is called thanodeand is connected

to a conductive terminal. Threregion is called theathodeand is connected to a second
conductive terminal. The basic diode structure and schematic symbol are shown in

Figure 2-1.
n
— Anode (A)

Depletion region N
(a) Basic structure (b) Symbol

FIGURE 2-1
The diode.

Cathode (K)

GREENTECH NOTE

Typical Diode Packages Several common physical configurations of through-ho The diodes covered in this chapter
mounted diodes are illustrated in Figure 2—-2(a). The anode (A) and cathode (K) are e based on the pn junction just
cated on a diode in several ways, depending on the type of package. The cathode is like the solar cell, also known as
marked by a band, a tab, or some other feature. On those packages where one leag the photovoltaic cell or PV cell,

nected to the case, the case is the cathode. that was introduced in Chapter 1.
A solar cell is basically a diode

Surface-Mount Diode Packages Figure 2—2(b) shows typical diode packages for St yih a different geometric

face mounting on a printed circuit board. Thels@nd SOT packages have gull-wing .onetruction than rectifier and
shaped leads. The SMA package has L-shaped leads that bend under the packay signal diodes. The p and 1 regions
SOD and SMA types have a band on one end to indicate the cathode. The SOT tY[ i, the solar cell are much thinner
three-terminal package in which there are either one or two diodes. In a single-diode ¢ Jjiow light energy to activate
package, pin 1 is usually the anode and pin 3 is the cathode. In a dual-diode SOT pa
pin 3 is the common terminal and can be either the anode or the cathode. Always che
datasheet for the particular diode to verify the pin configurations.

the photovoltaic effect, and a solar
cell’s exposed surface is transparent.
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32 ¢ DIODES AND APPLICATIONS

SOD-123 SOD-323

SMA/DO-214AC

FIGURE 2-2

Typical diode packages with terminal identification. The letter K is used for cathode to avoid confusion

with certain electrical quantities that are represented by C. Case type numbers are indicated for each
diode.

Forward Bias

Tobias a diode, you apply a dc voltage acroskdtrward bias is the condition that allows
current through then junction. Figure 2—-3 shows a dc voltage source connected by con-
ductive material (contacts and wire) across a diode in the direction to produce forward
bias. This external bias voltage is designatedggss. The resistor limits the forward cur-

rent to a value that will not damage the diode. Notice that the negative $iglgis con-
nected to tha region of the diode and the positive side is connected to itbgion. This

is one requirement for forward bias. A second requirement is that the bias Vdlgge,

must be greater than tharrier potential .

FIGURE 2-3 p region nregion

Metal contact

A diode connected for forward bias. /and wire lead

H Rumir
.

——0t Vans —O—rr

A fundamental picture of what happens when a diode is forward-biased is shown in
Figure 2—-4. Because like charges repel, the negative side of the bias-voltage source
“pushes” the free electrons, which are the majority carriers in tegion, toward th@n
junction. This flow of free electrons is calletectron currentThe negative side of the
source also provides a continuous flow of electrons through the external connection (con-
ductor) and into the region as shown.

The bias-voltage source imparts sufficient energy to the free electrons for them to over-
come the barrier potential of the depletion region and move on through ingogg®n.

Once in thep region, these conduction electrons have lost enough energy to immediately
combine with holes in the valence band.
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DiobE OPERATION

p region Depletion region region FIGURE 2-4
o A forward-biased diode showing the
. @t flow of majority carriers and the

é)))) »n--
)

o voltage due to the barrier potential

across the depletion region.

@Iy
__»ej)))nn--— @Ninns

©))rrss--
GJ)))JM....» NN

—" re—
VBARRIER

Now, the electrons are in the valence band irpthegion, simply because they have
lost too much engy overcomiry the barrier potential to remain in the conduction
band. Since unlike chges attract, the positive side of the bias-wgdtaource attracts
the valence electrons toward the left end of phegion. The holes in th@ region
provide the medium or “pathway” for these valence electrons to movegthtbap re-
gion. The valence electrons move from one hole to the next toward the left. The holes,
which are the majority carriers in theeregion, effectively (not actually) move to the
right toward the junction, as you can see iguré 2—4. Thisffectiveflow of holes is
the hole currentYou can also view the hole current as loetmeated by the flow of
valence electrons thrgh thep region, with the holes providinthe only means for
these electrons to flow.

As the electrons flow out of theregion throwgh the external connection (conductor)
and to the positive side of the bias-vglisgsource, they leave holes behind inghiegion;
at the same time, these electrons become conduction electrons in the metal conductor.
Recall that the conduction band in a conductor overlaps the valence band so that it takes
much less engy for an electron to be a free electron in a conductor than in a semiconduc-
tor and that metallic conductors do not have holes in their structure. There is a continuous
availability of holes effectively movintoward thepn junction to combine with the contin-
uous stream of electrons as they come across the junction intoetien.

The Effect of Forward Bias on the Depletion Region As more electrons flow into the
depletion rgion, the number of positive ions is reduced. As more holes effectively flow
into the depletion igon on the other side of tha junction, the number of gative ions

is reduced. This reduction in positive andgjaté/e ions durig forward bias causes the de-
pletion rejion to narrow, as indicated indtire 2—-5.
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Depletion region Depletion region
(a) At equilibrium (no bias) (b) Forward bias narravs thedepletion region ashproduces avoltage

drop arossthepn junction equal to the barrier potential.

FIGURE 2-5

The depletion region narrows and a voltage drop is produced across the pn junction when the diode
is forward-biased.
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The Effect of the Barrier Potential During Forward Bias Recall that the electric field
between the positive andgagive ions in the depletiong®n on either side of the junction
creates an “engy hill” that prevents free electrons from diffugiacross the junction at
equilibrium. This is known as thEarrier potential.

When forward bias is applied, the free electrons are provided withgkerenegy
from the bias-voltge source to overcome the barrier potential and effectively “climb
the enegy hill” and cross the depletiongi®n. The enggy that the electrons require in
order to pass thragh the depletion mgion is equal to the barrier potential. In other
words, the electrongive up an amount of engy equivalent to the barrier potential
when they cross the depletiorgien. This enggy loss results in a voltg drop across
the pn junction equal to the barrier potential (0.7 V), as indicated garei 2-5(b). An
additional small voltge drop occurs across tipeandn regions due to the internal re-
sistance of the material. For doped semiconductive material, this resistance, called the
dynamic resistance,is very small and can usually begtected. This is discussed in
more detail in Section 2-2.

34 ¢ DIODES AND APPLICATIONS

Reverse Bias

Reverse bias is the condition that essentially prevents current tifrabe diode. Fjure 2—6
shows a dc volge source connected across a diode in the direction to produce reverse
bias. This external bias vofla is degjnated as/g|as just as it was for forward bias.
Notice that the positive side Wg a5 is connected to theregion of the diode and the ge

ative side is connected to theegion. Also note that the depletiongien is shown much
wider than in forward bias or equilibrium.

FIGURE 2-6 p region nregion
A diode connected for reverse bias.
A limiting resistor is shown although -
it is not important in reverse bias
because there is essentially no current.

——0 Vans TO———r

An illustration of what happens when a diode is reverse-biased is shovguie Bi7.
Because unlike chges attract, the positive side of the bias-vgdtaource “pulls” the
free electrons, which are the majority carriers inrtihegion, away from then junction.
As the electrons flow toward the positive side of the galtsource, additional positive
ions are created. This results in a widgnaf the depletion ion and a depletion of
majority carriers.

FIGURE 2-7 p region Depletion region nregion
The diode during the short transition
time immediately after reverse-bias
voltage is applied.
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DiobE OPERATION

In thep region, electrons from the gative side of the volge source enter as valence
electrons and move from hole to hole toward the depletgiarravhere they create addi-
tional neyative ions. This results in a widegiof the depletion gon and a depletion of
majority carriers. The flow of valence electrons can be viewed as holes"pelled” to-
ward the positive side.

The initial flow of chage carriers is transitional and lasts for only a very short time
after the reverse-bias voffm is applied. As the depletiongien widens, the availability
of majority carriers decreases. As more ofrtla@dp regions become depleted of majority
carriers, the electric field between the positive angatige ions increases in stigth
until the potential across the depletiogiom equals the bias volie, Vgas. At this point,
the transition current essentially ceases except for a very small reverse current that can
usually be nglected.

Reverse Current The extremely small current that exists in reverse bias after the tran-
sition current dies out is caused by the minority carriers imtéedp regions that are
produced by thermallgenerated electron-hole pairs. The small number of free minority
electrons in th@ region are “pushed” toward than junction by the ngative bias voltge.
When these electrons reach the wide depletigiome they “fall down the engy hill”

and combine with the minority holes in theegion as valence electrons and flow toward
the positive bias volge, creatig a small hole current.

The conduction band in theregion is at a hijher enegy level than the conduction
band in then region. Therefore, the minority electrons easily pass thindhe depletion
region because they require no additional gyeReverse current is illustrated in
Figure 2-8.

p region Depletion region n region FIGURE 2-8

° The extremely small reverse current
in a reverse-biased diode is due to
the minority carriers from thermally
generated electron-hole pairs.

I

|
+ 4+ + + + 4+ *
+F

Reverse Breakdown Normally, the reverse current is so small that it can lgieated.
However, if the external reverse-bias vgétds increased to a value called breakdown
voltage,the reverse current will drastically increase.

This is what happens. Theghireverse-bias voltg imparts enggy to the free minority
electrons so that as they speed tglothep region, they collide with atoms with engla
enepgy to knock valence electrons out of orbit and into the conduction band. The newly
created conduction electrons are algihhin enegy and repeat the process. If one electron
knocks only two others out of their valence orbit dgiits travel throgh thep region, the
numbers quickly multiply. As theseghi-enegy electrongyo throwgh the depletion iggon,
they have enagh enegy to go throwgh then region as conduction electrons, rather than
combinirg with holes.

The multiplication of conduction electrons just discussed is known asahenche ef-
fect, and reverse current can increase dramatically if steps are not taken to limit the cur-
rent. When the reverse current is not limited, the regyiiteatirg will permanently dam-
age the diode. Most diodes are not operated in reverse breakdown, but if the current is
limited (by addiy a series-limitig resistor for example), there is no permanent dena
the diode.
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36 ¢ DIODES AND APPLICATIONS

SECTION} 2-1
CHECKUP

Answers can be found at
www.pearsonhighered.com/
floyd.

Describe forward bias of a diode.

Explain how to forward-bias a diode.

Describe reverse bias of a diode.

Explain how to reverse-bias a diode.

Compare the depletion regions in forward bias and reverse bias.
Which bias condition produces majority carrier current?

How is reverse current in a diode produced?

When does reverse breakdown occur in a diode?

Define avalanche effect as applied to diodes.

5 10 ] T s 2

2—2 VOLTAGE-CURRENT CHARACTERISTIC OF A DIODE

As you have learned, forward bias produces currentghrawdiode and reverse bias es-
sentially prevents current, except for glhgible reverse current. Reverse bias prevents
current as log as the reverse-bias vajmdoes not equal or exceed the breakdown volt-
age of the junction. In this section, we will examine the relationship between thgevolta
and the current in a diode omphical basis.

After completirg this section, you should be able to

o Analyze the voltage-current {/-1) characteristic of a diode
o Explain theV-I characteristic for forward bias
+ Graph thev-1 curve for forward bias ¢« Describe how the barrier potential
affects theV-I curve « Definedynamic resistace
o Explain theV-1 characteristic for reverse bias
+ Graph theV/-| curve for reverse bias
o Discuss the compled| characteristic curve
+ Describe the effects of temperature on the diode characteristic

V-I Characteristic for Forward Bias

When a forward-bias voltg is applied across a diode, there is current. This current is
called theforward current and is degjnatedlg. Figure 2—9 illustrates what happens as the
forward-bias voltge is increased positively from 0 V. The resistor is used to limit the for-
ward current to a value that will not overheat the diode and causgelama

With 0 V across the diode, there is no forward current. Asgyadually increase the
forward-bias voltge, the forward currerdnd the voltaye across the diodgradually in-
crease, as shown indeire 2—9(a). A portion of the forward-bias vaiais dropped across
the limiting resistor. When the forward-bias vagéais increased to a value where the volt-
age across the diode reaches approximately 0.7 V (barrier potential), the forward current
beagins to increase rapidly, as illustrated igirie 2—9(b).

As you continue to increase the forward-bias gaiahe current continues to increase
very rapidly, but the volge across the diode increases agigdually above 0.7 V. This
small increase in the diode vajmabove the barrier potential is due to the geltdrop
across the internal dynamic resistance of the semiconductive material.

Graphing the V-I Curve If you plot the results of the type of measurements shown in
Figure 2—-9 on @raph, youget theV-I characteristic curve for a forward-biased diode, as
shown in Fgure 2—10(a). The diode forward vata(Vg) increases to thegtt alorg the
horizontal axis, and the forward currely) (ncreases upward algtthe vertical axis.
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VOLTAGE-CURRENT CHARACTERISTIC OF A DIODE

—0+ Vpas — @
(a) Small forward-bias voltag&/¢ < 0.7 V), very small (b) Forward voltage reaches and remains nearly constant a
forward current. approximately0.7 V. Forward current continues to

increase as the bias voltage is increased.

FIGURE 2-9

Forward-bias measurements show general changes in Vg and I as Vg)as is increased.

Iz (MA) FIGURE 2-10
I (MA) Relationship of voltage and current
in a forward-biased diode.
T i
c i
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(a) V-1 characteristic arve for fowvard bias. (b) Expandediew of a portion of theurve in part (a).

The d/namic resistance); decreases ggu move
up the wrve, as indicatedybthe decrease in the
value of AVE/Al.

As you can see in gire 2—-10(a), the forward current increases very little until the for-
ward voltage across then junction reaches approximately 0.7 V at the knee of the curve.
After this point, the forward volte remains nearly constant at approximately 0.7 \but
increases rapidly. As previously mentioned, there isgatsiicrease i'Vg above 0.7 V as
the current increases due mainly to the gatdrop across the dynamic resistance. [Ehe
scale is typically in mA, as indicated.

Three point#, B, andC are shown on the curve ingtire 2—10(a). Poir corresponds
to a zero-bias condition. PoiBtcorresponds to Bure 2—10(a) where the forward vaé&a
is less than the barrier potential of 0.7 V. P@morresponds to Bure 2—-10(a) where the
forward voltaye approximatelyequals the barrier potential. As the external bias gelta
and forward current continue to increase above the knee, the forwaigewsitiincrease
slightly above 0.7 V. In reality, the forward vaj@can be as much as approximately 1V,
dependig on the forward current.
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FIGURE 2-11

V-I characteristic curve for a reverse-
biased diode.
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Dynamic Resistance Figure 2—10(b) is an expanded view of Yhecharacteristic curve
in part (a) and illustrates dynamic resistance. Unlike a linear resistance, the resistance of
the forward-biased diode is not constant over the entire curve. Because the resistance
changes as you move along ¥hécurve, it is calledlynamicor ac resistancelnternal re-
sistances of electronic devices are usually designated by lowercasenighia prime, in-
stead of the standaRl The dynamic resistance of a diode is designgied

Below the knee of the curve the resistance is greatest because the current increases very
little for a given change in voltageg = AVE/Alg). The resistance begins to decrease in
the region of the knee of the curve and becomes smallest above the knee where there is a
large change in current for a given change in voltage.

V-I Characteristic for Reverse Bias

When a reverse-bias voltage is applied across a diode, there is only an extremely small re-
verse currentlg) through thepn junction. With 0 V across the diode, there is no reverse
current. As you gradually increase the reverse-bias voltage, there is a very small reverse
current and the voltage across the diode increases. When the applied bias voltage is in-
creased to a value where the reverse voltage across the \digdegches the breakdown
value ¥/gRr), the reverse current begins to increase rapidly.

As you continue to increase the bias voltage, the current continues to increase very rap-
idly, but the voltage across the diode increases very little aigveBreakdown, with ex-
ceptions, is not a normal mode of operation for mpagunction devices.

Graphing the V-I Curve If you plot the results of reverse-bias measurements on a graph,
you get thev-I characteristic curve for a reverse-biased diode. A typical curve is shown in
Figure 2—11. The diode reverse voltagg)(increases to the left along the horizontal axis,
and the reverse curreng) increases downward along the vertical axis.

There is very little reverse current (usualik or nA) until the reverse voltage across the
diode reaches approximately the breakdown valgg)(at the knee of the curve. After this
point, the reverse voltage remains at approximafgly butlg increases very rapidly, result-
ing in overheating and possible damage if current is not limited to a safe level. The breakdown
voltage for a diode depends on the doping level, which the manufacturer sets, depending on
the type of diode. A typical rectifier diode (the most widely used type) has a breakdown volt-
age of greater than 50 V. Some specialized diodes have a breakdown voltage that is only 5 V.

The Complete V-I Characteristic Curve

Combine the curves for both forward bias and reverse bias, and you have the cgrhplete
characteristic curve for a diode, as shown in Figure 2—12.

FIGURE 2-12 Ie

The complete V-I characteristic curve
for a diode.

Forward
bias

v Vo : >V,
i .Knee 0 0.7v "
Barrier
potential

Reverse
bias
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Temperature Effects For a forward-biased diode, as temperature is increased, the for-
ward current increases for a given value of forward voltage. Also, for a given value of for-
ward current, the forward voltage decreases. This is shown witii-tleharacteristic
curves in Figure 2-13. The blue curve is at room temper@6f€)and the red curve is

at an elevated temperaty@®5°C + AT). The barrier potential decreases by 2 mV for each
degree increase in temperature.

Ie FIGURE 2-13
250+ AT Temperature effect on the diode V-
a -
characteristic. The 1 mA and 1 uA
at23C marks on the vertical axis are given
as a basis for a relative comparison
of the current scales.
Vi ViR L oTl mA 4
R === FTuA T 0.7V F
0.7V —AV

Ir

For a reverse-biased diode, as temperature is increased, the reverse current increases.
The difference in the two curves is exaggerated on the graph in Figure 2—13 for illustration.
Keep in mind that the reverse current below breakdown remains extremely small and can
usually be neglected.

Discuss the significance of the knee of the characteristic curve in forward bias.
On what part of the curve is a forward-biased diode normally operated?
Which is greater, the breakdown voltage or the barrier potential?

On what part of the curve is a reverse-biased diode normally operated?

i o

What happens to the barrier potential when the temperature increases?

2-3 DiobpeE MODELS

You have learned that a diode iprgjunction device. In this section, you will learn the
electrical symbol for a diode and how a diode can be modeled for circuit analysis
using any one of three levels of complexity. Also, diode packaging and terminal identi-
fication are introduced.

After completing this section, you should be able to

Explain how the three diode models differ
Discuss bias connections
o Describe the diode approximations
+ Describe the ideal diode mode$ Describe the practical diode model
+ Describe the complete diode model
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40 ¢ DIODES AND APPLICATIONS

Bias Connections

Forward-Bias Recall that a diode is forward-biased when a voltage source is connected as
shown in Figure 2—14(a). The positive terminal of the source is connected to the anode
through a current-limiting resistor. The negative terminal of the source is connected to the
cathode. The forward curreni)is from cathode to anode as indicated. The forward voltage

drop /g) due to the barrier potential is from positive at the anode to negative at the cathode.

FIGURE 2-14 N Ve VBIAS+
Forward-bias and reverse-bias con- g P
nections showing the diode symbol. - =0
F
2x 2R
VB\AS VBIAS
1.0, - - 1.1+
[ I
(a) Forward bias (b) Reverse bias

Reverse-Bias Connection A diode is reverse-biased when a voltage source is connected
as shown in Figure 2—-14(b). The negative terminal of the source is connected to the anode
side of the circuit, and the positive terminal is connected to the cathode side. A resistor is
not necessary in reverse bias but it is shown for circuit consistency. The reverse current is
extremely small and can be considered to be zero. Notice that the entire bias voltage
(Veias) appears across the diode.

Diode Approximations

The Ideal Diode Model The ideal model of a diode is the least accurate approximation
and can be represented by a simple switch. When the diode is forward-biased, it ideally acts
like a closed (on) switch, as shown in Figure 2—15(a). When the diode is reverse-biased, it

Ve Ideal diode model
+ _
g o—>0
Ie Ie lg

"2

[
Wy

+ —
I It |
! I Reverse bias [ Forward bias

(a) Forward bias \
Vr

Ve

Ideal diode model
—I> ki o o

I=0

"2

Ir
- I+ - I+ (c) IdealV-I characteristic curve (blue)
Il Il

(b) Reverse bias

FIGURE 2-15

The ideal model of a diode.
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ideally acts like an open (off) switch, as shown in part (b). Although the barrier potential, the
forward dynamic resistance, and the reverse current are all neglected, this model is adequate
for most troubleshooting when you are trying to determine if the diode is working properly.

In Figure 2—15(c), the ide&tl characteristic curve graphically depicts the ideal diode
operation. Since the barrier potential and the forward dynamic resistance are neglected, the
diode is assumed to have a zero voltage across it when forward-biased, as indicated by the
portion of the curve on the positive vertical axis.

V|: =0V
The forward current is determined by the bias voltage and the limiting resistor using
Ohm’s law.
Y
g = —BIAS Equation 2-1
Rumir

Since the reverse current is neglected, its value is assumed to be zero, as indicated in
Figure 2—15(c) by the portion of the curve on the negative horizontal axis.

Ir = 0A
The reverse voltage equals the bias voltage.
VR = VBias

You may want to use the ideal model when you are troubleshooting or trying to figure out
the operation of a circuit and are not concerned with more exact values of voltage or current.

The Practical Diode Model The practical model includes the barrier potential. When the
diode is forward-biased, it is equivalent to a closed switch in series with a small equivalent
voltage source\(r) equal to the barrier potential (0.7 V) with the positive side toward the
anode, as indicated in Figure 2—16(a). This equivalent voltage source represents the barrier po-
tential that must be exceeded by the bias voltage before the diode will conduct and is not an
active source of voltage. When conducting, a voltage drop of 0.7 V appears across the diode.

Prectical diode model Prectical diode model
\
AL K A K
I| | _o/ o
_ Veias
> I > 1=0
Rumir ; Rumir ; VR 5l 07V Ve
+ Vaias Veias -
+ - - +
It il
| [ g
(a) Forward bias (b) Revasebias (c) Charecteristic curve (silicon)
FIGURE 2-16

The practical model of a diode.

When the diode is reverse-biased, it is equivalent to an open switch just as in the ideal
model, as shown in Figure 2—16(b). The barrier potential does not affect reverse bias, so it
is not a factor.

The characteristic curve for the practical diode model is shown in Figure 2—16(c). Since
the barrier potential is included and the dynamic resistance is neglected, the diode is as-
sumed to have a voltage across it when forward-biased, as indicated by the portion of the
curve to the right of the origin.

Vg = 0.7V
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The forward current is determined as follows by first appl§irghhoff’s voltage law to
Figure 2-16(a):

42 ¢ DIODES AND APPLICATIONS

Veias = VF = VRyur = 0
Vewr = [ERUMIT
Substituting and solving fdg,

\Y/ -V
Equation 2-2 e = BIAS F
Rumir

The diode is assumed to have zero reverse current, as indicated by the portion of the curve
on the negative horizontal axis.

I = 0A
VR = VBias

The practical model is useful when you are troubleshooting in lower-voltage cir-
cuits. In these cases, the 0.7 V drop across the diode may be significant and should be
taken into account. The practical model is also useful when you are designing basic
diode circuits.

The Complete Diode Model The complete model of a diode is the most accurate
approximation and includes the barrier potential, the small forward dynamic resistance
(ry), and the large internal reverse resistafr¢g. The reverse resistance is taken into
account because it provides a path for the reverse current, which is included in this
diode model.

When the diode is forward-biased, it acts as a closed switch in series with the equivalent
barrier potential voltagevg) and the small forward dynamic resistaificg, as indicated
in Figure 2-17(a). When the diode is reverse-biased, it acts as an open switch in parallel
with the large internal reverse resistarficg), as shown in Figure 2—17(b). The barrier
potential does not affect reverse bias, so it is not a factor.

Slope due to
r the low forward
'\f\F}\; dynamic resistance
Vi .
_ d V, vV,
+ R
A—||—'\/\/\,—o—>o— KA o K /‘ 0.7V F
Small reverse current
due to the high
§ I § Ir reverse resistance
VBias VBias
= i
| I Ir
(a) Forward bias (b) Reverse bias (c) V-l characteristic curve
FIGURE 2-17

The complete model of a diode.

The characteristic curve for the complete diode model is shown in Figure 2-17(c).
Since the barrier potential and the forward dynamic resistance are included, the diode is as-
sumed to have a voltage across it when forward-biased. This volfiggeotsists of the
barrier potential voltage plus the small voltage drop across the dynamic resistance, as indi-
cated by the portion of the curve to the right of the origin. The curve slopes because the
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voltage drop due to dynamic resistance increases as the current increases. For the complete
model of a silicon diode, the following formulas apply:

Ve = 0.7V + lgry
_ VBlAS - 0.7V
Rumir + rg

The reverse current is taken into account with the parallel resistance and is indicated by
the portion of the curve to the left of the origin. The breakdown portion of the curve is not
shown because breakdown is not a normal mode of operation for most diodes.

For troubleshooting work, it is unnecessary to use the complete model, as it involves
complicated calculations. This model is generally suited to design problems using a com-
puter for simulation. The ideal and practical models are used for circuits in this text, except
in the following example, which illustrates the differences in the three models.

I

EXAMPLE 2-1 (a) Determine the forward voltage and forward currert for the diode in Figure 2-18(a)
for each of the diode models. Also find the voltage acoss thelimiting resstor in
each case Assumery = 10Q) at the determined value of forward current.

(b) Determine the reverse voltage and reverse currert for the diode in Figure 2-18(b)
for each of the diode models. Also find the voltage acoss thelimiting resstor in
ead case Assumnelg = 1 uA.

RLIM IT RLI MIT
AW My

1.0kQ 1.0kQ

— 10V

Veias — 20V VBias

(@) (b)

FIGURE 2-18

Solution  (a) ldeal model:
VE =0V

_ Vgias 10V
Romir  1.0kQ
VRLIMIT = IFRLIMIT = (10mA) (10 kQ) =10V

Practical model:

Vg =07V

_ Veias—VF 10V - 07V 93V
RomiT 1.0kQ 1.0kQ
VRLIMIT = IFRLIMIT = (93mA) (10 kQ) = 93V

Complete model:

_ Vgas— 07V 10V - 07V 93V
Rumir + 4 10kQ + 10Q 1010 Q
Vi = 0.7V + Igry = 0.7V + (9.21mA) (10Q) = 792mV
VRLIMIT = IFRLIMIT = (921 mA) (10 kQ) = 921V

I

= 10mA

||: = 9.3mA

I

= 9.21mA
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(b) ldeal model:
IBE= A
VR = Vgjas = 10V
VR s = OV
Practical model:
Ir = 0A
VR = Vgias = 10V
Complete model: et T

IR = LuA
Ve ur = IRRumit = (LpA) (1.0kQ) = 1mV
VR = Veias — VRLIMIT =10V — 1mV = 9.99V

Related Problem”  Assume that the diode in Figure 2-18(a) fails open. What is the voltage across the
diode and the voltage acoss the limiting resstor?

"Answers can be found at www.pearsonhighered.com/floyd.

Open the Multisim file E02-01 in the Examples folder on the companion website.
Measure the voltagesacross the diode and the resistor in both circuits and compare
with the calculated results in this example.

What are the two conditions under which a diode is operated?

Under what condition is a diode never intentionally operated?

What is the simplest way to visualize a diode?

To more accurately represent a diode, what factors must be included?
Which diode model represents the most accurate approximation?

i

2-4  HALF-WAVE RECTIFIERS

Because of their ability to conduct current in one direction and block current in the other
direction, diodes are used in circuits called rectifiers that convert ac voltage into dc voltage.
Rectifiers are found in all dc power supplies that operate from an ac voltage source. A power
supply is an essential part of each electronic system from the simplest to the most complex.

After completing this section, you should be able to

o Explain and analyze the operation of half-wave rectifiers

o Describe a basic dc power supply

o Discuss half-wave rectification
+ Determine the average value of a half-wave voltage

o Explain how the barrier potential affects a half-wave rectifier output
+ Calculate the output voltage

o Definepeak inverse voltage

o Explain the operation of a transformer-coupled rectifier
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The Basic DC Power Supply

All active electronic devices require a source of constant dc that can be supplied

battery or a dc power supply. Thie power supply converts the standard 120 V,

60 Hz ac voltage available at wall outlets into a constant dc voltage. The dc powe

ply is one of the most common circuits you will find, so it is important to underst:

how it works. The voltage produced is used to power all types of electronic circ

including consumer electronics (televisions, DVDs, etc.), computers, industrial (

trollers, and most laboratory instrumentation systems and equipment. The dc vo

level required depends on the application, but most applications require relativel " bu andard 0V.

voltages: . . N Some foreign countries do use 110 V
A basic block @agra_m of the co'mplete power supply is shown in Flgure_ 2-1€ 1115V at either 60 Hz or 50 Hz.

Generally the ac input line voltage is stepped down to a lower ac voltage with a ti-= "~

former (although it may be stepped up when higher voltages are needed or there may be

no transformer at all in rare instances). As you learned in your dc/ac course, a

transformer changes ac voltages based on the turns ratio between the primary and sec-

ondary. If the secondary has more turns than the primary, the output voltage across the

secondary will be higher and the current will be smaller. If the secondary has fewer turns

than the primary, the output voltage across the secondary will be lower and the current

will be higher. The rectifier can be either a half-wave rectifier or a full-wave rectifier

(covered in Section 2-5). Thectifier converts the ac input voltage to a pulsating dc

voltage, called a half-wave rectified voltage, as shown in Figure 2—19(bjilfdreclim-

inates the fluctuations in the rectified voltage and produces a relatively smooth dc volt-

age. The power supply filter is covered in Section 2—6. rEgalator is a circuit that

maintains a constant dc voltage for variations in the input line voltage or in the load.

Regulators vary from a single semiconductor device to more complex integrated circuits.

The load is a circuit or device connected to the output of the power supply and operates

from the power supply voltage and current.

Transformer
output voltage Half-wave
rectified voltage Filtered voltage  Regulated voltage

/\_/\_/\ VDC T~ VDC —
0 0 0 0
120V 60 Hz

A ‘ A A A
0 Vac :i— Transformer Rectifier Filter Regulator ——0——
Load

L

(a) Complete power supply with transformer, rectifier, filter, and regulator

120V 60 Hz -
Half-wave rectified voltage

N AWAUAY
0 — Rectifier 0

(b) Half-wave rectifier

FIGURE 2-19

Block diagram of a dc power supply with a load and a rectifier.
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GREENTECH NOTE

The Energy Star program was
originally established by the EPA as
a voluntary labeling program
designed to indicate energy-efficient
products. In order for power
supplies to comply with the Energy
Star requirements, they must have a
minimum 80% efficiency rating for
all rated power output. Try to
choose a power supply that carries
as 80 PLUS logo on it. This means
that the power supply efficiency has
been tested and approved to meet
the Energy Star guidelines. Not all
power supplies that claim to be high
efficiency meet the Energy Star
requirements.

Equation 2-3
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Half-Wave Rectifier Operation

Figure 2—20 illustrates the process caledf-wave rectificationA diode is connected to

an ac source and to a load resig®r, forming ahalf-wave rectifier. Keep in mind that

all ground symbols represent the same point electrically. Let's examine what happens dur-
ing one cycle of the input voltage using the ideal model for the diode. When the sinusoidal
input voltage Yj,) goes positive, the diode is forward-biased and conducts current through
the load resistor, as shown in part (a). The current produces an output voltage across the
loadR_, which has the same shape as the positive half-cycle of the input voltage.

+ N —
i E + '( I
Vin Voul
Oto tl\\ ! t2 RL 0
/ =
\\ !

(a) During the positive aternaion of he 60 Hzinput voltage, the output voltagelooks like the positive
half of theinput voltage. The current pah is through ground back to the source.

-~ I =0A -~
V.

Iﬂl

/N —
! \\ ! \
0 R O ) | SR
fo ty tp X ty tp

(b) During the negative dternaton of heinput voltage thecurrentis 0, so the output voltageis aso 0.

"o f\ /\ /\
0 to t tp

(c) 60 Hzhaf-wave output voltage for threeinput cycles

FIGURE 2-20

Half-wave rectifier operation. The diode is considered to be ideal.

When the input voltage goes negative during the second half of its cycle, the diode is
reverse-biased. There is no current, so the voltage across the load resistor is 0 V, as shown
in Figure 2—20(b). The net result is that only the positive half-cycles of the ac input voltage
appear across the load. Since the output does not change polarity, it is a pulsating dc volt-
age with a frequency of 60 Hz, as shown in part (c).

Average Value of the Half-Wave Output Voltage The average value of the half-wave
rectified output voltage is the value you would measure on a dc voltmeter. Mathematically, it is
determined by finding the area under the curve over a full cycle, as illustrated in Figure 2—-21,
and then dividing by, the number of radians in a full cycle. The result of this is expressed
in Equation 2-3, wher¥, is the pek value of the voltage. This equation shows thgg is
approximately 31.8% of), for a half-wave rectified voltage. The derivation for this equation
can be found inDerivations of Selected Equations” at www.pearsonhighered.com/floyd.

Vp
Vavg = —
AVG -
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FIGURE 2-21

Average value of the half-wave
rectified signal.

Wondershare
PDFelement

EXAMPLE 2-2

FIGURE 2-22

Solution Vava = ;" = T = 159V

Notice that Vay g is 31.8% of V..

Related Problem  Detemine the average value of the haf-wave voltageif its peak amplitudeis 12 V.

Effect of the Barrier Potential on the Half-Wave Rectifier Output

In the previous discussion, the diode was considered ideal. When the practical diode model
is used with the barrier potential of 0.7 \kea into account, this is what happebsring

the positive half-cycle, the input voltage must overcome the barrier potential before the
diode becomes forward-biased. This results in a half-wave output witlk agdea that is

0.7 V less than the pkaalue of the input, as shown in Figure 2—23. The expression for the
pe& output voltage is

Vp(out) = Vp(in) - 0.7V

0.7V
+ —
Vigin) »i Votouy = Vp(imy) = 0-7'V
+
N
0 R Vout 0
FIGURE 2-23

The effect of the barrier potential on the half-wave rectified output voltage is to reduce the peak value
of the input by about 0.7 V.

It is usually acceptable to use the ideal diode model, which neglects the effect of
the barrier potential, when the fe@alue of the applied voltage is much greater than the
barrier potential (at least 10 V, as a rule of thumb). However, we will use the practical
model of a diode, tang the 0.7 V barrier potential into account unless stated otherwise.

Equation 2-4
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EXAMPLE 2-3 Draw the output voltages of eacdh rectifier for theindicated input voltages, as shown in
Figure 2-24. The 1IN4001 and 1N4003 are specifi ¢ redifier diodes

+5v———/—\ /\ +100V -~
v /\ )\ v
Vm 0 out Vm 0 out
\VARVAREE > \VAAVARE ">

BY —mm e -100V

1.0kQ 1.0kQ

48 ¢ DIODES AND APPLICATIONS

@ (b)

FIGURE 2-24

Solution  The peak output voltagefor circuit () is
Vouy = Vi) — 0.7V =5V — 0.7V = 430V
The peak output voltagefor circit (b) is
Vouy = Vpiin) — 0.7V = 100V — 0.7V = 99.3V

The output voltage waveforms are shown in Figure 2—-25. Note that the barrier po-
tertial could have beennedected in circuit (b) with very little error (0.7 percert); but,
if it is neglected in circuit (a), a Sgnificant error reaults (14 percent).

0 0
@ (b)

FIGURE 2-25

Output voltages for the circuits in Figure 2-24. They are not shown on the same scale.

Related Problem  Detemminethe pe&k output voltages for therectifiersin Figure 2-24 if the pesk input
inpart (a) is 3V and the peak input in part (b) is 50 V.

Open the Multisim file E02-03 in the Examples folder on the companion website.
For the inputs specified in the example, measure the resulting output voltage wave-
forms. Compare your meadured resuts with those shown in the example.

Peak Inverse Voltage (PIV)

Thepeak inverse voltage (PIV) equals the peak value of the input voltage, and the diode
must be capable of withstanding this amount of repetitive reverse voltage. For the diode in
Figure 2—26, the maximum value of reverse voltage, designated as PV, occurs at the peak
of each negative alternation of the input voltage when the diode is reverse-biased. A diode
should be rated at least 20% higher than the PIV.

Equation 2-5 PIV = Vyin)
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Pl\ﬁmp
R - +
II \\ 1=0
1 Vb .
Vin 0 @ § R
+
~Vi(in)
FIGURE 2-26

The PIV occurs at the peak of each half-cycle of the input voltage when the diode is reverse-biased. In
this circuit, the PIV occurs at the peak of each negative half-cycle.

Transformer Coupling

As you have seen, a transformer is often used to couple the ac input voltage from the
source to the rectifier, as shown in Figure 2—27. Transformer coupling provides two advan-
tages. First, it allows the source voltage to be stepped down as needed. Secosdyiioe ac

is electrically isolated from the rectifier, thus preventing a shock hazard in the secondary
circuit.

FIGURE 2-27
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pri Nsec N
Half-wave rectifier with transformer-
coupled input voltage.
Sec § R

J
| |

f— < ——»

1

The amount that the voltage is stepped down is determined hyrtiseratio of the
transformer. Unfortunately, the definition of turns ratio for transformers is not consistent
between various sources and disciplines. In this text, we use the definition given by the
IEEE for electronic power transformers, which is “the number of turns in the secondary
(Nseg divided by the number of turns in the primalN().” Thus, a transformer with a
turns ratio less than 1 is a step-down type and one with a turns ratio greater than 1 is a step-
up type. To show the turns ratio on a schematic, it is common practice to show the numer-
ical ratio directly above the windings.

The secondary voltage of a transformer equals the turns matiopes the primary
voltage.

Veec = NVyri

If n > 1, the secondary voltage is greater than the primary voltage<Ifl, the second-
ary voltage is less than the primary voltage # 1, thenVge = V.

The peak secondary voltagéy«g, in a transformer-coupled half-wave rectifier is the
same a¥in) in Equation 2—4. Therefore, Equation 2—4 written in termg,f is

Vp(out) = Vp(sec) - 07V
and Equation 2-5 in terms s is
P|V = Vp(sec)

Turns ratio is useful for understanding the voltage transfer from primary to secondary.
However, transformer datasheets rarely show the turns ratio. A transformer is generally
specified based on the secondary voltage rather than the turns ratio.
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EXAMPLE 2-4 Determine the peak value of the output voltage for Figure 2—28 if the turns ratio is|0.5.
FIGURE 2-28
F 2:1
170V S\® > °
1N4002 +
VII'I 0 RL
| | 2 Tka Vo

1

Solution Vo(priy = Vpin) = 170V
The peak secondary voltage is
Vi(seg = NVp(priy = 0.5(170V) = 85V
The rectified peak output voltage is
Viouy = Vpseg — 0.7V = 85V — 0.7V = 84.3V

whereVseq is the input to the rectifier.

Related Problem  (a) Determine the peak value of the output voltage for Figure 2+2&i2 and
Vp(in) - 312V
(b) What is the P¥ across the diode?
(c) Describe the output voltage if the diode is turned around.

Open the Multisim file E02-Qin the Examples folder on the companion website.
For the specified input, measure the peak output voltage. Compare your measured
result with the calculated value.

1. /At what point on the input cycle does the PIV occur?

2. For a half-wave rectifier, there is current through the load for approximately what per-
centage of the input cycle?

3. |What is the average of a half-wave rectified voltage with a peak value of 10 V?

4_ 'What is the peak value of the output voltage of a half-wave rectifier with a peak sine
wave input of 25 V?

5. 'What PIV rating must a diode have to be used in a rectifier with a peak output voltage
of 50 V?

2-5 FuLL-WAVE RECTIFIERS

Although half-wave rectifiers have some applications, the full-wave rectifier is the most
commonly used type in dc power supplies. In this section, you will use what you learned
about half-wave rectification and expand it to full-wave rectifiers. You will learn about
two types of full-wave rectifiercenter-tapped and bridge.
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After completing this section, you should be able to

o Explain and analyze the operation of full-wave rectifiers

1 Describe how a center-tapped full-wave rectifier works
+ Discuss the effect of the turns ratio on the rectifier outputCalculate the
peak inverse voltage

o Describe how a bridge full-wave rectifier works
+ Determine the bridge output voltage Calculate the peak inverse voltage

A full-wave rectifier allows unidirectional (one-way) current through the load during
the entire360° of the input cycle, whereas a half-wave rectifier allows current through the
load only during one-half of the cycle. The result of full-wave rectification is an output
voltage with a frequency twice the input frequency and that pulsates every half-cycle of the
input, as shown in Figure 2—29.

ANVANYANEES WAVAVAYAVAYA
Full-wave

ov \/ \/ \/ Vin rectifier Vour OV
o—— —0o0

FIGURE 2-29

Full-wave rectification.

The number of positive alternations that make up the full-wave rectified voltage is twice
that of the half-wave voltage for the same time interval. The average value, which is the
value measured on a dc voltmeter, for a full-wave rectified sinusoidal voltage is twice that
of the half-wave, as shown in the following formula

mm Wondershare
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2Vp Equation 2-6

Vave = e

Vave is approximately 63.7% of,, for a full-wave rectified voltage.

EXAMPLE 2-5 Find the average value of the full-wave redifi ed voltage in Figure 2—30.
FIGURE 2-30
15V ———-
ov
. 2Vp _ 2(15V)
Solution VAVG = 7 = T =955V

Vave is 63.7% of V.

Related Problem  Find the average value of the full-wave redifi ed voltage if its peak is 155 V.
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Center-Tapped Full-Wave Rectifier Operation

A center-tapped rectifieris a type of full-wave rectifier that uses two diodes connected to
the secondary of a center-tapped transformer, as shown in Figure 2-31. The input voltage is
coupled through the transformer to the center-tapped secondary. Half of the total secondary
voltage appears between the center tap and each end of the secondary winding as shown.

FIGURE 2-31 F D,

A center-tapped full-wave rectifier. S 4‘ N

—o0
|
s

For a positive half-cycle of the input voltage, the polarities of the secondary voltages are
as shown in Figure 2—32(a). This condition forward-biases digdend reverse-biases
diodeD,. The current path is throuddy and the load resistd , as indicated. For a nega-
tive half-cycle of the input voltage, the voltage polarities on the secondary are as shown in
Figure 2—32(b). This condition reverse-biaBgsand forward-biaseB,. The current path
is throughD, andR_, as indicated. Because the output current during both the positive and
negative portions of the input cycle is in the same direction through the load, the output
voltage developed across the load resistor is a full-wave rectified dc voltage, as shown.

FIGURE 2-32 E D,
+ —
Basic operation of a center-tapped JJ_W P
full-wave rectifier. Note that the cur- + 0
rent through the load resistor is in Vin/\ ‘ e ° Vout
the same direction during the entire | | - ¢ 0 /\
input cycle, so the output voltage + +
always has the same polarity. T - r‘:‘-
—» =
D2

(a) During positive half-cycles D is forward-biasedard D, is revese-biased.

F

) l—w Ik i' 5

1D+

=
. g =
D>
(b) During negative half-cycles D, is forward-biasedard D, is revasebiased.

Effect of the Turns Ratio on the Output Voltage If the transformer’s turns ratio is 1,
the peak value of the rectified output voltage equals half the peak value of the primary
input voltage less the barrier potential, as illustrated in Figure 2—-33. Half of the primary
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P(pri)

~p(pri)

voltage appears across each half of the secondary windjggy(= Vppriy)- We will begin

—0

+

V.
A AVAN

referring to the forward voltage due to the barrier potential adidide drop.
In order to obtain an output voltage with a peak equal to the input peak (less the diode
drop), a step-up transformer with a turns ratim ef 2 must be used, as shown in Figure

2-34. In this case, the total secondary voltagg(is twice the primary voltage ¥2), so

the voltage across each half of the secondary is eq\gj;to

VP( pri)
0

_VP(

pri

T

1:2

i

Vv

\

P(pri)
OAQW

e

_VP( pri)

P(pri)
OVA
_VP(D”)

<
D,

VVAVAN
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FIGURE 2-33

Center-tapped full-wave rectifier with
a transformer turns ratio of 1. V()
is the peak value of the primary
voltage.

FIGURE 2-34

Center-tapped full-wave rectifier with
a transformer turns ratio of 2.

In any case, the output voltage of a center-tapped full-wave rectifier is always one-half

of the total secondary voltage less the diode drop, no matter what the turns ratio.

Peak Inverse Voltage

Vout =

VSEC

2

- 0.7V

Equation 2-7

Each diode in the full-wave rectifier is alternately forward-biased

and then reverse-biased. The maximum reverse voltage that each diode must withstand is the

peak secondary voltagéyseg- This is shown in Figure 2—-35 wheDg is assumed to be

reverse-biased (red) aby is assumed to be forward-biased (green) to illustrate the concept.

F

_d\_p_

(J ()
+0
Vpri §||
-0

V Se V se
I B Y,
2 I 2
+ + >I
- v )

FIGURE 2-35

Diode reverse voltage (D, shown
reverse-biased and Dy shown
forward-biased).
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Equation 2-8

mm Wondershare
H  PDFelement

When the total secondary voltagg.chas the polarity shown, the maximum anode volt-
age ofD; is +Vpseq/2 and the maximum anode voltageafis —Vyseq/2. SinceDy is
assumed to be forward-biased, its cathode is at the same voltage as its anode minus the
diode drop; this is also the voltage on the cathod®,of

The peak inverse voltage acrdsis

V, V, V, V,
p(seg p(seq p(seg p(seq

= - 0. - - = - - 0.
PIV < > 0 7V> ( > > > > 0.7V

= Vpseg — 0.7V
SinceVyouy = Vpseg/2 — 0.7V, then by multiplying each term by 2 and transposing,
Vp(sec = ZVp(out) + 1.4V

Therefore, by substitution, the peak inverse voltage across either diode in a full-wave center-
tapped rectifier is

PIV = 2Vyou + 0.7V

EXAMPLE 2-6

FIGURE 2-36

FIGURE 2-37

Solution

(a) Show the voltage waveforms across each half of the secondary winding and across
R_when a 100 V peak sine wave is applied to the primary winding in Figure 2—36.

(b) What minimum PIV rating must the diodes have?

F . Dy

>

1N4001

= b, 10kQ

o D> =

1N4001

(&) The transformer turns ratio=0.5. The total peak secondary voltage is
Vp(se() = nvp(pri) = 0.5(100\/) = 50V

There is a 25 V peak across each half of the secondary with respect to ground. The
output load voltage has a peak value of 25V, less the 0.7 V drop across the diode.
The waveforms are shown in Figure 2—37.

(b) Each diode must have a minimum PIV rating of

PIV = 2Vyou + 0.7V = 2(24.3V) + 0.7V = 49.3V
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Related Problem  What diode PV rating is required to handle a peak input of 160 V in Figure 2—36°"

Open the Multisim file E02-06 in the Examples folder on the companion website. For
the specified input voltage, measure the voltage waveforms across each half of|the sec-
ondary and across the load resistor. Compare with the results shown in the ex le.

Bridge Full-Wave Rectifier Operation

Thebridge rectifier uses four diodes connected as shown in Figure 2—38. When the input
cycle is positive as in part (a), diodegsandD, are forward-biased and conduct current in
the direction shown. A voltage is developed acRsthat looks like the positive half of

the input cycle. During this time, diodBg andD,4 are reverse-biased.

F FIGURE 2-38

ol gE

(a) During the positive half-cycle of the inpil; andD, are forward-biased and conduct current.
D5 andD, are reverse-biased.

Operation of a bridge rectifier.

F

S\ »

L gk

(b) During the negative half-cycle of the inpD andD, are forward-biased and conduct current.
D, andD, are reverse-biased.

When the input cycle is negative as in Figure 2—38(b), dibdesdD, are forward-
biased and conduct current in the same direction thigugh during the positive half-cycle.
During the negative half-cycl®,; andD, are reverse-biased. A full-wave rectified output
voltage appears acroBg as a result of this action.

Bridge Output Voltage A bridge rectifier with a transformer-coupled input is shown in
Figure 2—-39(a). During the positive half-cycle of the total secondary voltage, BipdedD,

are forward-biased. Neglecting the diode drops, the secondary voltage appears across the load
resistor. The same is true whBg andD, are forward-biased during the negative half-cycle.

Vioouy = Vp(seq

As you can see in Figure 2—-39(b), two diodes are always in series with the load resistor
during both the positive and negative half-cycles. If these diode drops are taken into ac-
count, the output voltage is

Vpouy = Vpseg — 1.4V Equation 2-9
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F

L
VAN,

T

(a) Idedl diodes

F

N
Lo g

T

(b) Prectical diodes(Diodedropsincluded

Viout) = Vp(seg = 14V

FIGURE 2-39

Bridge operation during a positive half-cycle of the primary and secondary voltages.

Peak Inverse Voltage Let's assume thdd, andD, are forward-biased and examine the
reverse voltage acrof¥ andD,. VisualizingD, andD, as shorts (ideal model), as in
Figure 2—40(a), you can see tiatandD,4 have a peak inverse voltage equal to the peak
secondary voltage. Since the output voltagdeslly equal to the secondary voltage,

PIV = Vpou

If the diode drops of the forward-biased diodes are included as shown in Figure 2—40(b),
the peak inverse voltage across each reverse-biased diode in t&fpg,dé

Equation 2-10 PIV = Vpou + 0.7V

The PIV rating of the bridge diodes is less than that required for the center-tapped config-
uration. If the diode drop is neglected, the bridge rectifier requires diodes with half the PIV
rating of those in a center-tapped rectifier for the same output voltage.

F F

e ],

+@ o, + Lo
Vp(pri) | | Vp(seo Vi(pri) | |

- - + p—
T p(out) T

(a) For theideal diode model (forward-biaseddiodesD, and D, are (b) For the practical diode model (forward-biaseddiodesD, and D, are
shownin green), PIV = Vg, shownin green), PIV =V + 0.7 V.

FIGURE 2-40

Peak inverse voltages across diodes D3 and D, in a bridge rectifier during the positive half-cycle of the
secondary voltage.


http://cbs.wondershare.com/go.php?pid=5261&m=db

POWER SuPPLY FILTERS AND REGULATORS

mm Wondershare
H  PDFelement

EXAMPLE 2-7 Determine the peak output voltage for the bridge rectifier in Figure 2—41. Assuming the

practical model, what PIV rating is required for the diodes? The transformer is s
fied to have a 12 V rms secondary voltage for the standard 120 V across the pri

FIGURE 2-41

Solution  The peak output voltage (taking into account the two diode drops) is
Vpseg = 1.414ms = 1.414(12V) = 17V

Vpouy = Vpseg — 1.4V = 17V — 1.4V = 15.6V
The PIV rating for each diode is
PIV = Vyou + 0.7V = 15.6V + 0.7V = 16.3V

Related Problem  Determine the peak output voltage for the bridge rectifier in Figure 2—41 if the trans-

peci-
mary.

former produces an rms secondary voltage of 30 V. What is the PIV rating for the diodes?

W Open the Multisim file E02-07 in the Examples folder on the companion webs

te

Measure the output voltage and compare to the calculated value.

—

. How does a full-wave voltage differ from a half-wave voltage?
What is the average value of a full-wave rectified voltage with a peak value of 60 V?

Which type of full-wave rectifier has the greater output voltage for the same input
voltage and transformer turns ratio?

4. [For a peak output voltage of 45 V, in which type of rectifier would you use diodes with
a PIV rating of 50 V2

5. What PIV rating is required for diodes used in the type of rectifier that was not
selected in Question 4?

i)

2-6 PoOWER SuPPLY FILTERS AND REGULATORS

A power supply filter ideally eliminates the fluctuations in the output voltage of a half-
wave or full-wave rectifier and produces a constant-level dc voltage. Filtering is neces-
sary because electronic circuits require a constant source of dc voltage and current to
provide power and biasing for proper operation. Filters are implemented with capaci-
tors, as you will see in this section. Voltage regulation in power supplies is usually
done with integrated circuit voltage regulators. A voltage regulator prevents changes in
the filtered dc voltage due to variations in input voltage or load.
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When installing polarized
capacitors in a circuit, be sure to
observe the proper polarity. The
positive lead always connects to
the more positive side of the
circuit. An incorrectly connected
polarized capacitor can explode.

After completing this section, you should be able to

o Explain and analyze power supply filters and regulators
o Describe the operation of a capacitor-input filter
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+ Defineripple voltage ¢ Calculate the ripple factore Calculate the output
voltage of a filtered full-wave rectifier¢ Discuss surge current

o Discuss voltage regulators

+ Calculate the line regulatione Calculate the load regulation

In most power supply applications, the standard 60 Hz ac power line voltage must be
converted to an approximately constant dc voltage. The 60 Hz pulsating dc output of a
half-wave rectifier or the 120 Hz pulsating output of a full-wave rectifier must be filtered to
reduce the large voltage variations. Figure 2—42 illustrates the filtering concept showing a
nearly smooth dc output voltage from the filter. The small amount of fluctuation in the fil-

ter output voltage is callatgpple.

o——— —o0
Vm
oV FuII-yv_ave OVZ V V \
redifier
o—— — -0

(a) Redifier without a filter

Vm
Full-wave Filter
ov redifier

O—
(b) Redifier with a filter (output ripple is exaggerated)

FIGURE 2-42

- 5 Ripple
Vour M~
0
—F0

Power supply filtering.

Capacitor-Input Filter

A half-wave rectifier with a capacitor-input filter is shown in Figure 2—43. The filter is sim-
ply a capacitor connected from the rectifier output to groBndepresents the equivalent
resistance of a load. We will use the half-wave rectifier to illustrate the basic principle and

then expand the concept to full-wave rectification.

During the positive first quarter-cycle of the input, the diode is forward-biased, allowing
the capacitor to charge to within 0/70f the input peak, as illustrated in Figure 2—43(a).
When the input begins to decrease below its peak, as shown in part (b), the capacitor re-
tains its charge and the diode becomes reverse-biased because the cathode is more positive
than the anode. During the remaining part of the cycle, the capacitor can discharge only
through the load resistance at a rate determined big the¢ime constant, which is nor-
mally long compared to the period of the input. The larger the time constant, the less the
capacitor will discharge. During the first quarter of the next cycle, as illustrated in part (c),
the diode will again become forward-biased when the input voltage exceeds the capacitor

voltage by approximately OV.
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|
N Vy(ny = 0.7V .
.

(b) The capacitor discharges throughafter peak of positive alternation when the diode is reverse-biased.
This discharging occurs during the portion of the input voltage indicated by the solid dark blue curve.

Vi, exceeds + N -

N +

R

0 ty tr

(c) The capacitor charges back to peak of input when the diode becomes forward-biased. This charging occurs
during the portion of the input voltage indicated by the solid dark blue curve.

FIGURE 2-43

Operation of a half-wave rectifier with a capacitor-input filter. The current indicates charging or
discharging of the capacitor.

Ripple Voltage As you have seen, the capacitor quickly charges at the beginning of a
cycle and slowly discharges through after the positive peak of the input voltage (when

the diode is reverse-biased). The variation in the capacitor voltage due to the charging and
discharging is called thépple voltage. Generally, ripple is undesirable; thus, the smaller

the ripple, the better the filtering action, as illustrated in Figure 2—44.

\ I
I \ \ I
| \ I \ 1 h \
| 0——- \ |

| SR

o _—
(a) Larger ripple (blue) means less effective filtering.

e

Wondershare
PDFelement

(b) Smaller ripple means more effective filtering. Generally, the larger the

capacitor value, the smaller the ripple for the same input and load.

FIGURE 2-44

Half-wave ripple voltage (blue line).
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For a given input frequency, the output frequency of a full-wave rectifier is twice that of
a half-wave rectifier, as illustrated in Figure 2—45. This makes a full-wave rectifier easier
to filter because of the shorter time between peaks. When filtered, the full-wave rectified
voltage has a smaller ripple than does a half-wave voltage for the same load resistance and
capacitor values. The capacitor discharges less during the shorter interval between full-
wave pulses, as shown in Figure 2—46.

FIGURE 2-45
The period of a full-wave rectified J\ /\ /\ /\
voltage is half that of a half-wave 0

rectified voltage. The output (a) Haf-wave

frequency of a full-wave rectifier is
. W

twice that of a half-wave rectifier.
b T >

(b) Full-wave

60 ¢ DIODES AND APPLICATIONS

FIGURE 2-46 Same slope (capaitor
Ripple discrargerat)

Comparison of ripple voltages for
half-wave and full-wave rectified volt-
ages with the same filter capacitor
and load and derived from the same
sinusoidal input voltage.

(b) Full-wave
Ripple Factor Theripple factor (r) is an indication of the effectiveness of the filter and
is defined as

V
Equation 2-11 r = (PP

Vbe

whereV, ;) is the peak-to-peak ripple voltage awst. is the dc (average) value of the fil-
ter's output voltage, as illustrated in Figure 2—47. The lower the ripple factor, the better the
filter. The ripple factor can be lowered by increasing the value of the filter capacitor or in-
creasing the load resistance.

FIGURE 2-47

V, and Vpc determine the ripple
factor. Voteed Ve

ot

For a full-wave rectifier with a capacitor-input filter, approximations for the peak-to-
peak ripple voltageV,,p), and the dc value of the filter output voltayfgc, are given in
the following equations. The variat¥gcy is the unfiltered peak rectified voltage. Notice
that if R or Cincreases, the ripple voltage decreases and the dc voltage increases.
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_1 .

Vi(pp = <fRLC)Vp(rect) Equation 2-12
~ 1 .

Vpec=|1 - 2fR,C Vp(rect) Equation 2-13

The derivations for these equations can be foun®erivations of Selected Equations” at
www.pearsonhighered.com/floyd.

EXAMPLE 2-8 Determine the ripple factor for the filtered bridge rectifier with a load as indicated i
Figure 2—48.
FIGURE 2-48 .
10:1
l—m X
()
120V rms
60 Hz Vipri) || Visey

D4 1000#F’.

T Y
Solution  The transformer turns ratioiis= 0.1. The peak primary voltage is
Vp(priy = 1:414/ms = 1.414(120v) = 170V
The peak secondary voltage is
Ve = NVp(riy = 0.1(170V) = 17.0V
The unfiltered peak full-wave rectified voltage is
Vp(reoy) = Vpseg — 1.4V = 17.0V — 1.4V = 15.6V

All diodes are 1N4001.

The frequency of a full-wave rectified voltage is 120 Hz. The approximate peak-tot

peak ripple voltage at the output is

1 1
Vicon = [ —— Vogeey = 15.6V = 0.591V
e (fRLc> plrech ((120Hz)(2209)(1000;LF)>

The approximate dc value of the output voltage is determined as follows:

1 1
Voc=(1- == )Vyrees = (1 — 15.6V = 15.3V
B ( 2fRLC> p(rec < (240Hz)(220(2)(1000,uF))

The resulting ripple factor is

Vi 0.591V
- E — 0.039
"= Voe 153V

The percent ripple is 3.9%.

Related Problem  Determine the peak-to-peak ripple voltage if the filter capacitor in Figure 2—48is ir
creased t@200uF and the load resistance chang22kd).

Open the Multisim file E02-08 in the Examples folder on the companion websjte
For the specified input voltage, measure the peak-to-peak ripple voltage and the
value at the outpubDo the results agree closely with the calculated values? If npt,
can you explain why?

N
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Surge Current in the Capacitor-Input Filter Before the switch in Figure 2-49 is
closed, the filter capacitor is uncharged. At the instant the switch is closed, voltage is con-
nected to the bridge and the uncharged capacitor appears as a short, as shown. This pro-
duces an initial surge of curreid, e through the two forward-biased diodesandD,.

The worst-case situation occurs when the switch is closed at a peak of the secondary volt-
age and a maximum surge curréqt,ggmay, IS produced, as illustrated in the figure.

62 ¢ DIODES AND APPLICATIONS

FIGURE 2-49

F
Surge current in a capacitor-input
filter. { | surge(many

Thecapaitor appears as
aninstantareous short.

In dc power supplies, faiseis always placed in the primary circuit of the transformer,
as shown in Figure 2—49. A slow-blow type fuse is generally used because of the surge cur-
rent that initially occurs when power is first turned on. The fuse rating is determined by
calculating the power in the power supply load, which is the output power.Bire®q
in an ideal transformer, the primary current can be calculated as
R = Pin
o 120v
The fuse rating should be at least 20% larger than the calculated vgye of

Voltage Regulators

While filters can reduce the ripple from power supplies to a low value, the most effective ap-
proach is a combination of a capacitor-input filter used with a voltage regulator. A voltage
regulator is connected to the output of a filtered rectifier and maintains a constant output volt-
age (or current) despite changes in the input, the load current, or the temperature. The capac-
itor-input filter reduces the input ripple to the regulator to an acceptable level. The combina-
tion of a large capacitor and a voltage regulator helps produce an excellent power supply.

Most regulators are integrated circuits and have three terminals—an input terminal, an
output terminal, and a reference (or adjust) terminal. The input to the regulator is first fil-
tered with a capacitor to reduce the rippletb0%. The regulator reduces the ripple to a
negligible amount. In addition, most regulators have an internal voltage reference, short-
circuit protection, and thermal shutdown circuitry. They are available in a variety of volt-
ages, including positive and negative outputs, and can be designed for variable outputs
with a minimum of external components. Typically, voltage regulators can furnish a con-
stant output of one or more amps of current with high ripple rejection.

Three-terminal regulators designed for fixed output voltages require only external ca-
pacitors to complete the regulation portion of the power supply, as shown in Figure 2-50.
Filtering is accomplished by a large-value capacitor between the input voltage and ground.
An output capacitor (typicall).1uFto 1.0uF) is connected from the output to ground to
improve the transient response.

FIGURE 2-50 Input
Voltage

A voltage regulator with input and reggg © * reguktor T@ Output
output capacitors.
i l T
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A basic fixed power supply with 85 V voltage regulator is shown in Figure 2-51.
Specific integrated circuit three-terminal regulators with fixed output voltages are covered
in Chapter 17.

On-off =
switch

\oltage

+5.0V
regulator
1

D,—D, are 1N4001 rectifier diodes. = =

SW1 120V ac

FIGURE 2-51

A basic +5.0 V regulated power supply.

Percent Regulation

The regulation expressed as a percentage is a figure of merit used to specify the performance
of a voltage regulator. It can be in terms of input (line) regulation or load regulation.

Line Regulation Theline regulation specifies how much change occurs in the output
voltage for a given change in the input voltage. It is typically defined as a ratio of a change
in output voltage for a corresponding change in the input voltage expressed as a percentage.

, __ (AVour .
Line regulation = AV 100% Equation 2-14
IN

Load Regulation Theload regulation specifies how much change occurs in the output
voltage over a certain range of load current values, usually from minimum current (no
load, NL) to maximum current (full load, FL). It is normally expressed as a percentage and
can be calculated with the following formula:

Vae — Ve

)100% Equation 2-15
Ve

Load regulation = (

whereVy is the output voltage with no load a¥g, is the output voltage with full (max-
imum) load.

mm Wondershare
H  PDFelement

EXAMPLE 2-9 A certain 7805 regulator has a measured no-load output voltage of 5.18 V and afull-
load output of 5.15 V. What is the load regulation expressed as a percentage?

. Vi 518V — 5.15V
Solution  Load regulation = (NLFL>100% - ()100% = 0.58%
VeL 5.15V

Related Problem If the no-load output voltage of aregulator is 24.8 V and the full-load output is 23.9V,
what is the load regulation expressed as a percertage?

[=2]
—

. 'When a 60 Hz sinusoidal voltage is applied to the input of a half-wave rectifier, what
is the output frequency?

2. |\When a 60 Hz sinusoidal voltage is applied to the input of a full-wave rectifier, what is
the output frequency?
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64 ¢ DIODES AND APPLICATIONS
3. 'What causes the ripple voltage on the output of a capacitor-input filter?
4. Ifithe load resistance connected to a filtered power supply is decreased, what happens
to the ripple voltage?
5.| Define ripple factor.
6. |What is the difference between input (line) regulation and load regulation?
2-7 DioDE LIMITERS AND CLAMPERS
Diode circuits, called limiters or clippers, are sometimes used to clip off portions of signal
voltages above or below certain levels. Another type of diode circuit, called a clamper, is
used to add or restore a dc level to an electrical signal. Both limiter and clamper diode
circuits will be examined in this section.
After completing this section, you should be able to
o Explain and analyze the operation of diode limiters and clampers
o Describe the operation of a diode limiter
+ Discuss biased limiters+ Discuss voltage-divider biase Describe an
application
o Describe the operation of a diode clamper
Diode Limiters
Figure 2-52(a) shows a diode posifiliaiter (also callectlipper) that limits or clips the pos-
itive part of the input voltage. As the input voltage goes positive, the diode becomes forward-
biased and conducts current. Pdins limited to+0.7V when the input voltage exceeds this
FIGURE 2-52 R,

Examples of diode limiters (clippers).

+0.7V

VOUI 0 AT

(a) Limiting of the positive dternation. Thediodeis forward-biasedduring the positive dternation (ebove 0.7 V)
ard revasebiasedduring the negative aternaion.

Rl A
M ~——o—
|
RS Vmogﬂﬁﬁ
T

(b) Limiting of the negative dternaion. Thediodeis forward-biasedduring the negative aternaion (below
—0.7 V) ard revese-biasedduring the positive dternaion.
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value. When the input voltage goes back belowM)the diode is reverse-biased and ap-
pears as an open. The output voltage looks like the negative part of the input voltage, but
with a magnitude determined by the voltage divider formeg tand the load resistdr,,

as follows:

Vout = (R lj_L )Vin
1+ R
If Ry is small compared B, thenVy,; = Vi,.

If the diode is turned around, as in Figure 2-52(b), the negative part of the input voltage
is clipped off. When the diode is forward-biased during the negative part of the input volt-
age, pointA is held at—0.7V by the diode drop. When the input voltage goes above
—0.7V, the diode is no longer forward-biased; and a voltage appears &rpsspor-
tional to the input voltage.

Wondershare
PDFelement

EXAMPLE 2-10 What would you expect to see displayed on an oscilloscope connectedrRadrodse

limiter shown in Figure 2-537?

FIGURE 2-53

R
100 K2

Solution  The diode is forward-biased and conducts when the input voltage goes-H&Iow.
So, for the negative limiter, determine the peak output voltage d&rdmsthe follow-

ing equation:
100kQ

R
Voouy = <R1+RL>Vp(in) = (]_]_()kQ)lOV = 9.09V

The scope will display an output waveform as shown in Figure 2-54.

+9.09V - 7\
Vi  — —

0
t
“Lozv-

FIGURE 2-54

Output voltage waveform for Figure 2-53.

Related Problem  Describe the output waveform for Figure 2-5Rjfis changed td k().

Open the Multisim file E02-10 in the Examples folder on the companion webs
For the specified input, measure the resulting output waveform. Compare with
waveform shown in the example.

th
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Biased Limiters The level to which an ac voltage is limited can be adjusted by adding a
bias voltageVgas, in series with the diode, as shown in Figure 2-55. The voltage at point
A must equaMgas + 0.7 V before the diode will become forward-biased and conduct.
Once the diode begins to conduct, the voltage at pamtimited toVgas + 0.7 V so that

all input voltage above this level is clipped off.

FIGURE 2-55

A positive limiter.

Vgias*+ 07V

To limit a voltage to a specified negative level, the diode and bias voltage must be
connected as in Figure 2-56. In this case, the voltage at pomtist go below
—Vgias — 0.7V to forward-bias the diode and initiate limiting action as shown.

FIGURE 2-56

A negative limiter.

By turning the diode around, the positive limiter can be modified to limit the output
voltage to the portion of the input voltage waveform abéygas — 0.7V, as shown by
the output waveform in Figure 2-57(a). Similarly, the negative limiter can be modified
to limit the output voltage to the portion of the input voltage waveform below
—Vgias + 0.7V, as shown by the output waveform in part (b).

FIGURE 2-57

t t
0 1 2

Vgias + 07V —‘\/’—

(b)
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EXAMPLE 2-11 Figure 2-58 shows a circuit combining a positive limiter with a negative limiter.
Determine the output voltage waveform.

FIGURE 2-58

— Diodes are 1N914.

Solution  When the voltage at poidtreachest5.7 V, diodeD; conducts and limits the wave-

form to+5.7 V. DiodeD, does not conduct until the voltage reach&s7V. Therefor

positive voltages aboves.7 V and negative voltages belevs. 7V  are clipped off.
resulting output voltage waveform is shown in Figure 2-59.

FIGURE 2-59

Output voltage waveform for Figure +5.7V-—+
2-58. / \
VOUI O

Th

Related Problem  Determine the output voltage waveform in Figure 2-58 if both dc sources are 10 V

the input voltage has a peak value of 20 V.

Open the Multisim file E02-11 in the Examples folder on the companion webs
For the specified input, measure the resulting output waveform. Compare with

waveform shown in the example.

th

® ®

and

Voltage-Divider Bias The bias voltage sources that have been used to illustrate the basic

operation of diode limiters can be replaced by a resistive voltage divider that derives the
desired bias voltage from the dc supply voltage, as shown in Figure 2—60. The bias voltage
is set by the resistor values according to the voltage-divider formula.

Rs
Vams = | =——— V.
BIAS (R2 n R3) SUPPLY

A positively biased limiter is shown in Figure 2—60(a), a negatively biased limiter is shown
in part (b), and a variable positive bias circuit using a potentiometer voltage divider is
shown in part (c). The bias resistors must be small compaRdstothat the forward cur-

rent through the diode will not affect the bias voltage.

A Limiter Application Many circuits have certain restrictions on the input level to avoid
damaging the circuit. For example, almost all digital circuits should not have an input level
that exceeds the power supply voltage. An input of a few volts more than this could dam-
age the circuit. To prevent the input from exceeding a specific level, you may see a diode
limiter across the input signal path in many digital circuits.
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Ry Ry Ry
WA— o MWA— o MWV— o
+VsuppLy —VsuppLy +VsuppLy
Vin @ R, Vout Vin @ R Vout Vin @ R, Vout
Rs Rs
5 5 5
4 4 4
(a) Positive limiter (b) Negative limiter (c) Variable positive limiter
FIGURE 2-60

Diode limiters implemented with voltage-divider bias.

EXAMPLE 2-12 Describe the output voltage waveform for the diode limiter in Figure 2—61.
FIGURE 2-61
O
V,

1N914

Solution  The circuit is a positive limiter. Use the voltage-divider formula to determine the bias
voltage.

R 2200
VBias = (Rz n RS)VSUPPLY_ (1009 " ZZOQ)12V = 8.25V

The output voltage waveform is shown in Figure 2—62. The positive part of the output
voltage waveform is limited t¥gjas + 0.7 V.

+8.95V--—
v Ogv
—18V-—————--

Related Problem  How would you change the voltage divider in Figure 2—61 to limit the output voltag
to+6.7 V?

FIGURE 2-62

D

Open the Multisim file E02-12 in the Examples folder on the companion wepsite.
Observe the output voltage on the oscilloscope and compare to the calculated
result.
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Diode Clampers

A clamper adds a dc level to an ac voltegampers are sometimes known ds restor-
ers.Figure 2—63 shows a diode clamper that inserts a positive dc level in the output wave-
form. The operation of this circuit can be seen by considering the first negative half-cycle
of the input voltage. When the input voltage initially goes negative, the diode is forward-
biased, allowing the capacitor to charge to near the peak of the(ifgut— 0.7V), as

shown in Figure 2—63(a). Just after the negative peak, the diode is reverse-biased. This is
because the cathode is held négy) — 0.7V by the charge on the capacitor. The capac-

itor can only discharge through the high resistand® d8o, from the peak of one negative
half-cycle to the next, the capacitor discharges very little. The amount that is discharged, of
course, depends on the valudpf

-0.7V FIGURE 2-63

Positive clamper operation.

Forward-
biased § R

If the capacitor discharges during the period of the input wave, clamping action is af-
fected. If theRCtime constant is 100 times the period, the clamping action is excellent. An
RCtime constant of ten times the period will have a small amount of distortion at the
ground level due to the charging current.

The net effect of the clamping action is that the capacitor retains a charge approxi-
mately equal to the peak value of the input less the diode drop. The capacitor voltage acts
essentially as a battery in series with the input voltage. The dc voltage of the capacitor adds
to the input voltage by superposition, as in Figure 2—63(b).

If the diode is turned around, a negative dc voltage is added to the input voltage to pro-
duce the output voltage as shown in Figure 2—64.

FIGURE 2-64

p(in) Negative clamper.

\ + I\ = T 0
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EXAMPLE 2-13 What is the output voltage that you would expect to observe eRrasshe clamping
circuit of Figure 2—65? Assume tHRCis large enough to prevent significant capacitor
discharge.

FIGURE 2-65
i
+24V ° I\ !
10 uF T
: R
Vi, 0V 1N914 Vout 16 K0
24V
[e;

Solution Ideally, a negative dc value equal to the inpukgdess the diode drop is inserted by
the clamping circuit.

Voc= — (Vpin) — 0.7V) = —(24V — 0.7V) = —23.3V

Actually, the capacitor will discharge slightly betweenkseand, as a result, the out-
put voltage will have an average value of slightly less than that calculated above. The
output waveform goes to approximatel§.7V, as shown in Figure 2—66.

FIGURE 2-66

Output waveform across R, for
Figure 2-65.

Related Problem  What is the output voltage that you would observe adRp§s Figure 2—65 for
C = 22uFandr_ = 18kQ0?

Open the Multisim file E02-3.in the Examples folder on the companion website.
For the specified input, measure the output waveform. Compare with the waveform
shown in the example.

—

. Discuss how diode limiters and diode clampers differ in terms of their function.
2. \What is the difference between a positive limiter and a negative limiter?

3. What is the maximum voltage across an unbiased positive silicon diode limiter during
the positive alternation of the input voltage?

4. To limit the output voltage of a positive limiter to 5V when a 10 V peak input is ap-
plied, what value must the bias voltage be?

5. IWhat component in a clamping circuit effectively acts as a battery?
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VOLTAGE MULTIPLIERS

2-8 VOLTAGE MULTIPLIERS

Voltage multipliers use clamping action to increasek peetified voltages without the
necessity of increasing the transformer’s voltage rating. Multiplication factors of two,
three, and four are commovbltage multipliers are used in high-voltage, low-current
applications such as cathode-ray tubes (CRTs) and particle accelerators.

After completing this section, you should be able to

o Explain and analyze the operation of diode voltage multipliers

o Discuss voltage doublers

+ Explain the half-wave voltage doubler Explain the full-wave voltage
doubler

Discuss voltage triplers

o Discuss voltage quadruplers

(]

Voltage Doubler

Half-Wave Voltage Doubler A voltage doubler is woltage multiplier with a multiplica-

tion factor of two. A half-wave voltage doubler is shown in Figure 2—67. During the positive
half-cycle of the secondary voltage, diddeis forward-biased anb, is reverse-biased.
CapacitorC, is charged to the pkaf the secondary voltag¥) less the diode drop with the
polarity shown in part (a). During the negative half-cycle, dipglis forward-biased anD,

is reverse-biased, as shown in part (b). S@yean’t discharge, the peaoltage orC; adds

to the secondary voltage to chai@gto approximately ¥2,. Applying Kirchhoff’s law
around the loop as shown in part (b), the voltage aCpiss

VCl—V02+Vp:0
VC2 2 Vp + VCl
Neglecting the diode drop &f, V¢, = V). Therefore,
ch = Vp + Vp = 2Vp

—
oI o

1 C,
V_ reverse- ~J
biased J

+1\1

FIGURE 2-67

Half-wave voltage doubler operation. V, is the peak secondary voltage.

Under a no-load conditior;, remains charged to approximately,2If a load resist-
ance is connected across the out@ytdischarges slightly through the load on the next
positive half-cycle and is again recharged g @n the following negative half-cycle. The
resulting output is a half-wave, capacitor-filtered voltage. Th& ppearse voltage across
each diode is\2,. If the diode were reversed, the output voltage adBgsgould have the
opposite polarity.
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Full-Wave Voltage Doubler A full-wave doubler is shown in Figure 2—-68. When the
secondary voltage is positiv@; is forward-biased an@, charges to approximatel, as
shown in part (a). During the negative half-cyédg,is forward-biased an@, charges to
approximatelyv, as shown in part (b). The output voltag¥,,ds taken across the two ca-
pacitors in series.

72 <+ DIODES AND APPLICATIONS

D; D;

o otV (L—o o I —

P I Revasebiased

+
— Cl;: Vp
-V -
+ ;‘/ ’

— -1 2,

l

o
_O O—
s
0
<
o
—0 ‘
4

D, D,

——q————o ————e——o0 -

Reveasebiased

@ (b)

FIGURE 2-68

Full-wave voltage doubler operation.

Voltage Tripler

The addition of another diode-capacitor section to the half-wave voltage doubler creates
a voltage tripler, as shown in Figure 2—69. The operation is as follows: On the positive
half-cycle of the secondary voltage; charges t&/, throughD,. During the negative half-
cycle,C, charges to ¥, throughD,, as described for the doubler. During the next positive
half-cycle,Cs charges to ¥, throughD3. The tripler output is taken acroSg andCs, as

shown in the figure.

FIGURE 2-69

Voltage tripler.

Voltage Quadrupler

The addition of still another diode-capacitor section, as shown in Figure 2—70, produces an
output four times the peak secondary voltagecharges to ¥, throughD,4 on a negative
half-cycle. The ¥, output is taken across, andC,, as shown. In both the tripler and
quadrupler circuits, the PIV of each diode 4,2

FIGURE 2-70

Voltage quadrupler. (L
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SECTION 28 1. What must be the peak voltage rating of the transformer secondary for a voltage
CHECKUP doubler that produces an output of 200 V?
2. [The output/voltage of a quadrupler is 620 V. What minimum PIV rating must each
diode have?

2-9 THE DIODE DATASHEET

A manufacturer’'s datasheet gives detailed information on a device so that it can be
used properly in a given application. A typical datasheet provides maximum ratings,
electrical characteristics, mechanical data, and graphs of various parameters.

After completing this section, you should be able to

o Interpret and use diode datasheets
+ Define several absolute maximum ratings Define diode thermal
characteristics » Define several electrical characteristics Interpret the
forward current derating curvee Interpret the forward characteristic curve
+ Discuss nonrepetitive surge current Discuss the reverse characteristics

Figure 2—71 shows a typical rectifier diode datasheet. The presentation of information
on datasheets may vary from one manufacturer to another, but they basically all convey the
same information. The mechanical information, such as package dimensions, are not
shown on this particular datasheet but are generally available from the manufacturer.
Notice on this datasheet that there are three categories of data given in table form and four
types of characteristics shown in graphical form.

Data Categories

Absolute Maximum Ratings The absolute maximum ratings indicate the maximum
values of the several parameters under which the diode can be operated without damage
or degradation. For greatest reliability and longer life, the diode should be operated well
under these maximums. Generally, the maximum ratings are specified for an operating
ambient temperaturel{) of 25°C unless otherwise stated. Ambient temperature is the
temperature of the air surrounding the device. The parameters given in Figure 2—71 are
as follows:

Vrrm The peak reverse voltage that can be applied repetitively across the diode.
Notice that it is 50 V for the 1N4001 and 1000 V for the 1N4007. This rating is the
same as the PIV.

Irayy The maximum average value of a 60 Hz half-wave rectified forward current.
This current parameter is 1.0 A for all of the diode types and is specified for an ambient
temperature o75°C.

lesy The maximum peak value of nonrepetitive single half-sine-wave forward surge
current with a duration of 8.3 ms. This current parameter is 30 A for all of the diode

types.

Tstg The allowable range of temperatures at which the device can be kept when not
operating or connected to a circuit.

T; The allowable range of temperatures forghgunction when the diode is operated
in a circuit.
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FEAIRCHILD ypical Characteristics
SEMICONDUCTOR® . -
Forward Current Derating Curve Forward Characteristics
16 20
1N4001 - 1N4007 ot R mﬁ%
£z N e e
@ z 2
g 1 N -2
Features < N, 3
3 0.8|— SINGLE PHASI =]
. g FALF WAVE N 3 04
« Low forward voltage drop. €06 A a N 7 G I N N E— —
e RESISTIVE OR g 02
* High surge current capability. & 0.4 [ INDUCTIVE LOAD 5 01 T,=25C
T 375" 9.0 mm LEAD o Pulse Width = 300 pS
02—  LENGTHS N & 0.04 206 Duty Cycle
L1 | N 6 /2
o 20 40 60 80 100 120 140 160 180 0.01
COLOR BAND DENOTES CATHODE AMBIENT TEMPERATURE (°C) 06 08 1 12 14
FORWARD VOLTAGE (V)
General Purpose Rectifiers » o
Non-Repetitive Surge Current Reverse Characteristics
H 3 30
Absolute Maximum Ratings* 7,,=25°C unless othervise noted i
<
N = N z
Symbol Parameter Value Units H 2 AN 2
o s
4001 | 4002 | 4003 | 4004 | 4005 | 4006 ] 4007 €. N g
Virru Peak Repetitive Reverse Voltage 50 | 100 | 200 | 400 | 600 | 800 | 1000 V 2 “\ =
Teqav) Average Rectified Forward Current, 10 A e 12 - E
.375 " lead length @ T, = 75°C 3 m 2
lesm Non-repetitive Peak Forward Surge 2 g
Current 30 A g 6 o
8.3 ms Single Half-Sine-Wave x
Tet Storage Temperature Range -55to +175 °C Yo
g - - = 1 2 4 6 810 20 40 60 100 0 20 40 60 80 100 120 140
T, Operating Junction Temperature 5510 +175 C NUMBER OF CYCLES AT 60Hz RATED PEAK REVERSE VOLTAGE (%)
*These rati bove which P

Thermal Characteristics

Symbol Parameter Value Units
Py Power Dissipation 3.0 w
Rosa Thermal Resistance, Junction to Ambient 50 °CIW

Electrical Characteristics 7, = 25°C unless othenwise noted

Symbol Parameter Device Units
4001 | 4002 | 4003 | 4004 ] 4005 [ 4006 | 4007
Ve Forward Voltage @ 1.0 A 1.1 v
[ Maximum Full Load Reverse Current, Full 30 A
Cycle T,=75°C

Ir Reverse Current @ rated Vg T, = 25°C 5.0 HA
T,=100°C 500 HA
Cy Total Capacitance 15 PF

Vg=4.0V,f=1.0MHz

FIGURE 2-71

Copyright Fairchild Semiconductor Corporation. Used by permission.

Thermal Characteristics All devices have a limit on the amount of heat that they can
tolerate without failing in some way.

Pp Average power dissipation is the amount of power that the diode can dissipate
under any condition. A diode should never be operated at maximum power, except for
brief periods, to assure reliability and longer life.

Rysa  Thermal resistance from the diode junction to the surrounding air. This indicates
the ability of the device material to resist the flow of heat and specifies the number of
degrees difference between the junction and the surrounding air for each watt trans-
ferred from the junction to the air.

Electrical Characteristics The electrical characteristics are specified under certain con-
ditions and are the same for each type of diode. These values are typical and can be more
or less for a given diode. Some datasheets provide a minimum and a maximum value in ad-
dition to a typical value for a parameter.

Ve The forward voltage drop across the diode when there is 1 A of forward current. To
determine the forward voltage for other values of forward current, you must examine
the forward characteristics graph.

Iy Maximum full load reverse current averaged over a full ac cydé‘al.

Ir The reverse current at the rated reverse voltdge,(). Values are specified at two
different ambient temperatures.
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Ct This is the total diode capacitance including the junction capacitance in reverse
bias at a frequency of 1 MHz. Most of the time this parameter is not important in low-
frequency applications, such as power supply rectifiers.

Graphical Characteristics

The Forward Current Derating Curve This curve on the datasheet in Figure 2-71
shows maximum forward diode currépga,) in amps versus the ambient temperature. Up

to about75°C, the diode can handle a maximum of 1 A. Ab@#C, the diode cannot
handle 1 A, so the maximum current must be derated as shown by the curve. For example,
if a diode is operating in an ambient temperaturg280PC it can handle only a maximum

of 0.4 A, as shown in Figure 2—72.

Forward Current Derating Curve FIGURE 2-72
1.6
_ 14
<
1.2
g
x 1 ~
o
3os8 N
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=
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'
0.2 \\

o
o

20 40 60 80 100 120 140 160 180
AMBIENT TEMPERATURE (°C)

Forward Characteristics Curve Another graph from the datasheet shows instantaneous
forward current as a function of instantaneous forward voltage. As indicated, data for this
curve is derived by applying00 us pulses with a duty cycle of 2%. Notice that this graph

is for T; = 25°C.For example, a forward current of 1 A corresponds to a forward voltage
of about 0.93 V, as shown in Figure 2—73.

Forward Characteristics FIGURE 2-73
20
10 JE
< 4 =
E 5 ~
E EEE%EEEE
£ 1
=] v
O 04 —~
2 o2
c o
z 01 = Ty=25°C =
o Pulse Width = 300pnS —
&L 0.04 // 2% Duty Cycle _—
-
0.01
0.6 08 1 1.2 14
FORWARD VOLTAGE (V)

0.93V

Nonrepetitive Surge Current This graph from the datasheet shdygy, as a function

of the number of cycles at 60 Hz. For a one-time surge, the diode can withstand 30 A.
However, if the surges are repeated at a frequency of 60 Hz, the maximum surge current
decreases. For example, if the surge is repeated 7 times, the maximum current is 18 A, as
shown in Figure 2—-74.
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FIGURE 2-74 Non-Repetitive Surge Current
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Reverse Characteristics This graph from the datasheet shows how the reverse current
varies with the reverse voltage for three different junction temperatures. The horizontal
axis is the percentage of maximum reverse voltdggy. For example, at 25°C, a 1N4001
has a reverse current of approximately Qu@dat 20% of its maximunVrgy or 10 V. If
theVgrrmis increased to 90%, the reverse current increases to approximateiy0 44
shown in Figure 2—75.

FIGURE 2-75 Reverse Characteristics
1000

100

REVERSE CURRENT (pA)

0 20 40 60 80 4100 120 140
RATED PEAK REVERSE VOLTAGE (%)

90

1. Determine the peak repetitive reverse voltage for each of the following diodes:
1N4002, 1N4003, 1N4004, TN4005, TN4006.

2. Ifithe forward current is 800 mA and the forward voltage is 0.75 V in a 1N4005, is the
power rating exceeded?

3. What is Iy for a 1IN4001 at an ambient temperature of 100°C?
4. 'What is Igsy for'a 1N4003 if the surge is repeated 40 times at 60 Hz?

2-10 TROUBLESHOOTING

This section provides a general overview and application of an approach to troubleshoot-
ing. Specific troubleshooting examples of the power supply and diode circuits are
covered.
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After completing this section, you should be able to

o Troubleshoot diodes and power supply circuits
o Test a diode with a DMM
+ Use the diode test positions Determine if the diode is good or bad
+ Use the Ohms function to check a diode
o Troubleshoot a dc power supply by analysis, planning, and measurement
+ Use the half-splitting method
o Perform fault analysis
+ |Isolate fault to a single component

Chapter 18: Basic Programming Concepts for Automated Testing
Selected sections from Chapter 18 may be introduced as part of this troubleshoc
coverage or, optionally, the entire Chapter 18 may be covered later or not at all.

Testing a Diode

A multimeter can be used as a fast and simple way to check a diode out of the circuit. A
good diode will show an extremely high resistance (ideally an open) with reverse bias and
a very low resistance with forward bias. A defective open diode will show an extremely
high resistance (or open) for both forward and reverse bias. A defective shorted or resistive
diode will show zero or a low resistance for both forward and reverse bias. An open diode
is the most common type of failure.

The DMM Diode Test Position Many digital multimeters (DMMs) have a diode test
function that provides a convenient way to test a diode. A typical DMM, as shown in
Figure 2—76, has a small diode symbol to mark the position of the function switch. When
set todiode testthe meter provides an internal voltage sufficient to forward-bias and
reverse-bias a diode. This internal voltage may vary among different makes of DMM, but
2.5V to 3.5 Vis a typical range of values. The meter provides a voltage reading or other
indication to show the condition of the diode under test.

When the Diode Is Working In Figure 2—76(a), the red (positive) lead of the meter is
connected to the anode and the black (negative) lead is connected to the cathode to forward-
bias the diode. If the diode is good, you will get a reading of between approximately 0.5 V
and 0.9 V, with 0.7 V being typical for forward bias.

In Figure 2—76(b), the diode is turned around for reverse bias as shown. If the diode is
working properly, you will typically get a reading of “OL”. Some DMMs may display the
internal voltage for a reverse-bias condition.

When the Diode Is Defective \When a diode has failed open, you get an out-of-range
“OL” indication for both the forward-bias and the reverse-bias conditions, as illustrated in
Figure 2—76(c). If a diode is shorted, the meter reads 0 V in both forward- and reverse-bias
tests, as indicated in part (d).

Checking a Diode with the OHMs Function DMMs that do not have a diode test po-
sition can be used to check a diode by setting the function switch on an OHMs range. For
a forward-bias check of a good diode, you will get a resistance reading that can vary de-
pending on the meter’s internal battery. Many meters do not have sufficient voltage on the
OHMs setting to fully forward-bias a diode and you may get a reading of from several hun-
dred to several thousand ohms. For the reverse-bias check of a good diode, you will get an
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TOUCH/HOLD €1
10A VQ

41000V
40mA 750V~ om
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K A K A
OPEN SHORTED
A K A K
(c) Forward- and reverse-bias tests (d) Forward- and reverse-bias tests for
for an open diode give the same a shorted diode give the same 0V
indication. reading.

FIGURE 2-76
Testing a diode out-of-circuit with a DMM.

out-of-range indication such as “OL” on most DMMs because the reverse resistance is too
high for the meter to measure.

Even though you may not get accurate forward- and reverse-resistance readings on a
DMM, the relative readings indicate that a diode is functioning properly, and that is usually all
you need to know. The out-of-range indication shows that the reverse resistance is extremely
high, as you expect. The reading of a few hundred to a few thousand ohms for forward bias is
relatively small compared to the reverse resistance, indicating that the diode is working prop-
erly. The actual resistance of a forward-biased diode is typically much less th@n 100

Troubleshooting a Power Supply

Troubleshooting is the application of logical thinking combined with a thorough knowl-
edge of circuit or system operation to identify and correct a malfunction. A systematic ap-

When working with low-voltage proach to troubleshooting consists of three stapalysis, planningandmeasuring.

power supplies, be careful not to A defective circuit or system is one with a known good input but with no output or an
come in contact with the 120 V incorrect output. For example, in Figure 2—77(a), a properly functioning dc power supply
acline. Severe shock or worse is represented by a single block with a known input voltage and a correct output voltage. A
could result. To verify input defective dc power supply is represented in part (b) as a block with an input voltage and an
voltage to a rectifier, it is always incorrect output voltage.

better to check at the transformer
secondary instead of trying to
measure the line voltage directly.
If it becomes necessary to
measure the line voltage, use a
multimeter and be careful.

Analysis The first step in troubleshooting a defective circuit or system is to analyze the
problem, which includes identifying the symptom and eliminating as many causes as pos-
sible. In the case of the power supply example illustrated in Figure 2—77(b), the symptom
is that the output voltage is not a constant regulated dc voltage. This symptom does not tell
you much about what the specific cause may be. In other situations, however, a particular
symptom may point to a given area where a fault is most likely.
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120V & :i— DC pawver supply 120V & :i— DC pawer supply

Output Output

(a) Thecorred dc output voltage is measured with oscillosape. (b) Anincorred voltageis measured at the output with oscilloscpe.

FIGURE 2-77

Block representations of functioning and nonfunctioning power supplies.

The first thing you should do in analyzing the problem is to try to eliminate any obvious
causes. In general, you should start by making sure the power cord is plugged into an ac-
tive outlet and that the fuse is not blown. In the case of a battery-powered system, make
sure the battery is good. Something as simple as this is sometimes the cause of a problem.
However, in this case, there must be power because there is an output voltage.

Beyond the power check, use your senses to detect obvious defects, such as a burned re-
sistor, broken wire, loose connection, or an open fuse. Since some failures are temperature
dependent, you can sometimes find an overheated component by touch. However, be very
cautious in a live circuit to avoid possible burn or shock. For intermittent failures, the cir-
cuit may work properly for awhile and then fail due to heat buildup. As a rule, you should
always do a sensory check as part of the analysis phase before proceeding.

Planning In this phase, you must consider how you will attack the problem. There are
three possible approaches to troubleshooting most circuits or systems.

1. Start at the input (the transformer secondary in the case of a dc power supply)
where there is a known input voltage and work toward the output until you get an
incorrect measurement. When you find no voltage or an incorrect voltage, you have
narrowed the problem to the part of the circuit between the last test point where the
voltage was good and the present test point. In all troubleshooting approaches, you
must know what the voltage is supposed to be at each point in order to recognize an
incorrect measurement when you see it.

2. Start at the output of a circuit and work toward the input. Check for voltage at each
test point until you get a correct measurement. At this point, you have isolated the
problem to the part of the circuit between the last test point and the current test
point where the voltage is correct.

3. Use the half-splitting method and start in the middle of the circuit. If this measure-
ment shows a correct voltage, you know that the circuit is working properly from
the input to that test point. This means that the fault is between the current test
point and the output point, so begin tracing the voltage from that point toward the
output. If the measurement in the middle of the circuit shows no voltage or an in-
correct voltage, you know that the fault is between the input and that test point.
Therefore, begin tracing the voltage from the test point toward the input.

For illustration, let's say that you decide to apply the half-splitting method using an
oscilloscope.

Measurement The half-splitting method is illustrated in Figure 2—78 with the measure-
ments indicating a particular fault (open filter capacitor in this case). At test point 2 (TP2)
you observe a full-wave rectified voltage that indicates that the transformer and rectifier
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Correct (if filter Incorrect

capacitor is open)

TP1 5
120V ac:i: Transformer — @ Full-wave Ca}gazlttor- \oltage
(fused) — rectifier TP2 filtper TP3 regulator TP4

FIGURE 2-78
Example of the half-splitting approach. An open filter capacitor is indicated.

are working properly. This measurement also indicates that the filter capacitor is open,
which is verified by the full-wave voltage at TP3. If the filter were working properly, you
would measure a dc voltage at both TP2 and TP3. If the filter capacitor were shorted, you
would observe no voltage at all of the test points because the fuse would most likely be
blown. A short anywhere in the system is very difficult to isolate because, if the system is
properly fused, the fuse will blow immediately when a short to ground develops.

For the case illustrated in Figure 2—78, the half-splitting method took two measure-
ments to isolate the fault to the open filter capacitor. If you had started from the trans-
former output, it would have taken three measurements; and if you had started at the final
output, it would have also taken three measurements, as illustrated in Figure 2—79.

Step 1

Correct

Capacitor-
input
TP2 filter TP3

Full-wave
rectifier

\oltage
regulator P4

120V aC:i: Transformer —@—=
(fused) ———
(a) Measurements starting at the transformer output

Step 3

NV

VVVVVV

Incorrect Incorrect

Correct (if filter\
capacitor is ope|

TP1

120V aC:i: Transformer — @ Full-wave Ce?ﬁaﬁlttor- \oltage
(fused) —  rectifier TP2 ﬁlfer TP3  regulator TP4

(b) Measurements starting at the regulator output

FIGURE 2-79

In this particular case, the two other approaches require more oscilloscope measurements than the
half-splitting approach in Figure 2-78.
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Fault Analysis

In some cases, after isolating a fault to a particular circuit, it may be necessary to isolate
the problem to a single component in the circuit. In this event, you have to apply logical

thinking and your knowledge of the symptoms caused by certain component failures.

Some typical component failures and the symptoms they produce are now discussed.

Effect of an Open Diode in a Half-Wave Rectifier A half-wave filtered rectifier with
an open diode is shown in Figure 2—80. The resulting symptom is zero output voltage as
indicated. This is obvious because the open diode breaks the current path from the trans-
former secondary winding to the filter and load resistor and there is no load current.

FIGURE 2-80

The effect of an open diode in a
half-wave rectifier is an output of 0 V.

O\ e o
120Va

©
o
Transformer J_ Redifier Filter

Other faults that will cause the same symptom in this circuit are an open transformer
winding, an open fuse, or no input voltage.

Effect of an Open Diode in a Full-Wave Rectifier A full-wave center-tapped filtered
rectifier is shown in Figure 2-81. If either of the two diodes is open, the output voltage will
have twice the normal ripple voltage at 60 Hz rather than at 120 Hz, as indicated.

120 Hz ipple An open diode
indicatesproper causeshalf-wave
full-wave redification
operation. and increased
ripple at 60 Hz

Note: This
sope chanrel
is ac coupled.

e

o
égoH\; Trarsformer

Redifier

FIGURE 2-81

The effect of an open diode in a center-tapped rectifier is half-wave rectification and twice the ripple
voltage at 60 Hz.
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Another fault that will cause the same symptom is an open in the transformer secondary
winding.

The reason for the increased ripple at 60 Hz rather than at 120 Hz is as follows. If
one of the diodes in Figure 2-81 is open, there is current thidughly during one
half-cycle of the input voltageduring the other half-cycle of the input, the open path
caused by the open diode prevents current thr&gihe result is half-wave rectifica-
tion, as shown in Figure 2-81, which produces the larger ripple voltage with a fre-
quency of 60 Hz.

An open diode in a full-wave bridge rectifier will produce the same symptom as in the
center-tapped circuit, as shown in Figure 2—82. The open diode prevents current through
R_ during half of the input voltage cycle. The result is half-wave rectification, which pro-
duces double the ripple voltage at 60 Hz.

82 ¢ DIODES AND APPLICATIONS

120 Hz ripple  Open diode
indicates proper causes half-wave
full-wave rectification
operation. and increased
ripple at 60 Hz.

F‘)'surge

D, c
Filter

Rectifier = -

T | |

60 Hz

FIGURE 2-82

Effect of an open diode in a bridge rectifier.

Effects of a Faulty Filter Capacitor Three types of defects of a filter capacitor are illus-
trated in Figure 2—-83.

+ Open If the filter capacitor for a full-wave rectifier opens, the output is a full-wave
rectified voltage.

+ Shorted If the filter capacitor shorts, the output i&0A shorted capacitor should
cause the fuse to blow open. If not properly fused, a shorted capacitor may cause
some or all of the diodes in the rectifier to burn open due to excessive current. In any
event, the output is 0.

+ Leaky A leaky filter capacitor is equivalent to a capacitor with a parallel leakage
resistance. The effect of the leakage resistance is to reduce the time constant and
allow the capacitor to discharge more rapidly than normal. This results in an increase
in the ripple voltage on the output. This fault is rare.

Effects of a Faulty Transformer An open primary or secondary winding of a power
supply transformer results in an output of,Gas mentioned before.
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Normal filter capacitor FIGURE 2-83

(top waveform). X .
Open filter Shorted filter Leaky filter capacitor  Effects of a faulty filter capacitor.

capacitor capacitor (bottom waveform)

e Ve Ve Ve Ve

AAAAAN

VIDIV VIDIV mV/DIV
|

O_
Transformer| | Full-wave
(fused) | | rectifier
120V ©7
60 Hz
EXAMPLE 2-14 You are troubleshooting the power supply shown in the block diagram of Figure 2-84.

You have found in the analysis phase that there is no output voltage from the regulator,
as indicated. Also, you have found that the unit is plugged into the outlet and have ver-
ified the input to the transformer with a DMM. You decide to use the half-splitting
method using the scope. What is the problem?

” TP1 ; TP2 c TP3 : TP4
Transforme Full-wave apacitor- \oltage
120V ac:i: (fused) o rectifier ® input filter ® regulator ®

ov

Rsurge

—1<C

Filter

Steps 4 & 5Diode test Step 3 Check_for a shorted
capacitor

FIGURE 2-84

Solution  The step-by-step measurement procedure is illustrated in the figure and described as
follows.

Step 1: There is no voltage at test point 2 (TP2). This indicates that the fault is
between the input to the transformer and the output of the rectifier. Most
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likely, the problem is in the transformer or in the rectifier, but there may be a
short from the filter input to ground.

Step 2: The voltage at test point 1 (TP1) is correct, indicating that the transformer
is working. So, the problem must be in the rectifier or a shorted filter
input.

Step 3: With the power turned off, use a DMM to check for a short from the filter
input to ground. Assume that the DMM indicates no short. The fault is now
isolated to the rectifier.

Step 4: Apply fault analysis to the rectifier circuit. Determine the component failure
in the rectifier that will produce a 0 V input. If only one of the diodes in the
rectifier is open, there should be a half-wave rectified output voltage, so this is
not the problem. In order to have a 0 V output, there must be an open in the
rectifier circuit.

Step 5: With the power off, use the DMM in the diode test mode to check each diode.
Replace the defective diodes, turn the power on, and check for proper opera-
tion. Assume this corrects the problem.

Suppose you had found a short in Step 3, what would have been the logical next
step?

Multisim Troubleshooting Exercises

These file circuits are in the Troubleshooting Exercises folder on the companion website.
Open each file and determine if the circuit is working properly. If it is not working prop-
erly, determine the fault.

1. Multisim file TSE02-01
2. Multisim file TSE02-02
3. Multisim file TSE02-03
4. Multisim file TSE02-04

1. A properly functioning diode will produce a reading in what range when forward-
biased?

What reading might a DMM produce when a diode is reverse-biased?

What effect does an open diode have on the output voltage of a half-wave rectifier?
What effect does an open diode have on the output voltage of a full-wave rectifier?

If one of the diodes in a bridge rectifier shorts, what are some possible consequences?
What happens to the output voltage of a rectifier if the filter capacitor becomes
very leaky?

7. The primary winding of the transformer in a power supply opens. What will you
observe on the rectifier output?

8. The dc output voltage of a filtered rectifier is less than it should be. What may be the
problem?

S =
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Application Activity: DC Power Supply

Power supply with full-wave bridge
rectifier and capacitor filter.

FIGURE 2-86

Rectifier components.
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APPLICATION ACTIVITY

Assume that you are working for a company that designs, tests, manufactures, and mar-
kets various electronic instruments including dc power supplies. Your first assignment is
to develop and test a basic unregulated power supply using the knowledge that you have
acquired so far. Later modifications will include the addition of a regulator. The power
supply must meet or exceed the following specifications:

Input voltage: 120 V rms @60 Hz

Output voltage16V dc +10%

Ripple factor (max): 3.00%

Load current (max): 250 mA

*

* o o

Design of the Power Supply

The Rectifier Circuit A full-wave rectifier has less ripple for a given filter capacitor

than a half-wave rectifier. A full-wave bridge rectifier is probably the best choice
because it provides the most output voltage for a given input voltage and the PIV is less
than for a center-tapped rectifier. Also, the full-wave bridge does not require a center-
tapped transformer.

1. Compare Equations 2—7 and 2-9 for output voltages.
2. Compare Equations 2—8 and 2—10 for PIV.

The full-wave bridge rectifier circuit is shown in Figure 2—85.

o——o0" 0" \ 9—:
120V ac ||§
o

The Rectifier Diodes There are two approaches for implementing the full-wave bridge:
Four individual diodes, as shown in Figure 2—86(a) or a single IC package containing
four diodes connected as a bridge rectifier, as shown in part (b).

/
- ®
/

(a) Separate rectifier diodes (b) Full-wave bridge rectifie

L 1
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FIGURE 2-87

DIODES AND APPLICATIONS

Rectifier datasheet. You can

view the entire datasheet at www.
fairchildsemiconductor.com.
Copyright Fairchild Semiconductor
Corporation. Used by permission.

mm Wondershare

H  PDFelement

Because the rectifier in the single IC package exceeds the specifications and requires
less wiring on a board, takes up less space, and requires stocking and handling of only
one component versus four, it is the best choice. Another factor to consider is the cost.
Requirements for the diodes in the bridge are

+ Forward current rating must be equal or greater than 250 mA (maximum load
current).

+ PIV must be greater than the minimum calculated value of 16.7 V
(PIV = Vyouy + 0.7V).

By reviewing manufacturer’s datasheets on-line, a specific device can be chosen. Figure
2—-87 shows a partial datasheet for the rectifier to be used for this power supply. Notice that
it exceeds the specified requirements. Four possible websites for rectifiers and diodes are
fairchildsemiconductor.com; onsemi.cosemiconductor.phillips.conandrectron.com

I
FAIRCHILD

SEMICONDUCTOR®

MB1S - MB8S

Features 5
* Low leakage ‘
* Surge overload rating:

35 amperes peak.

* Ideal for printed circuit board. SOIC-4
Polarity symbols molded

e UL certified, UL #E111753. or marking on body

Bridge Rectifiers

Absolute Maximum Ratings*

T, =25°C unless otherwise noted

Symbol Parameter Value Units
1s 2s 4S8 6S 8s
Vrrm Maximum Repetitive Reverse Voltage 100 | 200 | 400 | 600 | 800 v
Vrus Maximum RMS Bridge Input Voltage 70 140 | 280 | 420 | 560 v
Ve DC Reverse Voltage (Rated Vi) 100 | 200 | 400 | 600 | 800 \
Tecav) Average Rectified Forward Current, @ T, = 50°C 0.5 A
[ Non-repetitive Peak Forward Surge Current 35 A
8.3 ms Single Half-Sine-Wave
Tag Storage Temperature Range -55 to +150 °C
T, Operating Junction Tem perature -55 to +150 °C
*These ratings are limiting ich device may be impaired.
Thermal Characteristics
Symbol Parameter Value Units
Py Power Dissipation 1.4 w
Ry Thermal Resistance, Junction to Ambient,* per leg 85 °CIW
Ray Thermal Resistance, Junction to Lead,* per leg 20 °C/W
*Device mounted on PCB with 0.5-0.5" (13x13 mm) lead length,
Electrical Characteristics 7, = 25°C unless othervise noted
Symbol Parameter De vice Units
Ve Forward Voltage, per bridge @ 0.5 A 1.0 \
Ir Reverse Current, per leg @ rated Vg Tp=25°C 5.0 A
T,=125°C 0.5 mA
1t rating for fusing t<8.3ms 5.0 AZs
Cr Total Capacitance, per leg
V=40V, f=1.0MHz 3 pF

The Transformer The transformer must convert the 120 V line voltage to an ac voltage
that will result in a rectified voltage that will produtéV+10%  when filtered. A typical
power transformer for mounting on a printed circuit board and a portion of a datasheet for


www.fairchildsemiconductor.com
www.fairchildsemiconductor.com
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APPLICATION ACTIVITY

the series are shown in Figure 2—88. Notice that transformer power is measured in VA
(volt-amps), not watts.

3. Use Equation 2-9 to calculate the required transformer secondary rms voltage.

4. From the partial datasheet in Figure 2—88, select an appropriate transformer based
on its secondary voltage (series) and a VA specification that meets the requirement.

5. Determine the required fuse rating.

Secondary Dimensions

Wit.
VA | Series Parallel H W L A B |Oz.

2.5 |10.0VCT @ 0.25A | 5.0V @ 0.5A 0.650 | 1.562 | 1.875 | 1.600 | 0.375 | 5
25 |126VCT @ 0.2A | 6.3V @ 0.4A 0.650 | 1.562 | 1.875 | 1.600 | 0.375 | 5
2.5 |16.0VCT @ 0.15A | 8.0V @ 0.3A 0.650 | 1.562 | 1.875 | 1.600 | 0.375 | S
2.5 [20.0V CT @ 0.125A| 10.0V @ 0.25A | 0.650 | 1.562 | 1.875 | 1.600 | 0.375 | 5
25 |240VCT @0.1A |12.0V @ 0.2A 0.650 | 1.562 | 1.875 | 1.600 | 0.375 | 5
2.5 [30.0VCT @ 0.08A | 15.0V @ 0.16A | 0.650 | 1.562 | 1.875 | 1.600 | 0.375 | 5
2.5 [34.0VCT @ 0.076A| 17.0V @ 0.15A | 0.650 | 1.562 | 1.875 | 1.600 | 0.375 | 5
2.5 [40.0VCT @ 0.06A | 20.0V @ 0.12A | 0.650 | 1.562 | 1.875 | 1.600 | 0.375 | 5
2.5 |56.0V CT @ 0.045A| 28.0V @ 0.09A | 0.650 |1.562 | 1.875| 1.600 | 0.375| 5
2.5 |88.0V CT @ 0.028A| 44.0V @ 0.056A| 0.650 | 1.562 | 1.875 | 1.600 | 0.375 | 5
2.5 |120.0V CT @ 0.02A| 60.0V @ 0.04A | 0.650 | 1.562 | 1.875 | 1.600 | 0.375 | 5
2.5 [230.0V CT @ 0.01A| 115.0V @ 0.02A| 0.650 | 1.562 | 1.875 | 1.600 | 0.375 | 5
6.0 |10.0V.CT @ 0.6A |5.0V@ 1.2A 0.875 | 1.562 | 1.875 | 1.600 | 0.375 | 7
6.0 |12.0V CT @ 0.475A| 6.3V @ 0.95A 0.875 | 1.562 | 1.875 | 1.600 | 0.375 | 7
6.0 |16.0V CT @ 0.375A| 8.0V @ 0.75A 0.875 | 1.562 | 1.875 | 1.600 | 0.375 | 7
6.0 |20.0VCT @ 0.3A |10.0V @ 0.6A 0.875 | 1.562 | 1.875 | 1.600 | 0.375 | 7

6.0 |24.0VCT @ 0.25A | 12.0V @ 0.5A 0.875 | 1.562 | 1.875 | 1.600 | 0.375 | 7

FIGURE 2-88

Typical pc-mounted power transformer and data. Volts are rms.

The Filter Capacitor The capacitance of the filter capacitor must be sufficiently large to
provide the specified ripple.

6. Use Equation 2—-11 to calculate the peak-to-peak ripple voltage, assuming
VDC =5 16V

7. Use Equation 2—-12 to calculate the minimum capacitance valu® Use4 (),
calculated on page 89.

Simulation

In the development of a new circuit, it is sometimes helpful to simulate the circuit using a
software program before actually building it and committing it to hardware. We will use
Multisim to simulate this power supply circuit. Figure 2—89 shows the simulated power
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(a) Multisim circuit saeen

L= mulated Tektranks decillascage- K501

Teldromady  FTit Fidd R, e 1"

Inwert

0t

'
CH1 100m ims

(c) Ripplevoltage is lessthan300 mV pp ¢)) DC autput voltage with filter capaitor
(near top osaeen)
FIGURE 2-89

Power supply simulation.
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APPLICATION ACTIVITY

supply circuit with a load connected and scope displays of the output voltage with and
without the filter capacitor connected. The filter capacitor vallg80DuF is the next

highest standard value closest to the minimum calculated value required. A load resistor
value was chosen to draw a current equal to or greater than the specified maximum load
current.

16V
250mA

R = = 640

The closest standard valuesig ), which draws 258 mA at 16 V and which meets and
exceeds the load current specification.

8. Determine the power rating for the load resistor.

To produce a dc output of 16 V, a peak secondary voltage of 161V V = 17.4 V is
required. The rms secondary voltage must be

Vrms(seq = 0-70Np(se<) = 0707(16\/ + 14V) = 12.3V

m A standard transformer rms output voltage is 12.6 V. The transformer specification
required by Multisim is

Be very careful to not touch the
line voltage connections to the 120 V:12.6 V= 9.52:1
transformer primary. In normal
practice, the board is housed in The dc voltmeter in Figure 2—89(a) indicates an output voltage of 16.209 V, which is
a protective box to prevent the well within the 16 V+10%requirement. In part (c), the scope is AC coupled and set
possibility of contact with the at 100 mV/division. You can see that the peak-to-peak ripple voltage is less than 300 mV,
120V ac line. which is less than 480 mV, corresponding to the specified maximum ripple factor

of 3%.

=

Build and simulate the circuit using your Multisim software. Observe the operatig
with the virtual oscilloscope and voltmeter.

Prototyping and Testing

Now that all the components have been selected, the prototype circuit is constructed and
tested. After the circuit is successfully tested, it is ready to be finalized on a printed
circuit board.

Lab Experiment

"—uE! To build and test a similar circuit, go to Experiment 2 in your lab manual

r (Laboratory Exercises for Electronic Devideg David Buchla and Steven
Wetterling).

The Printed Circuit Board

The circuit board is shown in Figure 2—90. There are additional traces and connection
points on the board for expansion to a regulated power supply, which will be done in
Chapter 3. The circuit board is connected to the ac voltage and to a power load resistor
via a cable. The power switch shown in the original schematic will be on the PC board
housing and is not shown for the test setup. A DMM measurement of the output voltage
indicates a correct value. Oscilloscope measurement of the ripple shows that it is within
specifications.
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-~ i W

Ivert

_____

Temporary
jumper wire

Rectifier

FIGURE 2-90

Testing the power supply printed circuit board. The 62 () load is a temporary test load to check ripple
when the power supply is used at its maximum rated current.

Troubleshooting

For each of the scope output voltage measuremants in Figure 2—91,determine the likely
fault or faults, if any.

(b) (d)

FIGURE 2-91

Output voltage measurements on the power supply circuit.
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SUMMARY OF POWER SuPPLY RECTIFIERS ¢ 9

SUMMARY OF DIODE BIAS

3IAS: PERMITS MAJORITY-CARRIER CURRENT

m Bias voltage connections: positive to anode (A); negative to cathode (K).

ﬁ m The bias voltage must be greater than the barrier potential.
m Barrier potential: 0.7 V for silicon.
®  Majority carriers provide the forward current.
II |
+ | .

VB\AS

I"l“““IAS PREVENTS MAJORITY-CARRIER CURRENT

Bias voltage connections: positive to cathode (K); negative to anode (A).

m The depletion region narrows.

® The bias voltage must be less than the breakdown voltage.
® There is no majority carrier current after transition time.

®  Minority carriers provide a negligibly small reverse current.

|I ¥ = The depletion region widens.

SUMMARY OF POWER SUPPLY RECTIFIERS

|||| RECTIFIER

= Peak value of output:
Voouy = Vp(seg — 0.7V

+
§| |% Vout = Average value of output:
- V,
_ Vplouy
L Vave = —

/\ /\ = Diode peak inverse voltage:
j\ /\ PIV = Vp(sec)

Output voltage waveform

m'IIMIPED FULL-WAVE RECTIFIER
> = Peak value of output:
— " m Average value of output:
g

Vout
=_ Vave = zvz(-out)
/W\/W\/\ = Diode peak inverse voltage:
PIV = 2Vpouy + 0.7V

Output voltage waveform
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“II“GE FULL-WAVE RECTIFIER

Vp(out) 5 Vp(sec) | I
§| | E = Average value of output:
+ 2V,
plouy
Vout VAVG ii T

SUMMARY
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= Peak value of output:

= Diode peak inverse voltage:

/\/\/\/\/\/\/\ PIV. = Vpouy + 0.7 V

Output voltage waveform

Section 2-1

Section 2-2

Section 2-3

Section 2-4

Section 2-5

L 2

L 2R 2K NN JER JEE 2N 4 L 2

*

L 2R 4

L JER K NN JER 2R 4

*

There is current through a diode only when it is forward-biased. Ideally, there is no current
when there is no bias nor when there is reverse bias. Actually, there is a very small current
in reverse bias due to the thermally generated minority carriers, but this can usually be
neglected.

Avalanche occurs in a reverse-biased diode if the bias voltage equals or exceeds the breakdown
voltage.

A diode conducts current when forward-biased and blocks current when reversed-biased.
Reverse breakdown voltage for a diode is typically greater than 50 V.

The V-1 characteristic curve shows the diode current as a function of voltage across the diode.
The resistance of a forward-biased diode is calledyhamicor ac resistance.

Reverse current increases rapidly at the reverse breakdown voltage.

Reverse breakdown should be avoided in most diodes.

The ideal model represents the diode as a closed switch in forward bias and as an open switch in
reverse bias.

The practical model represents the diode as a switch in series with the barrier potential.

The complete model includes the dynamic forward resistance in series with the practical model
in forward bias and the reverse resistance in parallel with the open switch in reverse bias.

A dc power supply typically consists of a transformer, a diode rectifier, a filter, and a regulator.

The single diode in a half-wave rectifier is forward-biased and conduct8®dr of the input
cycle.

The output frequency of a half-wave rectifier equals the input frequency.

PIV (peak inverse voltage) is the maximum voltage appearing across the diode in reverse bias.
Each diode in a full-wave rectifier is forward-biased and conducts3@t of the input cycle.
The output frequency of a full-wave rectifier is twice the input frequency.

The two basic types of full-wave rectifier are center-tapped and bridge.

The peak output voltage of a center-tapped full-wave rectifier is approximately one-half of the
total peak secondary voltage less one diode drop.

The PIV for each diode in a center-tapped full-wave rectifier is twice the peak output voltage
plus one diode drop.

The peak output voltage of a bridge rectifier equals the total peak secondary voltage less two
diode drops.

The PIV for each diode in a bridge rectifier is approximately half that required for an equivalent
center-tapped configuration and is equal to the peak output voltage plus one diode drop.
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Section 2-6

Section 2-7

Section 2-8

Section 2-9

Section 2-10
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*

A capacitor-input filter provides a dc output approximately equal to the peak of its rectified
input voltage.

Ripple voltage is caused by the charging and discharging of the filter capacitor.

The smaller the ripple voltage, the better the filter.

Regulation of output voltage over a range of input voltages is dapedor line regulation.
Regulation of output voltage over a range of load currents is ¢alddegulation.

Diode limiters cut off voltage above or below specified levels. Limiters are also cliipdrs.
Diode clampers add a dc level to an ac voltage.

L 2BR 2R JER 2R JER R 4

Voltage multipliers are used in high-voltage, low-current applications such as for electron beam
acceleration in CRTs and for particle accelerators.

*

A voltage multiplier uses a series of diode-capacitor stages.
Input voltage can be doubled, tripled, or quadrupled.

A datasheet provides key information about the parameters and characteristics of an electronic
device.

L 2R 4

A diode should always be operated below the absolute maximum ratings specified on the datasheet.
Many DMMs provide a diode test function.

DMNMs display the diode drop when the diode is operating properly in forward bias.

Most DMMs indicate “OL” when the diode is open.

Troubleshooting is the application of logical thought combined with a thorough knowledge of
the circuit or system to identify and correct a malfunction.

® 6 6 o o

*

Troubleshooting is a three-step process of analysis, planning, and measurement.

*

Fault analysis is the isolation of a fault to a particular circuit or portion of a circuit.

Key terms and other bold terms in the chapter are defined in the end-of-book glossary.

Bias The application of a dc voltage to a diode to make it either conduct or block current.
Clamper A circuit that adds a dc level to an ac voltage using a diode and a capacitor.

DC power supply A circuit that converts ac line voltage to dc voltage and supplies constant power
to operate a circuit or system.

Diode A semiconductor device with a singlejunction that conducts current in only one direction.

Filter In a power supply, the capacitor used to reduce the variation of the output voltage from a
rectifier.

Forward bias The condition in which a diode conducts current.

Full-wave rectifier A circuit that converts an ac sinusoidal input voltage into a pulsating dc voltage
with two output pulses occurring for each input cycle.

Half-wave rectifier A circuit that converts an ac sinusoidal input voltage into a pulsating dc voltage
with one output pulse occurring for each input cycle.

Limiter A diode circuit that clips off or removes part of a waveform above and/or below a specified
level.

Line regulation The change in output voltage of a regulator for a given change in input voltage,
normally expressed as a percentage.

Load regulation The change in output voltage of a regulator for a given range of load currents,
normally expressed as a percentage.

Peak inverse voltage (PIV) The maximum value of reverse voltage across a diode that occurs at
the peak of the input cycle when the diode is reverse-biased.

Rectifier An electronic circuit that converts ac into pulsating dc; one part of a power supply.

Regulator An electronic device or circuit that maintains an essentially constant output voltage for
a range of input voltage or load values; one part of a power supply.

Reverse bias The condition in which a diode prevents current.

Ripple voltage The small variation in the dc output voltage of a filtered rectifier caused by the
charging and discharging of the filter capacitor.
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Troubleshooting A systematic process of isolating, identifying, and correcting a fault in a circuit
or system.

V-l characteristic A curve showing the relationship of diode voltage and current.

94 ¢ DIODES AND APPLICATIONS

KEY FORMULAS

Vaias ) .
2-1 lgp = — Forward current, ideal diode model
Rumir
Veias — VE N
2-2 lgp=—77"— Forward current, practical diode model
Rumir
Vo
2-3 Vave = . Half-wave average value
2-4 Voouy = Vi) — 0.7V Peak half-wave rectifier output (silicon)
2-5 PIV = Vyin Peak inverse voltage, half-wave rectifier
2Vp
2-6 Vavg = e Full-wave average value
VSEC
2-7 Vout = 5~ 0.7V Center-tapped full-wave output
2-8 PIV = 2Vpouw + 0.7V Peak inverse voltage, center-tapped rectifier
2-9 Voouy = Vpeeg — 1.4V Bridge full-wave output
2-10 PIV = Vpouw + 0.7V Peak inverse voltage, bridge rectifier
Y
2-11 r = (oP) Ripple factor
Vbe
2-12 Vi (pp) = (fR,_C)Vp(’ec‘) Peak-to-peak ripple voltage, capacitor-input filter
1 N )
2-13 Vpc = (1 = m)vp(rect) DC output voltage, capacitor-input filter

AV
2-14  Lineregulation = <ﬂ
AV

>100%
IN

Vae — V
2-15 Load regulation = (%)100%
FL

TRUE/FALSE QUIZ Answers can be found at www.pearsonhighered.com/floyd.

. The two regions of a diode are the anode and the collector.

[Eny

. A diode can conduct current in two directions with equal ease.

. A diode conducts current when forward-biased.

. When reverse-biased, a diode ideally appears as a short.

. Two types of current in a diode are electron and hole.

. A basic half-wave rectifier consists of one diode.

. The output frequency of a half-wave rectifier is twice the input frequency.
. The diode in a half-wave rectifier conducts for half the input cycle.

© 00 N o o~ DN

. PIV stands for positive inverse voltage.
. Each diode in a full-wave rectifier conducts for the entire input cycle.

[
[ =)

. The output frequency of a full-wave rectifier is twice the input frequency.

[y
N

. A bridge rectifier uses four diodes.
. In a bridge rectifier, two diodes conduct during each half cycle of the input.

=
AW

. The purpose of the capacitor filter in a rectifier is to convert ac to dc.

[EnY
o1

. The output voltage of a filtered rectifier always has some ripple voltage.
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16.
17.
18.
19.
20.
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CircuIT-AcCTION Quiz

A smaller filter capacitor reduces the ripple.

Line and load regulation are the same.

A diode limiter is also known as a clipper.

The purpose of a clamper is to remove a dc level from a waveform.
Voltage multipliers use diodes and capacitors.

Answers can be found at www.pearsonhighered.com/floyd.

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

When a diode is forward-biased and the bias voltage is increased, the forward current will
(a) increase (b) decrease (c) not change

. When a diode is forward-biased and the bias voltage is increased, the voltage across the diode

(assuming the practical model) will
(a) increase (b) decrease (c) not change

. When a diode is reverse-biased and the bias voltage is increased, the reverse current (assuming

the practical model) will
(a) increase (b) decrease (c) not change

. When a diode is reverse-biased and the bias voltage is increased, the reverse current (assuming

the complete model) will
(a) increase (b) decrease (c) not change

. When a diode is forward-biased and the bias voltage is increased, the voltage across the diode

(assuming the complete model) will
(a) increase (b) decrease (c) not change

. If the forward current in a diode is increased, the diode voltage (assuming the practical model) will

(a) increase (b) decrease (c) not change

. If the forward current in a diode is decreased, the diode voltage (assuming the complete model) will

(a) increase (b) decrease (c) not change

. If the barrier potential of a diode is exceeded, the forward current will

(a) increase (b) decrease (c) not change

. If the input voltage in Figure 2—28 is increased, the peak inverse voltage across the diode will

(a) increase (b) decrease (c) not change

If the turns ratio of the transformer in Figure 2—28 is decreased, the forward current through the
diode will

(a) increase (b) decrease (c) not change

If the frequency of the input voltage in Figure 2—36 is increased, the output voltage will

(a) increase (b) decrease (c) not change

If the PIV rating of the diodes in Figure 2—36 is increased, the current thRpwgiti

(a) increase (b) decrease (c) not change

If one of the diodes in Figure 2—41 opens, the average voltage to the load will

(a) increase (b) decrease (c) not change

If the value ofR_in Figure 2—41 is decreased, the current through each diode will

(a) increase (b) decrease (c) not change

If the capacitor value in Figure 2—48 is decreased, the output ripple voltage will

(a) increase (b) decrease (c) not change

If the line voltage in Figure 2-51 is increased, ideallyithé/ output will

(a) increase (b) decrease (c) not change

If the bias voltage in Figure 2-55 is decreased, the positive portion of the output voltage will
(a) increase (b) decrease (c) not change

If the bias voltage in Figure 2-55 is increased, the negative portion of the output voltage will
(a) increase (b) decrease (c) not change
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19. If the value ofR; in Figure 2—61 is decreased, the positive output voltage will

96 ¢ DIODES AND APPLICATIONS

(a) increase (b) decrease (c) not change
20. If the input voltage in Figure 2—65 is increased, the peak negative value of the output voltage will
(a) increase (b) decrease (c) not change

SELF-TEST Answers can be found at www.pearsonhighered.com/floyd.

Section 2-1 1. The termbiasmeans
(a) the ratio of majority carriers to minority carriers
(b) the amount of current across a diode
(c) a dc voltage is applied to control the operation of a device
(d) neither (a), (b), nor (c)
2. To forward-bias a diode,
(a) an external voltage is applied that is positive at the anode and negative at the cathode
(b) an external voltage is applied that is negative at the anode and positive at the cathode
(c) an external voltage is applied that is positive apthegion and negative at tineegion
(d) answers (a) and (c)
3. When a diode is forward-biased,
(a) the only current is hole current
(b) the only current is electron current
(c) the only current is produced by majority carriers
(d) the current is produced by both holes and electrons
4. Although current is blocked in reverse bias,
(a) there is some current due to majority carriers
(b) there is a very small current due to minority carriers
(c) there is-an avalanche current
5. For a silicon diode, the value of the forward-bias voltage typically
(a) must be greater than 0.3 V
(b) must be greater than 0.7 V
(c) depends on the width of the depletion region
(d) depends on the concentration of majority carriers
6. When forward-biased, a diode
(a) blocks current (b) conducts current
(c) has a high resistance (d) drops a large voltage
Section 2-2 7. A diode is normally operated in
(a) reverse breakdown (b) the forward-bias region
(c) the reverse-bias region (d) either (b) or (c)
8. The dynamic resistance can be important when a diode is
(a) reverse-biased (b) forward-biased
(c) in reverse breakdown (d) unbiased
9. TheV-I curve for a diode shows
(a) the voltage across the diode for a given current
(b) the amount of current for a given bias voltage
(c) the power dissipation
(d) none of these
Section 2-3  10. Ideally, a diode can be represented by a
(a) voltage source (b) resistance (c) switch (d) all of these
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In the practical diode model,

(a) the barrier potential is taken into account

(b) the forward dynamic resistance is taken into account
(c) none of these

(d) both (a) and (b)

In the complete diode model,

(a) the barrier potential is taken into account

(b) the forward dynamic resistance is taken into account
(c) the reverse resistance is taken into account

(d) all of these

The average value of a half-wave rectified voltage with a peak value of 200 V is
(@ 63.7V (b)) 1272V (c) 141V (d) OV

When a 60 Hz sinusoidal voltage is applied to the input of a half-wave rectifier, the output fre-
quency is

(a) 120 Hz (b) 30 Hz (c) 60 Hz (d) 0 Hz

The peak value of the input to a half-wave rectifier is 10 V. The approximate peak value of the
output is

(@) 10V (b) 3.18V  (c) 10.7V ~ (d) 9.3V

For the circuit in Question 15, the diode must be able to withstand a reverse voltage of

(a) 10V (b) 5V (c) 20V (d) 3.18V

The average value of a full-wave rectified voltage with a peak value of 75 V is

(a) 53V (b) 478V (c) 375V  (d) 239V

When a 60 Hz sinusoidal voltage is applied to the input of a full-wave rectifier, the output fre-
quency is

(&) 120Hz  (b) 60 Hz () 240Hz  (d) OHz

The total secondary voltage in a center-tapped full-wave rectifier is 125 V rms. Neglecting the
diode drop, the rms output voltage is

(@ 125V (b) 177V (c) 100V  (d) 625V

When the peak output voltage is 100 V, the PIV for each diode in a center-tapped full-wave
rectifier is (neglecting the diode drop)

(@ 100V (b) 200V (c) 141V  (d) 50V

When the rms output voltage of a bridge full-wave rectifier is 20 V, the peak inverse voltage
across the diodes is (neglecting the diode drop)

(a) 20V (b) 40V (c) 283V  (d) 56.6 V

The ideal dc output voltage of a capacitor-input filter is equal to
(a) the peak value of the rectified voltage

(b) the average value of the rectified voltage

(c) the rms value of the rectified voltage

A certain power-supply filter produces an output with a ripple of 100 mV peak-to-peak and a
dc value of 20 V. The ripple factor is

(@) 0.05  (b) 0.005 (c) 0.00005 (d) 0.02

A 60 V peak full-wave rectified voltage is applied to a capacitor-input filtée £20 Hz,
R =10 kQ, andC= 10 uF, the ripple voltage is

(@ 06V (b)) 6mV (c) 5.0V (d) 2.88V

If the load resistance of a capacitor-filtered full-wave rectifier is reduced, the ripple voltage
(a) increases (b) decreases (c) is not affected (d) has a different frequency

Line regulation is determined by

(a) load current

(b) zener current and load current
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(c) changes in load resistance and output voltage

(d) changes in output voltage and input voltage
27. Load regulation is determined by

(a) changes in load current and input voltage

(b) changes in load current and output voltage

(c) changes in load resistance and input voltage

(d) changes in zener current and load current

Section 2-7  28. A 10 V peak-to-peak sinusoidal voltage is applied across a silicon diode and series resistor.
The maximum voltage across the diode is

(@ 9.3v (b)5V (c) 0.7V (d) 10V  (e) 43V
29. In a certain biased limiter, the bias voltage is 5 V and the input is a 10 V peak sine wave. If the

positive terminal of the bias voltage is connected to the cathode of the diode, the maximum
voltage at the anode is

(a) 10V (b) 5V (c) 5.7V (d) 0.7V
30. In a certain positive clamper circuit, a 120 V rms sine wave is applied to the input. The dc
value of the output is

(@ 1193V (b) 169V  (c) 60V (d) 75.6 V
Section 2-8 31. The input of a voltage doubler is 120 V rms. The peak-to-peak output is approximately
(@ 240V  (b) 60V (c) 167V  (d) 339V
32. If the input voltage to a voltage tripler has an rms value of 12V, the dc output voltage is
approximately

(@ 36V (b) 509V  (c) 339V . (d) 324V

Section 2-10  33. When a silicon diode is working properly in forward bias, a DMM in the diode test position
will indicate

(@ ov (b) OL (c) approximately 0.7V (d) approximately 0.3 V

34. When a silicon diode is open, a DMM will generally indicate
(@ ov (b) OL (c) approximately 0.7V (d) approximately 0.3 V

35. In a rectifier circuit, if the secondary winding in the transformer opens, the output is
(@ ov (b) 120V (c) less than it should be (d) unaffected

36. If one of the diodes in a bridge full-wave rectifier opens, the output is
(@ ov (b) one-fourth the amplitude of the input voltage
(c) a half-wave rectified voltage (d) a 120 Hz voltage

37. If you are checking a 60 Hz full-wave bridge rectifier and observe that the output has a 60 Hz
ripple,
(a) the circuit is working properly (b) there is an open diode
(c) the transformer secondary is shorted (d) the filter capacitor is leaky

PROBLEMS Answers to all odd-numbered problems are at the end of the book.

BASIC PROBLEMS
Section 2-1 Diode Operation

1. To forward-bias a diode, to which region must the positive terminal of a voltage source be
connected?

2. Explain why a series resistor is necessary when a diode is forward-biased.

Section 2-2  Veltage-Current Characteristic of a Diode
3. Explain how to generate the forward-bias portion of the characteristic curve.
4. What would cause the barrier potential of a silicon diode to decrease from 0.7 V to 0.6 V?
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Section 2-3

FIGURE 2-92

Multisim file circuits are identified
with a logo and are in the Problems
folder on the companion website.
Filenames correspond to figure

numbers (e.g., F02-92).

Section 2-4

FIGURE 2-93

FIGURE 2-94
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PROBLEMS

Diode Models

@

©

A Il
100
5V — i 560
- — 8V
o T-
= =
(b)

. Determine whether each silicon diode in Figure 2—92 is forward-biased or reverse-biased.

. Determine the voltage across each diode in Figure 2—92, assuming the practical model.

. Determine the voltage across each diode in Figure 2—92, assuming an ideal diode.

. Determine the voltage across each diode in Figure 2—92, using the complete diode model with

rq = 10Q andrg = 100 MQ .

100 vV
— 11+

+

10 kO 10 kO

+ 1.0k 1.5 K 4.7 KO

20V

+

4.7 K

Half-Wave Rectifiers

9.

+5V

n R§ Vlﬂ R
0 470 Vout 0 3.3k0 < Vou

-5V -50V

@

10.
11.
12.
13.

14.

120V rms | | R

T

Draw the output voltage waveform for each circuit in Figure 2—93 and include the voltage values.

o g <

+50V

L Rt
(b)
What is the peak inverse voltage across each diode in Figure 2—-937?
Calculate the average value of a half-wave rectified voltage with a peak value of 200 V.

What is the peak forward current through each diode in Figure 2-93?

A power-supply transformer has a turns ratio of 5:1. What is the secondary voltage if the pri-
mary is connected to a 120 V rms source?

Determine the peak and average power deliver&y o Figure 2-94.
2:1
()

2200

ilf-e
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Section 2-5  Full-Wave Rectifiers
15. Find the average value of each voltage in Figure 2—-95.

S5V - 100V |~
ov ov

@ (b)
20V

PMAVAYAYA

w| UV VY

1oV

oV
© (d)
FIGURE 2-95

16. Consider the circuit in Figure 2—96.
(a) What type of circuit is this?
(b) What is the total peak secondary voltage?
(c) Find the peak voltage across each half of the secondary.
(d) Sketch the voltage waveform acrégs
(e) What is the peak current through each diode?
(f) What is the PIV for each diode?

FIGURE 2-96 41 >
Dl
o o

120V rms | | [

L T b, 1.0kQ

17. Calculate the peak voltage across each half of a center-tapped transformer used in a full-wave
rectifier that has an average output voltage of 120 V.

18. Show how to connect the diodes in a center-tapped rectifier in order to produce a negative-going
full-wave voltage across the load resistor.

19. What PIV rating is required for the diodes in a bridge rectifier that produces an average output
voltage of 50 V?

20. The rms output voltage of a bridge rectifier is 20 V. What is the peak inverse voltage across the
diodes?

21. Draw the output voltage waveform for the bridge rectifier in Figure 2—97. Notice that all the
diodes are reversed from circuits shown earlier in the chapter.
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FIGURE 2-97 (W
W . |
120V rms g

Section 2-6  Power Supply Filters and Regulators

22. A certain rectifier filter produces a dc output voltage of 75 V with a peak-to-peak ripple volt-
age of 0.5 V. Calculate the ripple factor.

23. A certain full-wave rectifier has a peak output voltage of 30 V. A50 F capacitor-input filter is
connected to the rectifier. Calculate the peak-to-peak ripple and the dc output voltage devel-
oped across @00() load resistance.

24. What is the percentage of ripple for the rectifier filter in Problem 23?

25. What value of filter capacitor is required to produce a 1% ripple factor for a full-wave rectifier
having a load resistance bbk(? Assume the rectifier produces a peak output of 18 V.

26. A full-wave rectifier produces an 80 V peak rectified voltage from a 60 Hz ac source. If a
10uF filter capacitor is used, determine the ripple factor for a load resistadO 6.

27. Determine the peak-to-peak ripple and dc output voltages in Figure 2—98. The transformer has
a 36 V rms secondary voltage rating, and the line voltage has a frequency of 60 Hz.

28. Refer to Figure 2—-98 and draw the following voltage waveforms in relationship to the input
waveforms Vg, Vap, andVep. A double letter subscript indicates a voltage from one point to
another.

29. If the no-load output voltage of a regulator is 15.5 V and the full-load outpdi9d/1lwhat is
the percent load regulation?

30. Assume a regulator has a percent load regulation of 0.5%. What is the output voltage at full-
load if the unloaded output is 12.0 V?

FIGURE 2-98
120V rms
Section 2-7 Diode Limiters and Clampers
31. Determine the output waveform for the circuit of Figure 2—99.
FIGURE 2-99 R
° Wy
W +10V 100
Vi, OV Vou

-10V

II|—<D—|<—0
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32. Determine the output voltage for the circuit in Figure 2-100(a) for each input voltdge in (

(c), and (d).
Vin Vin
Rl
o MN ° o +25V | +12V
47kQ
Vin R2 Vout 0 t 0
47kQ
o _L o —25V | —12V|
(a) (b) ©

FIGURE 2-100

(d)

33. Determine the output voltage waveform for each circuit in Figure 2-101.

VH’]

+10V +10V
oV QW 10keS v, Vi OV Qv L0kQ S Vv,
-10V ~10V

5

®

+10 v
10K Ve

-10 V

— 11+

+200V
Vin OV

—-200V

©

(e, O O O
@) (b)
- +
—|1
+10V V +10V 3V
Vin 10kQZ Vou  Vin 0OV AV L0k < Vo
-10 v -10V
(e} O
(d) (e
FIGURE 2-101
34. Determine thdx_ voltage waveform for each circuit in Figure 2—102.
+5V +10V
Vin 0V Vin OV
-5V -10V
(a) (b)
FIGURE 2-102

35. Draw the output voltage waveform for each circuit in Figure 2—103.
36. Determine the peak forward current through each diode in Figure 2-103.
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FIGURE 2-103

2.2kQ
+30V

PROBLEMS
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R
2.2kQ
+30V
Vi, 0V Qv D, D,
30V

Vout Vih 0V ‘QW D, D, Vout
-30V
° M S ° M S
@) (b)
37. Determine the peak forward current through each diode in Figure&t2—10
38. Determine the output voltage waveform for each circuit in Figure2-10
FIGURE 2-104 o AN * ) o M * o
+30V 2.2k +30V 2.2k
Vin 0V AW + Vout Vin 0V + Vout
30V 12 V_ T 30V 122V
(e} O O O
= =
(@) (b)
o——AMN———0 o—AM\———0
+30V 2.2k +30V 2.2k
V\n oV QW Vout Vin oV Vout
12v 12V
-30V e -30V I
(e} O O O
(© (d)

39. Descrbe the output waveform of each circuit in Figure Z:1/ssume thé&kCtime constant is
much greater than the period of the input.

40. Repeat Prolem 39 with the diodes turned around.
FIGURE 2-105

C

+40_|

\% +15V
Vin OAQU* R Vou Vin O‘QU*
4V -15Vv
O

R Vo
® O O ® O
= =
@ (b)
C C
+8V | :
+1V
Vin 0 R Voul Vin OJ:b’ R Vout
-1V
-8V
O & _L O O ® O
()

(d)
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Section 2-8  Veltage Multipliers

41. A certain voltage doubler has 20 V rms on its input. What is the output voltage? Draw the cir-
cuit, indicating the output terminals and P1V rating for the diode.

42. Repeat Problem 41 for a voltage tripler and quadrupler.

Section 2-9  The Diode Datasheet

43. From the datasheet in Figure 2—71, determine how much peak inverse voltage that a 1N4002
diode can withstand.

44. Repeat Problem 43 for a 1N4007.

45. If the peak output voltage of a bridge full-wave rectifier is 50 V, determine the minimum value
of the load resistance that can be used when 1N4002 diodes are used.

Section 2-10  Troubleshooting

46. Consider the meter indications in each circuit of Figure 2-106, and determine whether the
diode is functioning properly, or whether it is open or shorted. Assume the ideal model.

FIGURE 2-106

680

(b)

47.Q

+

47 Q

X
© ©)

e

47. Determine the voltage with respect to ground at each point in Figure 2-107. Assume the practi-
cal model.

48. If one of the diodes in a bridge rectifier opens, what happens to the output?

FIGURE 2-107 D D
A .1| B 5 C |2| D
1.0kQ

Va1 == = Vs

25V T T_-8V

I||—0
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PROBLEMS

49. From the meter readings in Figure 2—108, determine if the rectifier is functioning properly. If it
is not, determine the most likely failure(s).

120V rms | |

100 uF

ek,
17

DMM3

W FIGURE 2-108

50. Each part of Figure 2-109 shows oscilloscope displays of various rectifier output voltages. In
each case, determine whether or not the rectifier is functioning properly and if it is not, deter-

mine the most likely failure(s).
/ NN TNV NV NN /\/\/\

(a) Output of a half-wave  (b) Output of a full-wave (c) Output of a full-wave (d) Output of same full-
unfiltered rectifier unfiltered rectifier filter wave filter as part (c)

FIGURE 2-109

51. Based on the values given, would you expect the circuit in Figure 2—110 to fail? If so, why?

Dy

W ) N
120V rms §||§1 <
— R

T 3300
D, Vrgm = 50V
lo =100 mA

APPLICATION ACTIVITY PROBLEMS

52. Determine the most likely failure(s) in the circuit of Figure 2—-111 for each of the following

symptoms. State the corrective action you would take in each case. The transformer has a rated
output of 10 V rms.

(a) No voltage from test point 1 to test point 2

(b) No voltage from test point 3 to test point 4

(c) 8V rms from test point 3 to test point 4

(d) Excessive 120 Hz ripple voltage at test point 6
(e) There is a 60 Hz ripple voltage at test point 6
(f) No voltage at test point 6
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FIGURE 2-111

53. In testing the power supply circuit in Figure 2—-111 withOk () load resistor connected,
you find the voltage at the positive side of the filter capacitor to have a 60 Hz ripple voltage.
You replace the bridge rectifier and check the point again but it still has the 60 Hz ripple.
What now?

54. Suppose the bridge rectifier in Figure 2—111 is connected backwards such that the transformer
secondary is now connected to the output pins instead of the input pins. What will be observed
at test point 6?

ADVANCED PROBLEMS

55. A full-wave rectifier with a capacitor-input filter provides a dc output voltage of 35 V to a
3.3k load. Determine the minimum value of filter capacitor if the maximum peak-to-peak
ripple voltage is to be 0.5'V.

56. A certain unfiltered full-wave rectifier with 120 V, 60 Hz input produces an output with a peak
of 15 V. When a capacitor-input filter and ®k{)  load are connected, the dc output voltage is
14 V. What is the peak-to-peak ripple voltage?

57. For a certain full-wave rectifier, the measured surge current in the capacitor filter is 50 A. The
transformer is rated for a secondary voltage of 24 V with a 120 V, 60 Hz input. Determine the
value of the surge resistor in this circuit.

58. Design a full-wave rectifier using an 18 V center-tapped transformer. The output ripple is not
to exceed 5% of the output voltage with a load resistan68Qx. Specliyheand PIV
ratings of the diodes and select an appropriate diode from the datasheet in Figure 2-71.

59. Design a filtered power supply that can produce dc output voltage8\éf+ 10% and
—9V + 10%with a maximum load current of 100 mA. The voltages are to be switch selec-
table across one set of output terminals. The ripple voltage must not exceed 0.25 V rms.

60. Design a circuit to limit a 20 V rms sinusoidal voltage to a maximum positive amplitude of
10 V and a maximum negative amplitude-&V using a single 14 V dc voltage source.

61. Determine the voltage across each capacitor in the circuit of Figure 2—112.

FIGURE 2-112 C,

1:1 I(
l I\
1uF

|E

120V rms
60 Hz

T

00000,

l-—p———s
O
ro ¥
3
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MULTISIM TROUBLESHOOTING PROBLEMS
W These file circuits are in the Troubleshooting Problems folder on the companion website.
62. Open file TSP02-62 and determine the fault.
63. Open file TSP02-63 and determine the fault.
64. Open file TSP02-64 and determine the fault.
65. Open file TSP02-65 and determine the fault.
66. Open file TSP02-66 and determine the fault.
67. Open file TSP02-67 and determine the fault.
68. Open file TSP02-68 and determine the fault.
69. Open file TSP02-69 and determine the fault.
70. Open file TSP02-70 and determine the fault.
71. Open file TSP02-71 and determine the fault.
72. Open file TSP02-72 and determine the fault.
73. Open file TSP02-73 and determine the fault.
74. Open file TSP02-74 and determine the fault.
75. Open file TSP02-75 and determine the fault.
76. Open file TSP02-76 and determine the fault.
77. Open file TSP02-77 and determine the fault.
78. Open file TSP02-78 and determine the fault.
79. Open file TSP02-79 and determine the fault.
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GreenTech Application 2: Solar Power e

In GreenTech Application 1, the photovoltaic cell and a basic solar power system were
introduced. The block diagram is shown again in Figure GA2—-1. You learned that the
basic components of a solar-powered system were the solar panel, the charge controller,
the batteries, and the inverter. Now we will continue the solar power coverage by focus-
ing on the charge controller and batteries.

— [ein=ne Batteris =~ Inverter > To & load
controller

Solar panel

FIGURE GA2-1

The Batteries

Deep-cycle (deep discharge) sealed lead-acid batteries are the most common batteries in
solar power systems because their initial cost is lower and they are readily available.
Unlike automobile batteries, which are shallow-cycle, deep-cycle batteries can be repeat-
edly discharged by as much as 80 percent of their capacity, although they will have a
longer life if the cycles are shallower.

Deep-cycle batteries are required in solar power systems simply because the sunlight is
not at its maximum all of the time—it is an intermittent energy source. When the light
intensity from the sun decreases because of clouds or goes away entirely at night, the out-
put from a solar panel drops drastically or goes to zero. During the periods of low light or
no light, the batteries will discharge significantly when a load is connected. Typically, the
voltage output of a solar panel must be at least 13.6 V to charge a 12 V battery. Solar pan-
els are usually rated at voltages higher than the nominal output. For example, most 12 V
solar panels produce 16 V to 20 V at optimal light conditions. The higher voltage outputs
are necessary so that the solar panel will still produce a sufficient charging voltage during
some nonoptimal conditions.

Battery Cainections Batteries can be connected in series to increase the output voltage

and in parallel to increase the ampere-hour capacity, as illustrated in Figure GA2-2 for any
number of batteries. Several series connections of batteries can be connected in parallel to
achieve both an increase in amp-hrs and output voltage. For example, assume a system uses
12V, 200 Ah batteries. If the system requires 12 V and 600 Ah, three parallel-connected
batteries are used. If the system requires 24 V and 200 Ah, two series-connected batteries are
used. If 24 V and 600 Ah are needed, three pairs of series batteries are connected in parallel.

L

Battery 1 Battery 2 Battery n

FIGURE GA2-2

VO ut
+ —

+ - + e

(a) Seris batteries

I { e _|_I Vo

+ B + 1

==

Battery 1 Battery 2 Battery n

(b) Parallel batterie
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GREENTECH APPLICATION

The Charge Controller

A solar charge controller is needed in solar power systems that use batteries to store
energy, with the exception of very low-power systems. The solar charge controller re
lates the power from the solar panels primarily to prevent overcharging the batteries.
Overcharging batteries reduce battery life and may damage the batteries.

Generally, there is no need for a charge controller with trickle-charge solar panels, su
those that produce five watts or less. A good rule-of-thumb is that if the solar panel prod
about two watts or less for each 50 battery amp-hrs (Ah), then you don’t need one. A
charge controller is required if the solar panel produces more than two watts for each 5
of battery rating. For example, a 12 V battery rated at 120 Ah will not require a charge
controller, as the following calculation shows, because the solar power is less than 5

<SpecifiedAh>2W = Solarpanelpower
S0AN = Solarpanelpowe
120Ah
< S0AR )ZW = (2.4)2W = 4.8W

In this case, the charging circuit is shown in Figure GA2—-3. The diode prevents the b
tery from discharging back through the solar panel when the panel voltage drops bel
the battery voltage. For example, when the solar panel is producing 16 V, the diode i
forward-biased and the battery is charging. When the battery voltage is 12 V and the
panel output drops to less than 12.7 V, the diode is reverse-biased and the battery ca
discharge back through the solar cells.

FIGURE GA2-3

Solar panel Battery
Simple trickle charging in a small

solar system (less than 5 W).

For solar systems of more than about 5 W, a charge controller is necessary. Basicall
charge controllers regulate the 16—20 V output of the typical 12 V solar panel down t
what the battery needs depending on the amount of battery charge, the type of batte
and the temperature. Solar panels produce more voltage at cooler temperatures.

Types of Charge Qarollers Three basic types of charge controllers are on/off, PWM,
and MPPT. The most basic controller is ohéoff type, which simply monitors the battery

voltage and stops the charging when the battery voltage reaches a specified level in org
prevent overcharging. It then restarts the charging once the battery voltage drops belo
determined value. Figure GA2—4 shows the basic concept. The switch shown represen
transistor that is turned on and off. (You will study transistors beginning in Chapter 4.) T
voltage of the battery is fed back to the control circuit. When the voltage is below a set |
value, the control circuit turns the switahto charge the battery. When the battery charges
to a set high value, the control circuit turns the swifEhThe diode prevents discharge back
through the control circuit when the output of the panel is lower than the battery.

From solar paneb o’(c * H—o To battery terminal

Control circuit

PWM (pulse width modulation) charge controllers gradually reduce the amount of po
applied to the batteries as the batteries get closer to full charge. This type of controll
allows the batteries to be more fully charged with less stress on the batteries. This e
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the life of the batteries and constantly maintains the batteries in a fully charged state
(called “float”) during sunlight hours. The PWM controller produces a series of pulses to
charge the batteries instead of a constant charge. The battery voltage is constantly moni-
tored to determine how to adjust the frequency of the pulses and the pulse widths. When
the batteries are fully charged and there is no load to drain them, the controller produces
very short pulses at a low rate or no pulses at all. When the batteries are discharged, long
pulses at a high rate are sent or the controller may go into a constant-charging mode, de-
pending on the amount of discharge.

Figure GA2-5 shows the basic concept of a PWM charge controller. In part (a), the PWM
and control circuit produces pulses based on the input from the sampling circuit. The
sampling circuit determines the actual battery voltage by sampling the voltage between
pulses. The diode acts as a rectifier and also blocks discharge of the battery back through
the charger at night. Part (b) demonstrates how the battery charges during each pulse and
how the width and the time between pulses change as the battery charges.

FIGURE GA2-5

B Basic concept of a PWM charge
From solar parel — Sl N—»—o Battery voltage |

contrd controller.

circuit

Sampling
circuit
(a) Block diagram
\oltage

PWM voltage x, Battery voltage

Full charge—| |—|/|—|

Time
(b) Waveforms

As you have learned, the output voltage of a solar panel varies greatly with the amount of
sunlight and with the air temperature. For this reason, solar panels with voltage ratings
higher than the battery voltage must be used in order to provide sufficient charging volt-
age to the battery under less than optimum conditions. As mentioned earli&f,solb2

panel may produce 20 under optimum conditions but can produce only a certain

amount of current. For example, if a solar panel can produce 8 A\4tit28 rated at

160 W. Batteries like to be charged at a voltage a little higher than their rated voltage. If a
12V battery is being charged at ¥4and it is drawing the maximum 8 A from the solar
panel, the power delivered to the battery is & A V14 112 W instead of the 160 W
produced by the solar panel at\20The batteries only stored 70% of the available energy
because the 1¥¢ battery cannot operate at 20

MPPT (maximum power point tracker) charge controllers eliminate much of the energy
loss found in the other types of controllers and produce much higher efficiencies. The
MPPT continuously tracks the input voltage and current from the solar panel to determine
when the peak input power occurs and then adjusts the voltage to the battery to optimize
the charging. This results in a maximum power transfer from the solar panel to the bat-
tery. In Figure GA2-6, the blue curve is the voltage-current characteristic for a certain
solar panel under a specified condition of incident light. The green curve is the power
showing where the peak occurs, which is in the knee of4heurve. If the incident light
decreases, the curves will shift down.
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GREENTECH APPLICATION 3

FIGURE GA2-6

Example of a solar panel V-I and
power curves.

The MPPT is basically a DC-to-DC converter. A simplified block diagram showing the
basic functional concept is shown in Figure GA2—7. Although there are several ways
which the MPPT can be implemented, the figure illustrates the basic functions. The
DC/AC converter, the transformer, and the AC/DC converter isolate the dc input from
dc output, so the output can be adjusted for maximum power. For example, if a 160
solar panel produces 20at 8 A, it needs to be reduced to approximately Y36
charge a 1% battery. A normal charger will not be able to provide more than 8 A at
13.6V (or 109 W), which means the panel is not being used efficiently and only 76%
the available power from the solar panel is used. An MPPT charge controller can suf
about 11 A at 13.% (150 W), thus decreasing the charging time and producing a bett
match between the panel and the battery. In this case, the panel is being used more
ciently because it is able to deliver about 94% of the available power to the battery.

DC-to-AC AC-to-DC VI To
MPPT 1 converter VLRI corverter | | reguator | . batteries

- |

FIGURE GA2-7

Basic concept of an MPPT charge controller.

QUESTIONS

Some questions may require research beyond the content of this coverage. Answers
be found at www.pearsonhighered.com/floyd.

1. Why must deep-cycle batteries be used in solar power systems?

Why should a 1%/ battery be charged at a higher than its rated voltage?
Which type of charge controller is the most efficient?

What range in terms of power is commercially available in charge controllers?

o &~ w DN

Two 12V, 250 Ah batteries are connected in series and then connected in par
with two more series-connected batteries of the same type. What is the total g
put voltage and Ah rating of the battery array?

The following websites are recommended for viewing charge controllers in action. M
other websites are also available.

http://www.youtube.com/watch?v=iifz1DxeaDQ
http://www.youtube.com/watch?v=P2XSbDRi6wo
http://www.youtube.com/watch?v=ITDh4aKXd80&feature=related
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CHAPTER OUTLINE

3-1 The Zener Diode
3-2  Zener Diode Applications
3-3  The Varactor Diode
3-4  Optical Diodes
- 3-5  Other Types of Diodes
3-6  Troubleshooting
Application Activity
Green Tech Application 3: Solar Power

CHAPTER OBJECTIVES

¢ Describe the characteristics of a zener diode and analyze
its operation

¢ Apply a zener diode in voltage regulation

# Describe the varactor diode characteristic and analyze its
operation

¢ Discuss the characteristics, operation, and applications of
LEDs, quantum dots, and photodiodes

¢ Discuss the basic characteristics of several types of diodes
Troubleshoot zener diode regulators

KEY TERMS

¢ Zener diode ¢ Electroluminescence

¢ Zener breakdown ¢ Pixel
¢ Varactor ¢ Photodiode
¢ Light-emitting diode (LED) ¢ Laser
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VISIT THE COMPANION WEBSITE

Study aids and Multisim files for this chapter are available at
http://www.pearsonhighered.com/electronics

INTRODUCTION

Chapter 2 was devoted to general-purpose and rectifier
diodes, which are the most widely used types. In this chapter,
we will cover several other types of diodes that are designed
for specific applications, including the zener, varactor (variable-
capacitance), light-emitting, photo, laser, Schottky, tunnel,
pin, step-recovery, and current regulator diodes.

APPLICATION ACTIVITY PREVIEW

The Application Activity in this chapter is the expansion of
the 16 V power supply developed in Chapter 2 intoa 12 V
regulated power supply with an LED power-on indicator. The
new circuit will incorporate a voltage regulator IC, which is
introduced in this chapter.

W/ udil)
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3—-1 THE ZenNerR DioDE

A major application for zener diodes is as a type of voltage regulator for providing
stable reference voltages for use in power supplies, voltmeters, and other instruments.
In this section, you will see how the zener diode maintains a nearly constant dc voltage
under the proper operating conditions. You will learn the conditions and limitations for
properly using the zener diode and the factors that affect its performance.

After completing this section, you should be able to

Describe the characteristics of a zener diode and analyze its operation
Recognize a zener diode by its schematic symbol
Discuss zener breakdown
+ Defineavalanche breakdown
o Explain zener breakdown characteristics
+ Describe zener regulation
Discuss zener equivalent circuits
Definetemperature coefficient
+ Analyze zener voltage as a function of temperature
o Discuss zener power dissipation and derating
+ Apply power derating to a zener diode
o Interpret zener diode datasheets

The symbol for a zener diode is shown in Figure 3—1. Instead of a straight line repre- Cathode (K)
senting the cathode, the zener diode has a bent line that reminds you of the letter Z (for
zener). Azener diode is a siliconpn junction device that is designed for operation in the
reverse-breakdown region. The breakdown voltage of a zener diode is set by carefully con-
trolling the doping level during manufacture. Recall, from the discussion of the diode char-
acteristic curve in Chapter 2, that when a diode reaches reverse breakdown, its voltage Anode (A)
remains almost constant even though the current changes drastically, and this is the key to
zener diode operation. This volt-ampere characteristic is shown again in Figure 3—2'witgURE 3-1
the normal operating region for zener diodes shown as a shaded area. Zener diode symbol.

e FIGURE 3-2

General zener diode V-I characteristic.

Breakdowrxl
Vz
Vr -
Reverse-
breakdown
region is/
normal
operating
region for
zener

diode Ir

Zener Breakdown

Zener diodes are designed to operate in reverse breakdown. Two types of reverse breakdown
in a zener diode asvalanche andzener. The avalanche effect, discussed in Chapter 2, occurs
in both rectifier and zener diodes at a sufficiently high reverse vollager breakdown
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HISTORY NOTE occurs in a zener diode at low reverse voltages. A zener diode is heavily doped to reduce the
breakdown voltage. This causes a very thin depletion region. As a result, an intense electric
field exists within the depletion region. Near the zener breakdown voltggehe field is in-

American physicist, was born in tense enough to pull electrons from their valence bands and create current.

Indianapolis and earned his PhD Zener diodes with breakdown voltages of less than approximately 5 V operate predom-
from Harvard in 1930. He was the inately in zener breakdown. Those with breakdown voltages greater than approximately
first to describe the properties of 5 V operate predominately avalanche breakdown. Both types, however, are called
reverse breakdown that are zener diodes. Zeners are commercially available with breakdown voltages from less than

exploited by the zener diode. As a 1V to more than 250 V with specified tolerances from 1% to 20%.
result, Bell Labs, where the device

was developed, named the diode Breakdown Characteristics

after him. He was also involved in
areas of superconductivity,
metallurgy, and geometric
programming.

Figure 3—-3 shows the reverse portion of a zener diode’s characteristic curve. Notice that as
the reverse voltag&/R) is increased, the reverse currdp} (emains extremely small up to

the “knee” of the curve. The reverse current is also called the zener clgrexitthis

point, the breakdown effect begins; the internal zener resistance, also called zener imped-
ance %), begins to decrease as the reverse current increases rapidly. From the bottom of
the knee, the zener breakdown voltayg) (remains essentially constant although it in-
creases slightly as the zener curréntincreases.

FIGURE 3-3

Reverse characteristic of a zener V, @1,
diode. V7 is usually specified at a Vr
value of the zener current known as

the test current.

__________ 17k (zener knee current)

___________ 17 (zener test current)

____________ Iz (zener maximum current)

Ir

Zener Regulation The ability to keep the reverse voltage across its terminals essentially
constant is the key feature of the zener diode. A zener diode operating in breakdown acts
as a voltage regulator because it maintains a nearly constant voltage across its terminals
over a specified range of reverse-current values.

A minimum value of reverse curreiigy, must be maintained in order to keep the diode
in breakdown for voltage regulation. You can see on the curve in Figure 3-3 that when the
reverse current is reduced below the knee of the curve, the voltage decreases drastically
and regulation is lost. Also, there is a maximum curiegt, above which the diode may
be damaged due to excessive power dissipation. So, basically, the zener diode maintains a
nearly constant voltage across its terminals for values of reverse current rangimgkfrom
tolzv. A nominal zener voltag®/z, is usually specified on a datasheet at a value of reverse
current called theener test current.

Zener Equivalent Circuits

Figure 3—4 shows the ideal model (first approximation) of a zener diode in reverse break-
down and its ideal characteristic curve. It has a constant voltage drop equal to the nominal
zener voltage. This constant voltage drop across the zener diode produced by reverse
breakdown is represented by a dc voltage symbol even though the zener diode does not
produce a voltage.
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o o FIGURE 3-4
vV Ideal zener diode equivalent circuit
Vr z 0 model and the characteristic curve.
+
L/
A - Vs
o o
IR
(a) Ideal model (b) Ideal characteristic curve

Figure 3-5(a) represents the practical model (second approximation) of a zener diode,
where the zener impedance (resistangg)ijs included. Since the actual voltage curve is
not ideally vertical, a change in zener currgxit,) produces a small change in zener volt-
age(AVz), as illustrated in Figure 3-5(b). By Ohm'’s law, the ratid\¢f to Al is the
impedance, as expressed in the following equation:

AVy
Z; = —=
27 Aly
Normally, Z7 is specified at the zener test current. In most cases, you can assufgeshat
a small constant over the full range of zener current values and is purely resistive. It is best

to avoid operating a zener diode near the knee of the curve because the impedance changes
dramatically in that area.

Equation 3-1

FIGURE 3-5
v, Practical zener diode equivalent
R - L
circuit and the characteristic curve
illustrating Z,.
o)
+
VZ
P +
A - l
o o
IR
(a) Practical model (b) Characteristic curve. The slope is gyerated for illustration.

For most circuit analysis and troubleshooting work, the ideal model will give very good
results and is much easier to use than more complicated models. When a zener diode is op-
erating normally, it will be in reverse breakdown and you should observe the nominal
breakdown voltage across it. M@shematics will indicate on the drawing what this volt-
age should be.


http://cbs.wondershare.com/go.php?pid=5261&m=db

mm Wondershare
H  PDFelement

116 ¢ SPECIAL-PURPOSE DIODES
EXAMPLE 3-1 A zener diode exhibits a certain chang&jfor a certain change iy on a portion of
the linear characteristic curve betwdeg andlzy, as illustrated in Figure 3—6. What
is the zener impedance?
FIGURE 3-6

Solution

Related Problem*

AV, =50 mV
—_— |— 0

Vr

_AVz  50mV
Al 5mA

Calculate the zener impedance if the change in zener voltage is 100 mV for a 20

change in zener current on the linear portion of the characteristic curve.

Z = 10Q

“Answers can be found at www.pearsonhighered.com/floyd.

Equation 3-2

Equation 3-3

Temperature Coefficient

The temperature coefficient specifies the percent change in zener voltage for each degree
Celsius change in temperature. For example, a 12 V zener diode with a positive temper-
ature coefficient 00.01%/°C will exhibit a 1.2 mV increase\fg when the junction
temperature increases one degree Celsius. The formula for calculating the change in
zener voltage for a given junction temperature change, for a specified temperature
coefficient, is

AVZ=V2XTCXAT

whereV; is the nominal zener voltage at the reference temperat@& 6fTC is the tem-

perature coefficient, andT is the change in temperature from the reference temperature.

A positive TC means that the zener voltage increases with an increase in temperature or

decreases with a decrease in temperature. A negié@iveeans that the zener voltage

decreases with an increase in temperature or increases with a decrease in temperature.
In some cases, the temperature coefficient is expressed/iC rather #h&Cas

For these casedV,; s calculated as

AVy; = TC X AT
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EXAMPLE 3-2 An 8.2 V zener diode (8.2 V @6°C ) has a positive temperature coefficient of
0.05%/°C.What is the zener voltage 60°C?

Solution  The change in zener voltage is
AVz = Vz X TC X AT = (8.2V)(0.05%/°C)(60°C— 25°C)
= (8.2V)(0.0005/°C)(35°C)= 144mV
Notice that0.05%/°C was converted @0005/°C. The zener voltaggOat is
Vz + AV; = 8.2V + 144mV = 8.34V

Related Problem A 12 V zener has a positive temperature coefficief®@75%/°C. How much will the
zener voltage change when the junction temperature decreases 50 degrees Celsius?

Zener Power Dissipation and Derating

Zener diodes are specified to operate at a maximum power called the maximum dc power
dissipation,Ppmaxy For example, the 1N746 zener is rated Bp@ax) of 500 mW and

the 1N3305A is rated atRpmax) 0of 50 W. The dc power dissipation is determined by the
formula,

Pp = Vzlz

Power Derating The maximum power dissipation of a zener diode is typically specified
for temperatures at or below a certain vah@C, for example). Above the specified tem-
perature, the maximum power dissipation is reduced according to a derating factor. The
derating factor is expressednmW/°C.  The maximum derated power can be determined
with the following formula:

Pb(derated)= Pb(max) = (MW/°C)AT

EXAMPLE 3-3 A certain zener diode has a maximum power rating of 400 mBU°& and a derating
factor of3.2mW/°C. Determine the maximum power the zener can dissipate at a tem-
perature 0B0°C.

Solution PD(derated)= PD(max) — (MW/°C)AT

= 400mW — (3.2mW/°C)(90°C— 50°C)
= 400mW — 128mW = 272mW

Related Problem A certain 50 W zener diode must be derated with a derating faddos\of/°C above
75°C.Determine the maximum power it can dissipate at 160°C.

Zener Diode Datasheet Information

The amount and type of information found on datasheets for zener diodes (or any category
of electronic device) varies from one type of diode to the next. The datasheet for some
zeners contains more information than for others. Figure 3—7 gives an example of the type
of information you have studied that can be found on a typical datasheet. This particular
information is for a zener series, the 1IN4728A—-1N4764A.


http://cbs.wondershare.com/go.php?pid=5261&m=db

118 ¢ SpPeciAL-PurpPOSE DIODES

Wondershare
PDFelement

e ——
FAIRCHILD
L ————

SEMICONDUCTOR®

1IN4728A - IN4764A

Zeners

DO-41 Glass case
‘COLOR BAND DENOTES CATHODE

Absolute Maximum Ratings * = 2s:c unless otenise noted

Symbol Parameter Value Units
Pp Power Dissipation 1.0 w
@ TL = 50°C, Lead Length = 3/8"
Derate above 50°C 6.67 mw/°C
T3 Tste Operating and Storage Temperature Range -65 to +200 °C
* These ratings are limiting values above which the serviceability of the diode may be impaired.
Electrical Characteristics = 2s:c unless otenwise noted
Vz (V) @ Iz (Note 1) Max. Zener Impedance |Leakage Current
Devi Test Current
evice ; I, (MA) 2@z | Zzx @ | Iz« Ir Vg
Min. Typ. Max. z
() Iz () | (MA) | (nA) V)
1N4728A 3315 3.3 3.465 76 10 400 1 100 1
1N4729A 3.42 3.6 3.78 69 10 400 1 100 1
1N4730A 3.705 3.9 4.095 64 9 400 1 50 1
1N4731A 4.085 4.3 4.515 58 9 400 1 10 1
1N4732A 4.465 47 4.935 53 8 500 1 10 1
1N4733A 4.845 5.1 5.355 49 7 550 1 10 1
1N4734A 5.32 5.6 5.88 45 5 600 1 10 2
1N4735A 5.89 6.2 6.51 41 2 700 1 10 3
1N4736A 6.46 6.8 7.14 37 35 700 1 10 4
1N4737A 7.125 75 7.875 34 4 700 0.5 10 5
1N4738A 7.79 8.2 8.61 31 45 700 0.5 10 6
1N4739A 8.645 9.1 9.555 28 5 700 0.5 10 7
1N4740A 9.5 10 10.5 25 7 700 0.25 10 7.6
1N4741A 10.45 n 1.55 23 8 700 0.25 5 8.4
1N4742A 1.4 12 12.6 21 9 700 0.25 5 9.1
1N4743A 12.35 13 13.65 19 10 700 0.25 5 9.9
1N4744A 14.25 15 15.75 17 14 700 0.25 5 1.4
1N4745A 15.2 16 16.8 15.5 16 700 0.25 5 12.2
1N4746A 17.1 18 18.9 14 20 750 0.25 5 13.7
1N4747A 19 20 21 125 22 750 0.25 5 15.2
1N4748A 20.9 22 23.1 ns 23 750 0.25 5 16.7
1NA4749A 2238 24 25.2 10.5 25 750 0.25 5 18.2
1N4750A 25.65 27 28.35 9.5 35 750 0.25 5 20.6
1N4751A 285 30 315 8.5 40 1000 0.25 5 228
1N4752A 31.35 33 34.65 7.5 45 1000 0.25 5 25.1
1N4753A 34.2 36 37.8 7 50 1000 0.25 5 27.4
1NA4754A 37.05 39 40.95 6.5 60 1000 0.25 5 29.7
1N4755A 40.85 43 45.15 6 70 1500 0.25 5 32.7
1N4756A 44.65 47 49.35 5.5 80 1500 0.25 5 35.8
1N4757A 48.45 51 53.55 5 95 1500 0.25 5 38.8
1N4758A 532 56 58.8 45 10 2000 0.25 5 426
1N4759A 58.9 62 65.1 4 125 2000 0.25 5 47.1
1N4760A 64.6 68 71.4 3.7 150 2000 0.25 5 51.7
1N4761A 71.25 75 78.75 3.3 175 2000 0.25 5 56
1N4762A 77.9 82 86.1 3 200 3000 0.25 5 62.2
1N4763A 86.45 91 95.55 2.8 250 3000 0.25 5 69.2
1N4764A 95 100 105 2.5 350 3000 0.25 5 76

Notes:

1. Zener Voltage (V2)
The zener voltage is measured with the device junction in the thermal equilibrium at the lead temperature (T,) at 30°C + 1°C and 3/8" lead length.

FIGURE 3-7

Partial datasheet for the TN4728A—1N4764A series 1 W zener diodes. Copyright Fairchild

Semiconductor Corporation. Used by permission. Datasheets are available at www.fairchildsemi.com.
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Absolute Maximum Ratings The maximum power dissipatioRp, is specified as

1.0 W up to50°C. Generally, the zener diode should be operated at least 20% below this
maximum to assure reliability and longer life. The power dissipation is derated as shown
on the datasheet at 6.67 mW for each degree i@ For example, using the proce-
dure illustrated in Example 3-3, the maximum power dissipati6é0°a is

Pp = 1W — 10°C(6.6/mW/°C) = 1W — 66.7mW = 0.9933W
At 125°C,the maximum power dissipation is
Pp = 1W — 75°C(6.6/mW/°C) = 1W — 500.25mW = 0.4998W

Notice that a maximum reverse current is not specified but can be determined from the
maximum power dissipation for a given valuevgf For example, @&0°C, the maximum
zener current for a zener voltage of 3.3 V is

Pp 1w
lzw = — = ——— = 303mA
M7y, 3.3V
The operating junction temperatullg,  and the storage tempefgigee, have a range

of from —65°Cto 200°C.

Electrical Characteristics The first column in the datasheet lists the zener type num-
bers, 1N4728A through 1N4764A.

Zener voltage,Vz, and zener test current]; For each device type, the minimum, typ-

ical, and maximum zener voltages are liskéd.  is measured at the specified zener test cur-
rent,1;. For example, the zener voltage for a 1N4728A can range from 3.315 V to 3.465 V
with a typical value of 3.3 V at a test current of 76 mA.

Maximum zener impedance Zy is the maximum zener impedance at the specified test
current,lz. For example, for a 1N47282; 18()  at 76 mA. The maximum zener im-
pedanceZzk, atthe knee of the characteristic curve is specifigd at which is the current
at the knee of the curve. For examplg; 409 at 1 mA for a IN4728A.

Leakage current Reverse leakage current is specified for a reverse voltage that is less
than the knee voltage. This means that the zener is not in reverse breakdown for these
measurements. For example 1B80uA for a reverse voltage of 1 V in a 1N4728A.

EXAMPLE 3-4 From the datasheet in Figure 3—7, a 1N4736A zener diodedyasf 8.5(). The
datasheet giveg; = 6.8 V at a test currenitz, of 37 mA. What is the voltage across
the zener terminals when the current is 50 mA? When the current is 25 mA? Figure 3-8
represents the zener diode.

o i o -1

+
I, Al §AVZ

FIGURE 3-8
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Solution  Forlz = 50 mA: The 50 mA current is a 13 mA increase above the test cugeoit,
37 mA.

120 ¢ SpPeciAL-PurpOSE DIODES

Aly = I; — 37mA = 50mA — 37mA = +13mA
AVy = Al;Z7 = (13mA)(3.50) = +45.5mV

The change in voltage due to the increase in current abolgualkie causes the
zener terminal voltage to increase. The zener voltage fer50 mA is

Vy; = 6.8V + AV, = 6.8V + 455mV = 6.85V

Forl; = 25 mA: The 25 mA current is a 12 mA decrease below the test cugreott,
37 mA.

Aly; = —12mA
AVy = AlyZ; = (-12mA)(3.5Q) = —42mV

The change in voltage due to the decrease in current below the test current causes the
zener terminal voltage to decrease. The zener voltagg for25 mA is

Vz = 6.8V — AV; = 6.8V — 42mV = 6.76V

Related Problem Repeat the analysis fof = 10 mA and fol; = 30 mA using a 1N4742A zener with
Vz; = 12V atl; = 21 mA andZ; = 9.

1 In what region of their characteristic curve are zener diodes operated?

At what value of zener current is the zener voltage normally specified?
e found at www.

! | LLLL
T How does the zener impedance affect the voltage across the terminals of the device?

What does a positive temperature coefficient of 0.05%/°C mean?
Explain power derating.

Sl b e

3—-2 ZeNER DIODE APPLICATIONS

The zener diode can be used as a type of voltage regulator for providing stable reference
voltages. In this section, you will see how zeners can be used as voltage references,
regulators, and as simple limiters or clippers.

After completing this section, you should be able to

Apply a zener diode in voltage regulation

Analyze zener regulation with a variable input voltage
Discuss zener regulation with a variable load
Describe zener regulation from no load to full load
Discuss zener limiting

O 0 odoo

Zener Regulation with a Variable Input Voltage

Zener diode regulators can provide a reasonably constant dc level at the output, but they are
not particularly efficient. For this reason, they are limited to applications that require only
low current to the load. Figure 3-9 illustrates how a zener diode can be used to regulate a dc
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FIGURE 3-9
DC power
supply - Zener regulation of a varying input
voltage.

|z increasing

R
N our J

©) 0

|, decreasig

Vin >Vz

(b) As the input voltage decreases, the output voltage remains nearly cdpgtart (< 1,),).

voltage. As the input voltage varies (within limits), the zener diode maintains a nearly con-
stant output voltage across its terminals. Howevey,ashanges|z will change propor-
tionally so that the limitations on the input voltage variation are set by the minimum and
maximum current valuesA andlzy,) with which the zener can operate. ResiRs the
series current-limiting resistor. The meters indicate the relative values and trends.

To illustrate regulation, let’s use the ideal model of the 1N4740A zener diode (ignoring
the zener resistance) in the circuit of Figure 3—10. The absolute lowest current that will
maintain regulation is specified g,  which for the 1N4740A is 0.25 mA and represents
the no-load current. The maximum current is not given on the datasheet but can be calcu-
lated from the power specification of 1 W, which is given on the datasheet. Keep in mind
that both the minimum and maximum values are at the operating extremes and represent
worst-case operation.

I:'D(max) 1w
lom = =~ = 100mA
M Vs 10V
R FIGURE 3-10
Wy * °
2200
+
_L 1N4740A 0V
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For the minimum zener current, the voltage acros22«) resistor is
Vg = IR = (0.25mA)(220Q) = 55mV
SinceVg = Viy — Vz,
Vinminy = VR + Vz = 55mV + 10V = 10.055V
For the maximum zener current, the voltage acros220€) resistor is
Vg = IzyR = (100mA)(220Q) = 22V
Therefore,
Vinmax) = 22V + 10V = 32V

This shows that this zener diode can ideally regulate an input voltage from 10.055 V to 32 V
and maintain an approximate 10 V output. The output will vary slightly because of the
zener impedance, which has been neglected in these calculations.

EXAMPLE 3-5

Solution

FIGURE 3-12

Equivalent of circuit in Figure
3-11.

Determine the minimum and the maximum input voltages that can be regulated by the
zener diode in Figure 3—11.

FIGURE 3-11 .
MWy ’ °
1000 *
T
Vin ;—: 1N4733A Vout

From the datasheet in Figure 3—7 for the 1IN4733A= 5.1 V atl; = 49 mA,
lzk = 1 mA, andZ; = 7Q at;. For simplicity, assume this value &f over the
range of current values. The equivalent circuit is shown in Figure 3-12.

AMN 05.1V+AV,
1000
70
e
Vin ﬂ:— +

At lzx = 1 mA, the output voltage is

Vout = 5.1V — AV; = 5.1V — (IZ T IZK)ZZ = 5.1V — (49mA = 1mA)(7 Q)
5.1V — (48mA)(7 Q) = 5.1V — 0.336V = 4.76V

Therefore,
VIN(min) = IZKR aF VOUT == (1 mA)(lOOQ) F 476V == 486V

To find the maximum input voltage, first calculate the maximum zener current. Assume
the temperature 80°C or below; so from Figure 3—7, the power dissipation is 1 W,
o= Pp(max) 1w
2l Vs 5.1V

= 196mA



http://cbs.wondershare.com/go.php?pid=5261&m=db

mm Wondershare
® pDFelement
ZENER DIODE APPLICATION

At Iz, the output voltage is

Voutr = 5.1V + AV = 5.1V + (Izw — 12)Z2
— 5.1V + (147mA)(7Q) = 5.1V + 1.03V = 6.13V

Therefore,
VIN(max) T IZMR + VOUT T (196mA)(1OOQ) + 6.13V = 25.7V

Related Problem  Determine the minimum and maximum input voltages that can be regulated if a
1N4736A zener diode is used in Figure 3—11.

Open the Multisim file E03-05 in the Examples folder on the companion websjte
For the calculated minimum and maximum dc input voltages, measure the resulting
output voltages. Compare with the calculated values.

Zener Regulation with a Variable Load

Figure 3—-13 shows a zener voltage regulator with a variable load resistor across the i
nals. The zener diode maintains a nearly constant voltage &ross  as long as th
current is greater thdgx  and less thap.

R “ FIGURE 3-13

Zener regulation with a variable

load.
+
Vin— 'z‘ IL‘ R

From No Load to Full Load

When the output terminals of the zener regulator are (lRer ©0), the load curr
zero andall of the current is through the zener; this is a no-load condition. When a
resistor(R.) is connected, part of the total current is through the zener and part thi==:
R_. The total current througR remains essentially constant as long as the zener is re-:
lating. AsR_ is decreased, the load currdpt, increasedand decreases. The zchcr
diode continues to regulate the voltage uigtil  reaches its minimum Value, At this
point the load current is maximum, and a full-load condition exists. The following exam-
ple will illustrate this.

EXAMPLE 3-6 Determine the minimum and the maximum load currents for which the zener diode in
Figure 3—14 will maintain regulation. What is the minimum valuBof that can be
used?/z = 12V, Izx = 1mA, andlzy, = 50mA. Assume an ideal zener diode
whereZ; = 0() andVz remains a constant 12 V over the range of current values, for
simplicity.
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FIGURE 3-14

Solution

Related Problem

W Open the Miltisim file E03-06 in the Exaples folder on the copanion wekite.

mm Wondershare
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It 470Q
Iz I

VI N ——

24V _T RL

Whenl, = 0A (R = o0),l; smaximumard equal to the total cirait currentl.

| V= Vz_ 24V - 12V
2z Sl R 470Q

= 25.5mA

If R_isremoved from the ciraiit, the loa current 5 0 A. Sincelz(mayx) $lessthan
Izm, OA isan acceptablminimumvalue forl_ becase the zener can hdle all of the
25.5mA.

I (min) = OA
The maximumvalue ofl; ocaurs whenlz isminimum(lz = lzk), so
lL(max) = IT — lzx = 25.5MA — 1mA = 24.5mA
Theminimumvalue of R is

vV, 12V
IL(max) 24.5mA

Ri(min) = = 490Q

Therefore, ifR § lessthan490(2, R willdraw more of the total arrent away fron
the zener ahl, will be reduced belowl,k. Thswill cause the zener to ke regila-
tion. Regilation is maintainel for any valie of R betwee90() ahinfinity.

Find theminimum and maximumload current for which the cirait in Figure 3-14
will maintain reglation. Detemine theminimumvalue of R_ that can based.
Vz = 3.3V (corstant),lzx = 1 mA, ardlz, = 150mA. Assune an deal zener.

For the calalated minimumvalue of loal resistance, verify that radation ocairs.

In the last example, we assumed that  was zero and, therefore, the zener voltage re-
mained constant over the range of currents. We made this assumption to demonstrate the
concept of how the regulator works with a varying load. Such an assumption is often ac-
ceptable and in many cases produces results that are reasonably accurate. In Example 3-7,
we will take the zener impedance into account.

EXAMPLE 3-7

For the circuit in Figure 3-15:
(a) DetermineVgoyt atlzk and ati 7.
(b) Calculate the value d?that should be used.

(c) Determine the minimum value 8  that can be used.
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FIGURE 3-15
R VOUT
l Wy o
+
VlN
1N4744A
24V R

Solution  The 1N4744A zener used in the regulator circuit of Figure 3—-15 is a 15 V diode. The
datasheet in Figure 3—7 gives the following information:
Vz = 15V @1z = 17mA, Iz« = 0.25mA, andZ; = 140).
(a) Forlzg:
VOUT = VZ i AlzZZ = 15V - AlzZZ = 15V - (lz = IZK)ZZ
= 15V — (16.75mA)(14 Q) = 15V — 0.235V = 14.76V
Calculate the zener maximum current. The maximum power dissipation is 1 W.

Pb(max) 1w
= —— = 66.7mA
\ 15V

Izm =

Forlzm:
VOUT = VZ aF AIZZZ = 15V + AlzZZ
= 15V + (Izy — 17)Z7 = 15V + (49.7mA)(14Q) = 15.7V

(b) Calculate the value @ for the maximum zener current that occurs when there is
no load as shown in Figure 3—16(a).

Vin — Vi = 15,
oo Vi = Vour _ 24V - 157V _
I 7k 66.7mA

R = 1300 (nearest larger standard value).

R R 14.76 V
24Vo—AN—-os 015.7 V 24 Vo—AN—o29
1300 Rra—
71.0 mA
I = 66.7 MA Iz =025mA R Z[70.75mA

@ (b)

FIGURE 3-16

(c) For the minimum load resistance (maximum load current), the zener current is
minimum (Izx = 0.25mA) as shown in Figure 3—-16(b).
- Vin — Vour 24V — 14.76V

- R - 1300
I =I7 — Izx = 71.0mA — 0.25mA = 70.75mA
_ Vour _ 14.78V
Rigin) = L 70.75mA

= 71.0mA

= 209Q

Related Problem  Repeat each part of the preceding analysis if the zener is changed to a 1IN4742A 12 V
device.
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You have seen how the zener diode regulates voltage. Its regulating ability is somewhat lim-
ited by the change in zener voltage over a range of current values, which restricts the load cur-
rent that it can handle. To achieve better regulation and provide for greater variations in load
current, the zener diode is combined as a key element with other circuit components to create a
3-terminal linear voltage regulator. Three-terminal voltage regulators that were introduced in
Chapter 2 are IC devices that use the zener to provide a reference voltage for an internal ampli-
fier. For a given dc input voltage, the 3-terminal regulator maintains an essentially constant dc
voltage over a range of input voltages and load currents. The dc output voltage is always less
than the input voltage. The details of this type of regulator are covered in Chapter 17. Figure
3-17 illustrates a basic 3-terminal regulator showing where the zener diode is used.

Control
Vino element © Vour
Vin \oltage regulator Vour
Ref Error Feedback
—— g
i amplifier element
Reference ground = i_
(a) Symbol (b) Block diagram
FIGURE 3-17
Three-terminal voltage regulators.
Zener Limiter
In addition to voltage regulation applications, zener diodes can be used in ac applications
to limit voltage swings to desired levels. Figure 3—18 shows three basic ways the limiting
action of a zener diode can be used. Part (a) shows a zener used to limit the positive peak
of a signal voltage to the selected zener voltage. During the negative alternation, the zener
acts as a forward-biased diode and limits the negative voltag8.wV. When the zener
R R
AWy W————

(C)

L O
VZ —\
% 0 \ . Vin
-0.7V
—L O

(b)

5 ! ?rv21+0.7v
1 / \
D, 0
__/
V5, =07V
_T_ o 71

Basic zener limiting action with a sinusoidal input voltage.

(©
FIGURE 3-18
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is turned around, as in part (b), the negative peak is limited by zener action and the positive
voltage is limited te-0.7 V. Two back-to-back zeners limit both peaks to the zener voltage
+0.7V, as shown in part (c). During the positive alternatidis functioning as the zener
limiter andD; is functioning as a forward-biased diode. During the negative alternation,
the roles are reversed.

EXAMPLE 3-8 Determine the output voltage for each zener limiting circuit in Figure 3—19.

10V '
0
—10V
O _L O

@) (b)

FIGURE 3-19

n

Solution  See Figure 3—20 for the resulting output voltages. Remember, when one zener i
operating in breakdown, the other one is forward-biased with approximately 0.7 V
across it.

58V

Vou w YT
out O
0 N
-40V

-15.7V
@ (b)

FIGURE 3-20

Related Problem  (a) What is the output in Figure 3—19(a) if the input voltage is increased to a peak
value of 20 V?

(b) What is the output in Figure 3—19(b) if the input voltage is decreased to a peak
value of 5 V?

Open the Multisim file E03-08 in the Examples folder on the companion websjte
For the specified input voltages, measure the resulting output waveforms. Compare
with the waveforms shown in the example.

1. In a zener diode regulator, what value of load resistance results in the maximum zener
current?

2. [Explain the terms no load and full load.
3. [How much voltage appears across a zener diode when it is forward-biased?
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3—-3 THE VARACTOR DIODE

The junction capacitance of diodes varies with the amount of reverse bias. Varactor
diodes are specially designed to take advantage of this characteristic and are used as
voltage-controlled capacitors rather than traditional diodes. These devices are com-
monly used in communication systems. Varactor diodes are also referred to as
varicaps or tuning diodes.

After completing this section, you should be able to

Describe the varactor diode characteristic and analyze its operation
Discuss the basic operation of a varactor
+ Explain why a reverse-biased varactor acts as a capaeit@alculate varactor
capacitance ¢ Identify the varactor schematic symbol

o Interpret a varactor diode datasheet
+ Define and discuss capacitance tolerance rarg®efine and discuss
capacitance ratio ¢ Discuss the back-to-back configuration

o Discuss and analyze the application of a varactor in a resonant band-pass filter

A varactor is a diode that always operates in reverse bias and is doped to maximize the
inherent capacitance of the depletion region. The depletion region acts as a capacitor di-
electric because of its nonconductive characteristic.préedn regions are conductive
and act as the capacitor plates, as illustrated in Figure 3—-21.

FIGURE 3-21

The reverse-biased varactor diode

acts as a variable capacitor. 4 E
e — S re——

Plate \ Plate
Dielectric

‘—O_ VBIAS +()—

Basic Operation

Recall that capacitance is determined by the parameters of platé\grdeelectric con-
stant € ), and plate separatiat),(as expressed in the following formula:

Ae

C=—
d
As the reverse-bias voltage increases, the depletion region widens, effectively increas-

ing the plate separation, thus decreasing the capacitance. When the reverse-bias voltage
decreases, the depletion region narrows, thus increasing the capacitance. This action is
shown in Figure 3—22(a) and (b). A graph of diode capacit&evérsus reverse voltage
for a certain varactor is shown in Figure 3—-22(c). For this particular d&sicaries from
30 pF to slightly less than 4 pF¥gs varies from 1 V to 30 V.

T In a varactor diode, these capacitance parameters are controlled by the method of dop-
ing near thepn junction and the size and geometry of the diode’s construction. Nominal
FIGURE 3-23 varactor capacitances are typically available from a few picofarads to several hundred

Varactor diode symbol. picofarads. Figure 3—23 shows a common symbol for a varactor.
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200
5100
Q
[&]
c
i
E
™~
g 10 ™
o
(0]
=]
i=l
[a)
Dielectric widens Dielectric narrows 1
1 10 100
——0 - Vgias +O Q — Vgips + O Reverse voltage (Volts)

(a) Greater reverse bias, less capacitance(b) Less reverse bias, greater capacitance(c) Example of a diode capacitance versus reverse voltage graph

FIGURE 3-22

Varactor diode capacitance varies with reverse voltage.

Varactor Datasheet Information

A partial datasheet for a specific series of varactor diode (Zetex 830 series) is shown in
Figure 3-24.

Capacitance Tolerance Range The minimum, nominal, and maximum values of capac-
itance are shown on the datasheet. For example, when reverse-biased at 3 V, the 832A can

Tuning characteristics at T,,,,, = 25°C FIGURE 3-24

Part Capacitance (pF) Min Q Capacitance ratio Partial datasheet for the Zetex 830

Vg=3V Cz2/Cy series varactor diodes. Courtesy of
f = 50MHz @ f = 1MHz .
Min. Nobn. Max. Min. Max. Zetex Semiconductors PLC.

829A 7.38 8.2 9.02 250 43 5.8 Datasheets are available at www.

8298 7.79 8.2 8.61 250 4.3 5.8 datasheetcatalog/zetexsemiconduc-

830A 9.0 10.0 11.0 300 45 6.0

830B 95 10.0 10.5 300 45 6.0 tors/1/.

831A 135 15.0 16.5 300 45 6.0

831B 14.25 15.0 15.75 300 45 6.0

832A 19.8 22.0 24.2 200 5.0 6.5

832B 20.9 22.0 23.1 200 5.0 6.5

833A 29.7 33.0 36.3 200 5.0 6.5

833B 31.35 33.0 34.65 200 5.0 6.5

834A 423 47.0 51.7 200 5.0 6.5

834B 44.65 47.0 49.35 200 5.0 6.5

835A 61.2 68.0 748 100 5.0 6.5

835B 64.6 68.0 714 100 5.0 6.5

836A 90.0 100.0 110.0 100 5.0 6.5

836B 95.0 100.0 105.0 100 5.0 6.5

Absolute maximum ratings

Parameter Symbol Max. Unit
Forward current I 200 mA
Power dissipation at T,mp, = 25°C SOT23 Piot 330 mW
Power dissipation at T,mp, = 25°C SOD323 Piot 330 mWwW
Power dissipation at T,mp, = 25°C SOD523 Piot 250 mW
Operating and storage temperature range -55 to +150 °C

Electrical characteristics at T,,,,,, = 25°C

Paramater Conditions Min. Typ. Max. Unit
Reverse breakdown voltage | [g=10 A 25 \
Reverse voltage leakage Vg =20V 0.2 20 nA
Temperature coefficient of Vg =3V, f=1MHz 300 400 ppCm/°C
capacitance
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exhibit a capacitance anywhere between 19.8 pF and 24.2 pF. This tolerance range should
not be confused with the range of capacitance values that result from varying the reverse
bias as determined by the capacitance ratio.

130 ¢ SpeciAL-PurpOSE DIODES

Capacitance Ratio The varactocapacitance ratiois also known as thening ratio. It

is the ratio of the diode capacitance at a minimum reverse voltage to the diode capacitance
at a maximum reverse voltage. For the varactor diodes represented in Figure 3—24, the ca-
pacitance ratio is the ratio @fmeasured at ¥ of 2 V divided byC measured at ¥ of

20 V. The capacitance ratio is designate@a€,q in this case.

For the 832A, the minimum capacitance ratio is 5.0. This means that the capacitance
value decreases by a factor of 5.0/ass increased from 2 V to 20 V. The following cal-
culation illustrates how to use the capacitance r&R) (o find the capacitance range for
the 832A. IfC, = 22 pF and the minimur@R = C,/C,q = 5.0,

The diode capacitance varies from 22 pF to 4.4 pF Whés increased from 2 V to 20 V.

The Zetex 830 series of varactor diodes are hyper-abrupt junction devices. The doping
in then andp regions is made uniform so that at firejunction there is a very abrupt
change fromm to p instead of the more gradual change found in the rectifier diodes. The
abruptness of then junction determines the capacitance ratio.

Back-to-Back Configuration One of the drawbacks of using just a single varactor diode

in certain applications, such as rf tuning, is that if the diode is forward-biased by the rf sig-
nal during part of the ac cycle, its reverse leakage will increase momentarily. Also, a type
of distortion callecharmonic distortion is produced if the varactor is alternately biased
positively and negatively. To avoid harmonic distortion, you will often see two varactor
diodes back to back, as shown in Figure 3—25(a) with the reverse dc voltage applied to both
devices simultaneously. The two tuning diodes will be driven alternately into high and low
capacitance, and the net capacitance will remain constant and is unaffected by the rf signal
amplitude. The Zetex 832A varactor diode is available in a back-to-back configuration in
an SOT23 package or as a single diode in an SOD523 package, as shown in Figure 3-25(b).
Although the cathodes in the back-to-back configuration are connected to a common pin,
each diode can also be used individually.

FIGURE 3-25
Varactor diodes and typical packages.
SOT23
VR \
SOD523
(a) Back-to-back corduration (b)
An Application

A major application of varactors is in tuning circuits. For example, VHF, UHF, and satel-
lite receivers utilize varactors. Varactors are also used in cellular communications. When
used in a parallel resonant circuit, as illustrated in Figure 3-26, the varactor acts as a
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FIGURE 3-26
J—_ Vaias A resonant band-pass filter using a
I Ry varactor diode for adjusting the
= L resonant frequency over
R C, R e a specified range.
v | I oV
in I I I I out
L D

variable capacitor, thus allowing the resonant frequency to be adjusted by a variable volt-
age level. The varactor diode provides the total variable capacitance in the parallel resonant
band-pass filter. The varactor diode and the inductor form a parallel resonant circuit from
the output to ac ground. The capacitGisandC, have no effect on the filter's frequency
response because their reactances are negligible at the resonant freqQepogeents a
dc path from the potentiometer wiper back to the ac source through the indudigr@nd
prevents a dc path from the wiper of the potentiometer to a load on the output. The poten-
tiometerR, forms a variable dc voltage for biasing the varactor. The reverse-bias voltage
across the varactor can be varied with the potentiometer.

Recall that the parallel resonant frequency is

1

f= ———
" 27VIC
EXAMPLE 3-8 (a) Given that the capacitance of a Zetex 832A varactor is approximately 40 pF at 0V

bias and that the capacitance at a 2 V reverse bias is 22 pF, determine the capacitance
at a reverse bias of 20 V using the specified minimum capacitance ratio.

(b) Using the capacitances at bias voltages of 0 V and 20 V, calculate the resonant fre-
guencies at the bias extremes for the circuit in Figure 3426-if2 mH.

(c) Verify the frequency calculations by simulating the circuit in Figure 3—26 for the fol-
lowing component value®, = 47kQ, R, = 10k, Rz = 5.1MQ, C; = 10nF,
C, = 10nF,L = 2mH,andVB|AS = 20V.

_ C, 22pF
lut = 2_°°0 g
Solution  (a) Cyg CR 50 4.4pF
1 1
b) fo = = — 563kHz
b) fo =>"c 277\/(2 mH)(40pF)
. A — 1.7MHz

fo0 = 5 VIC ~ 20 @mHA)@.4pP)

(c) The Multsim simulation of the circuit is shown in Figure 3-27. The Bode plotters
show the frequency responses at 0 V and 20 V reverse bias. The center of the|0 V
bias response curve is at 553.64 kHz and the center of the 20 V bias response curve
is at 1.548 MHz. These results agree reasonably well with the calculated values.
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FIGURE 3-27

Multisim simulation.

These results show that this circuit can be tuned over most of the AM broadcast band.

Related Problem  How could you increase the tuning range of the circuit?

WII“ -3 1. What is the key feature of a varactor diode?

2. \Under what bias condition is a varactor operated?
3. 'What part of the varactor produces the capacitance?

4. Based on the graph in Figure 3-22(c), what happens to the diode capacitance when
the reverse voltage is increased?

5. |Define capacitance ratio.



http://cbs.wondershare.com/go.php?pid=5261&m=db

mm Wondershare
H  PDFelement
OprTICAL DVEY

3-4 OpT1iCcAL DIODES

In this section, three types of optoelectronic devices are introduced: the light-emitting
diode, quantum dots, and the photodiode. As the name implies, the light-emitting
diode is a light emitter. Quantum dots are very tiny light emitters made from silicon
with great promise for various devices, including light-emitting diodes. On the other
hand, the photodiode is a light detector.

After completing this section, you should be able to

o Discuss the basic characteristics, operation, and applications of LEDs, quan-
tum dots, and photodiodes

2 Describe the light-emitting diode (LED)
+ Identify the LED schematic symbole Discuss the process of electrolumines-
cence ¢ List some LED semiconductor materials Discuss LED biasing
+ Discuss light emission

2 Interpret an LED datasheet
+ Define and discuss radiant intensity and irradiance

2 Describe some LED applications

2 Discuss high-intensity LEDs and applications
+ Explain how high-intensity LEDs are used in traffic lights Explain how
high-intensity LEDs are used in displays

2 Describe the organic LED (OLED)

2 Discuss quantum dots and their application

2 Describe the photodiode and interpret a typical datasheet
+ Discuss photodiode sensitivity

The Light-Emitting Diode (LED)

The symbol for an LED is shown in Figure 3—28. ;'
The basic operation of thizht-emitting diode (LED) is as follows. When the device

is forward-biased, electrons cross fimigunction from then-type material and recombine

with holes in thep-type material. Recall from Chapter 1 that these free electrons ar» MGURE 3-28

theconduction band and at a higher energy than the holes in the valence band. The diffgyﬁ,rgggafor an LED. When forward-

in energy between the electrons and the holes corresponds to the energy of visibleojggm. it emits light.

When recombination takes place, the recombining electrons release energy in the form of

photons. The emitted light tends to be monochromatic (one color) that depends on the

band gap (and other factors). A large exposed surface area on one layer of the semicon-

ductive material permits the photons to be emitted as visible light. This process, called

electroluminescence, is illustrated in Figure 3—-29. Various impurities are added during

the doping process to establish tevelengthof the emitted light. The wavelength deter-

mines the color of visible light. Some LEDs emit photons that are not part of the visible

spectrum but have longer wavelengths and are imfteged (IR) portion of the spectrum.

LED Semiconductor Materials The semiconductor gallium arsenide (GaAs) was used
in early LEDs and emits IR radiation, which is invisible. The first visible red LEDs were
produced using gallium arsenide phosphide (GaAsP) on a GaAs substrate. The efficiency
was increased using a gallium phosphide (GaP) substrate, resulting in brighter red LEDs
and also allowing orange LEDs.

Later, GaP was used as the light-emitter to achieve pale green light. By using a red and
a green chip, LEDs were able to produce yellow light. The first super-bright red, yellow,
and green LEDs were produced using gallium aluminum arsenide phosphide (GaAIAsP).
By the early 1990s ultrabright LEDs using indium gallium aluminum phosphide
(InGaAlIP) were available in red, orange, yellow, and green.
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FIGURE 3-29 Light

. . AAAAAAAAAAAAA
Electroluminescence in a forward- L nnTT

biased LED.

p region

nregion

Blue LEDs using silicon carbide (SiC) and ultrabright blue LEDs made of gallium ni-
tride (GaN) became available. High intensity LEDs that produce green and blue are also
made using indium gallium nitride (InGaN). High-intensity white LEDs are formed using
ultrabright blue GaN coated with fluorescent phosphors that absorb the blue light and
reemit it as white light.

LED Biasing The forward voltage across an LED is considerably greater than for a sili-
con diode. Typically, the maximulf: for LEDs is between 1.2 V and 3.2 V, depending on
the material. Reverse breakdown for an LED is much less than for a silicon rectifier diode
(3 Vto 10 Vis typical).

The LED emits light in response to a sufficient forward current, as shown in Figure 3-30(a).
The amount of power output translated into light is directly proportional to the forward cur-
rent, as indicated in Figure 3-30(b). An increasg-icorresponds proportionally to an
increase in light output. The light output (both intensity and color) is also dependent on tem-
perature. Light intensity goes down with higher temperature as indicated in the figure.

Ve
+ / / -
- 15C
683 lumens/watt. > =1 95 C
- >
Ie S
R ey
LIMIT § 2
VBIAS
+ Ll ™
|| I ) Ir
Forward current
(a) Forward-biased operation (b) General light output versus forward cutren

for two temperatures
FIGURE 3-30

Basic operation of an LED.

Light Emission An LED emits light over a specified range of wavelengths as indicated
by thespectral output curves in Figure 3—31. The curves in part (a) represent the light out-
put versus wavelength for typical visible LEDs, and the curve in part (b) is for a typical in-
frared LED. The wavelengtfd) is expressed in nanometers (nm). The normalized output
of the visible red LED peaks at 660 nm, the yellow at 590 nm, green at 540 nm, and blue at
460 nm. The output for the infrared LED peaks at 940 nm.
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Examples of typical spectral output curves for LEDs.

The graphs in Figure 3—32 show typicatliation patterns for small LEDs. LEDs are

directional light sources (unlike filament or fluorescent bulbs). The radiation pattern is
generally perpendicular to the emitting surface; however, it can be altered by the shape of
the emitter surface and by lenses and diffusion films to favor a specific direction.
Directional patterns can be an advantage for certain applications, such as traffic lights,
where the light is intended to be seen only by certain drivers. Figure 3—32(a) shows the pat-
tern for a forward-directed LED such as used in small panel indicators. Figure 3—-32(b)
shows the pattern for a wider viewing angle such as found in many super-bright LEDs. A
wide variety of patterns are available from manufacturers; one variation is to design the

LED to emit nearly all the light to the side in two lobes.
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(a) A narrow viewing angle LED

FIGURE 3-32

Relative intensity

(b) A wide viewing angle LED

Radiation patterns for two different LEDs.

Typical small LEDs for indicators areshown in Figure3—33(a). In aldition to small

LEDs for indicators, bright LEDs are becoming popular for lighting besawf theirsupe-
rior efficiengy ard long life. A typical LED for lighting cardeliver 50—60 lumes per watt,
which is approximate} five times greater efficieng than astandard incardescent bulb.
LEDsfor lighting are available in a vanebf configuratiors, including even flexible tube
for decorative lighting ath low-wattage bulb for outdoor walkwas and gaders. Mary
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FIGURE 3-33
Typical LEDs.
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Helion 12 V overhealight 120 V,3.5 W screw bae 120V, 1 Wsmall screw 6 V, bajonet bae
with socket ail module for low-level illumination base camlelabrastyle for flashlights, etc.

(a) Typical small LEDs for indcators

(b) Typical LEDs for lighting applicatios

LED lamps aredesigned to work in 120 Vstandard fixtures. A few repreentative configu-
rations areshown in Figure3—33(b).

LED Datasheet Information

A partial datssheet for an TSMF1000 infraddIR) light-emittingdiode is shown in Figure
3-34. Notice that the maximum regervoltage $ only 5V, the maximum forwat current
is 100 mA, anl the forwad voltagedrop is approximatef 1.3V for I = 20 mA.

From the graph in part (gjpu cansee that the peak power output foisttiévice occus
at a wavelength of 870 nmsitadiation patterng shown in part ¢).

Radiant Intensity and Irradiance In Figure3-34(a), theradiant intensity, l¢ (Symbol
not to be confsed with current), $the output power peteradian ard is specified as 5 mWi/sr
atlg = 20 mA. Thesteradian (sr) isthe unit ofsolid angular mesurementlrradiance, E,
is the power per unit area at a givdistance from an LEBource exprsed in mW/cn?.
Irradiance & important becase the reponse of adetector (photdiode) wsed in conjunc-
tion with an LEDdeperdson the irraiance of the light it receige

EXAMPLE 3-10 From the LEDdatasheet in Figure8—34 determine the following:
(@) The raliant power at 910 nm if the maximum outpai85 mW.
(b) The forwad voltagedrop forlg = 20 mA.
(c) The raliant intersity for [ = 40 mA.

Solution (a) From the graph in Figur@-34(c), the relative @iant power at 910 nnsiapproxi-
matel 0.25 ard the peak rdiant power § 35 mW. Therefore, the diant power at
910 nm &

¢e = 0.25(35mW) = 8.75mW
(b) From the graph in part (bYg = 1.25V for [ = 20mA.
(c) From the graph in part (d), = 10mW/sr for [ = 40mA.

Related Problem  Determine the relative dant power at B0 nm.
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Absolute Maximum Ratings

Tamb = 25°C, unless otherwise specified

Parameter Test condition Symbol Value Unit
Reverse Voltage VR 5 \Y%
Forward current IF 100 mA
Peak Forward Current tp/T = 0.5, tp = 100 us IFM 200 mA
Surge Forward Current tp =100 us IFSM 0.8 A
Power Dissipation Pv 190 mw
Junction Temperature Tj 100 °C
Operating Temperature Range Tamb -40to + 85 °C
Basic Characteristics
Tamb = 25°C, unless otherwise specified
Tamb = 25°C, unless otherwise specified
Parameter Test condition Symbol Min Y Max Unit
Forward Voltage IF =20 mA Ve 1.3 1.5 \
IF=1A tp=100 us Ve 2.4 \%
Temp. Coefficient of VF IF=1.0mA TKyE -17 mV/K
Reverse Current VR=5V [ 10 HA
Junction capacitance VR=0V,f=1MHz,E=0 Cj 160 pF
Radiant Intensity IF =20 mA le 2.5 5 13 mW/sr
IF =100 mA, tp = 100 us le 25 mW/sr
Radiant Power IF=100 mA, tp=20 ms de 35 mwW
Temp. Coefficient of-de IF =20 mA TKde -0.6 %IK
Angle of Half Intensity ¢ +17 deg
Peak Wavelength IF =20 mA Ap 870 nm
Spectral Bandwidth IF =20 mA AN 40 nm
Temp. Coefficient of \p IF =20 mA TKNp 0.2 nm/K
Rise Time IF =20 mA tr 30 ns
Fall Time IF =20 mA t 30 ns
Virtual Source Diameter %] 1.2 mm
(@
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FIGURE 3-34

Partial datasheet for an TSMF1000 IR light-emitting diode. Datasheet courtesy of Vishay

Intertechnology, Inc. Datasheets are available at www.vishay.com.
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Applications

Standard LEDs are used for indicator lamps and readout displays on a wide variety of in-
struments, ranging from consumer appliances to scientific apparatus. A common type of
display device using LEDs is the seven-segment display. Combinations of the segments
form the ten decimal digits as illustrated in Figure 3—35. Each segment in the display is an
LED. By forward-biasing selected combinations of segments, any decimal digit and a dec-
imal point can be formed. Two types of LED circuit arrangements are the common anode
and common cathode as shown.

A
-

' 'C Decimal
Il point

(a) LED segment arrangement and typical device

/?4

E ( :)—H— E ( :)—”—
»—H—@ G b @
D @_H_. . D @—H—o N .
Anodes@i Cathode@—<
»—. (8) Anodes Cathodes
cO—H L»—@A cO—H¥1% o
Demmal@—l(—c Decimal B ——PH—0
—N—( :) B —i— :) B
(b) Common anode (c) Common cathode
FIGURE 3-35

The 7-segment LED display.

One common application of an infrared LED is in remote control units for TV, DVD, gate
openers, etc. The IR LED sends out a beam of invisible light that is sensed by the receiver in
your TV, for example. For each button on the remote control unit, there is a unique code. When
a specific button is pressed, a coded electrical signal is generated that goes to the LED, which
converts the electrical signal to a coded infrared light signal. The TV receiver recognizes the
code and takes appropriate action, such as changing the channel or increasing the volume.

Also, IR light-emitting diodes are used in optical coupling applications, often in con-
junction with fiber optics. Areas of application include industrial processing and control,
position encoders, bar graph readers, and optical switching.

An example of how an IR LED could be used in an industrial application is illustrated
in Figure 3-36. This particular system is used to count baseballs as they are fed down a
chute into a box for shipping. As each ball passes through the chute, the IR beam emitted
by the LED is interrupted. This is detected by the photodiode (discussed later) and the re-
sulting change in current is sensed by a detector circuit. An electronic circuit counts each
time that the beam is interrupted; and when a preset number of balls pass through the
chute, the “stop” mechanism is activated to stop the flow of balls until the next empty box
is automatically moved into place on the conveyor. When the next box is in place, the
“stop” mechanism is deactivated and the balls begin to roll again. This idea can also be ap-
plied to inventory and packing control for many other types of products.

High-Intensity LEDs

LEDs that produce much greater light outputs than standard LEDs are found in many ap-
plications including traffic lights, automotive lighting, indoor and outdoor advertising and
informational signs, and home lighting.
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Basic concept and block diagram of a counting and control system.

Traffic Lights LEDs are quickly replacing the traditional incandescent bulbs in traffic
signal applications. Arrays of tiny LEDs form the red, yellow, and green lights in a traffic

light unit. An LED array has three major advantages over the incandescent bulb: brighter
light, longer lifetime (years vs. months), and less energy consumption (about 90% less).

LED traffic lights are constructed in arrays with lenses that optimize and direct the light
output. Figure 3—37(a) illustrates the concept of a traffic light array using red LEDs. A rel-
atively low density of LEDs is shown for illustration. The actual number and spacing of the
LEDs in a traffic light unit depends on the diameter of the unit, the type of lens, the color,

and the required light intensity. With an appropriate LED density and a lens, an 8- or 12-

inch traffic light will appear essentially as a solid-color circle.

LEDs in an array are usually connected either in a series-parallel or a parallel arrange-
ment. A series connection is not practical because if one LED fails open, then all the
LEDs are disabled. For a parallel connection, each LED requires a limiting resistor. To re-
duce the number of limiting resistors, a series-parallel connection can be used, as shown

in Figure 3-37(Db).

+V

Limiting
. —_—
resistors

~a ™~
~a ~a
~ ~
~a ~a

| |

1 1

1 I

I I

] I

I 1

1 1

1 1
~a ™~
~ ~a

(a) LED array (b) Circuit

FIGURE 3-37

LED traffic light.
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The lens directs the light emitted Small section /

from the LED to optimize visibility. Pointsource: a of lens

single LED\‘ /

\

-

Some LED traffic arrays use small reflectors for each LED to help maximize the effect
of the light output. Also, an optical lens covers the front of the array to direct the light from
each individual diode to prevent improper dispersion of light and to optimize the visibility.
Figure 3-38 illustrates how a lens is used to direct the light toward the viewer.

The particular LED circuit configuration depends on the voltage and the color of the
LED. Different color LEDs require different forward voltages to operate. Red LEDs take
the least; and as the color moves up the color spectrum toward blue, the voltage require-
ment increases. Typically, a red LED requires about 2 V, while blue LEDs require between
3V and 4 V. Generally, LEDs, however, need 20 mA to 30 mA of current, regardless of
their voltage requirements. Typicdll curves for red, yellow, green, and blue LEDs are
shown in Figure 3-39.

FIGURE 3-39 I (MA)
V-I characteristic curves for visible- 100‘5
light LEDs.

801
601
401
201

0 > Ve (V

5 7 (V)

EXAMPLE 3-11 Using the graph in Figure 3—-39, determine the green LED forward voltage for a current

=

of 20 mA. Design a 12 V LED circuit to minimize the number of limiting resistors fo
an array of 60 diodes.

Solution  From the graph, a green LED has a forward voltage of approximately 2.5 V for a for-
ward current of 20 mA. The maximum number of series LEDs is 3. The total voltage
across three LEDs is

V =3X 25V =75V
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The voltage drop across the series-limiting resistor is
V=12V - 7.5V = 45V
The value of the limiting resistor is

4.5V
—=——==x =225
Rumim 20mA 5

The LED array has 20 parallel branches each with a limiting resistor and three LEDs,
as shown in Figure 3—40.

FIGURE 3-40

/a4

Related Problem Design a 12 V red LED array with minimum limiting resistors, a forward current of
30 mA, and containing 64 diodes.

LED Displays LEDs are widely used in large and small signs and message boards for
both indoor and outdoor uses, including large-screen television. Signs can be single-color,
multicolor, or full-color. Full-color screens use a tiny grouping of high-intensity red, green,
and blue LEDs to form pixel. A typical screen is made of thousands of RGB pixels with
the exact number determined by the sizes of the screen and the pixel.

Red, green, and blue (RGB) are primary colors and when mixed together in varying
amounts, can be used to produce any color in the visible spectrum. A basic pixel formed by
three LEDs is shown in Figure 3—41. The light emission from each of the three diodes can
be varied independently by varying the amount of forward current. Yellow is added to the
three primary colors (RGBY) in some TV screen applications.

Other Applications High-intensity LEDs are becoming more widely used in automo-
tive lighting for taillights, brakelights, turn signals, back-up lights, and interior applica-
tions. LED arrays are expected to replace most incandescent bulbs in automotive lighting.
Eventually, headlights may also be replaced by white LED arrays. LEDs can be seen better
in poor weather and can last 100 times longer than an incandescent bulb.

LEDs are also finding their way into interior home and business lighting applications.
Arrays of white LEDs may eventually replace incandescent light bulbs and flourescent
lighting in interior living and work areas. As previously mentioned, most white LEDs use
a blue GaN (gallium nitride) LED covered by a yellowish phosphor coating made of a cer-
tain type of crystals that have been powdered and bound in a type of viscous adhesive.
Since yellow light stimulates the red and green receptors of the eye, the resulting mix of
blue and yellow light gives the appearance of white.
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Vr Ve Vs
A A A
&N aN A
(a) Basic pixel (b) Pixel circuit
R+G+B R+B R+G G+B All off

Pixel—

White Magenta Yellow Cyan Black

(c) Examples of different combinations of equal amounts of primary colors

FIGURE 3-41

The concept of an RGB pixel used in LED display screens.

The Organic LED (OLED)

An OLED is a device that consists of two or three layers of materials composed of organic
molecules or polymers that emit light with the application of voltage. OLEDs produce
light through the process of electrophosphorescence. The color of the light depends on the
type of organic molecule in the emissive layer. The basic structure of a 2-layer OLED is
shown in Figure 3—42.

Light
AAAAAAAAAAAAAA

Cathod -
\|_

Emissive layer—» = +

Conductive layer— =

Anode/
Substrate/

FIGURE 3-42

Basic structure of a top-emitting 2-layer OLED.
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Electrons are provided to the emissive layer and removed from the conductive layer
there is current between the cathode and anode. This removal of electrons from th
ductive layer leaves holes. The electrons from the emissive layer recombine with the
from the conductive layer near the junction of the two layers. When this recombinz
occurs, energy is released in the form of light that passes through the transparent
material. If the anode and substrate are also made from transparent materials, light is ¢ display) technology in handheld
in both directions, making the OLED useful in applications such as heads-up displays. ' devices such as PDAs and cellular

OLEDs can be sprayed onto substrates just like inks are sprayed onto paper ¢ phones. OLEDs are brighter,
printing. Inkjet technology greatly reduces the cost of OLED manufacturing and all thinner, faster, and lighter than
OLEDSs to be printed onto very large films for large displays like 80-inch TV screen conventional LEDs or LCDs. They
electronic billboards. also use less power and are

cheaper to manufacture.
Quantum Dots

Quantum dotsare a form of nanocrystals that are made from semiconductor material such
as silicon, germanium, cadmium sulfide, cadmium selenide, and indium phosphide.
Quantum dots are only 1 nm to 12 nm in diameter (a nm is one billionth of a meter).
Billions of dots could fit on the head of a pin! Because of their small size, quantum effects
arise due to the confinement of electrons and holes; as a result, material properties are very
different than the normal material. One important property is that the band gap is dependent
on the size of the dots. When excited from an external source, dots formed from semicon-
ductors emit light in the visible range as well as infrared and ultraviolet, depending on their
size. The higher-frequency blue light is emitted by smaller dots suspended in solution
(larger band gap); red light is emitted from solutions with larger dots (smaller band gap).
Solutions containing the quantum dots glow eerily with specific colors as shown in the
photograph in Figure 3—43.

FIGURE 3-43

Solutions containing quantum dots
dlow with specific colors that depend
on the size of the dots. Courtesy of
NN-Labs.

Although quantum dots are not diodes themselves, they can be used in construction of
light-emitting diodes as well as display devices and a variety of other applications. As you
know, LEDs work by generating a specific frequency (color) of light, which is determined
by the band gap. To produce white light, blue LEDs are coated with a phosphor that adds
yellow light to the blue, forming white. The result is not a pure white, but tends to be harsh
and makes colors appear unnatural. While this is satisfactory for displays and signs, many
people do not like it for home lighting.

Quantum dots can be used to modify the basic color of LEDs by converting higher energy
photons (blue) to photons of lower energy. The result is a color that more closely approximates
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an incandescent bulb. Quantum dot filters can be designed to contain combinations of colors,
giving designers control of the spectrum. The important advantage of quantum dot technology
is that it does not lose the incoming light; it merely absorbs the light and reradiates it at a dif-
ferent frequency. This enables control of color without giving up efficiency. By placing a
quantum dot filter in front of a white LED, the spectrum can be made to look like that of an in-
candescent bulb. The resulting light is more satisfactory for general illumination, while retain-
ing the advantages of LEDs.

There are other promising applications, particularly in medical applications. Water-soluble
quantum dots are used as a biochemical luminescent marker for cellular imaging and med-
ical research. Research is also being done on quantum dots as the basic device units for
information processing by manipulating two energy levels within the quantum dot.

144 ¢ SpeciAL-PurpPOSE DIODES

The Photodiode

The photodiode is a device that operates in reverse bias, as shown in Figure 3—44(a),
wherel, is the reverse light current. The photodiode has a small transparent window that
allows light to strike th@n junction. Some typical photodiodes are shown in Figure 3—44(b).
An alternate photodiode symbol is shown in Figure 3—44(c).

¥ /
>
—_—
I / [1
Z

. / = >
il
Tl
R

(a) Reverse-bias operation (b) Typical devices (c) Alternate symbol
usig standard ymbol
FIGURE 3-44
Photodiode.

Recall that when reverse-biased, a rectifier diode has a very small reverse leakage cur-
rent. The same is true for a photodiode. The reverse-biased current is produced by thermally
generated electron-hole pairs in the depletion region, which are swept acprgsitiotion
by the electric field created by the reverse voltage. In a rectifier diode, the reverse leakage
current increases with temperature due to an increase in the number of electron-hole pairs.

A photodiode differs from a rectifier diode in that whenpitsjunction is exposed to
light, the reverse current increases with the light intensity. When there is no incident light,
the reverse current,, is almost negligible and is calledidnk current. An increase
in the amount of light intensity, expressed as irradiance (m¥y/gmduces an increase in
the reverse current, as shown by the graph in Figure 3—45(a).

From the graph in Figure 3-45(b), you can see that the reverse current for this particu-
lar device is approximatelz.4uA  at a reverse-bias voltage of 10 V with an irradiance of
0.5 mW/cn?. Therefore, the resistance of the device is

VR 10V

RR=—

= = 7.14MQ
[, L14uA

At 20 mW/cnf, the current is approximateB5uA atVg = 10V.  The resistance under
this condition is

_ Vg _ 10V

[, 55uA

= 182kQ

These calculations show that the photodiode can be used as a variable-resistance device
controlled by light intensity.
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(a) General graph of reverse current versus irradiance 0 10 20 30 40 50 60 70 80 90 100
Vg, reverse voltage (V)
(b) Example of a graph of reverse current versus reverse voltage for several
values of irradiance
FIGURE 3-45

Typical photodiode characteristics.

Figure 3—46 illustrates that the photodiode allows essentially no reverse current (except
for a very small dark current) when there is no incident light. When a light beam strikes the
photodiode, it conducts an amount of reverse current that is proportional to the light inten-
sity (irradiance).

Light OFF Light ON

VBIAS VBIAS
II [ II [
+ I m_ + I r_
(a) No light, no current except (b) Where there is incident light,
negligible dark current resistance decreases and there is

reverse current.

FIGURE 3-46

Operation of a photodiode.

Photodiode Datasheet Information

A partial datasheet for an TEMD21000 photodiode is shown in Figure 3—47. Notice that the
maximum reverse voltage is 60 V and the dark current (reverse current with no light) is
typically 1 nA for a reverse voltage of 10 V. The dark current increases with an increase in
reverse voltage and also with an increase in temperature.

Sensitivity From the graph in part (b), you can see that the maximum sensitivity for this
device occurs at a wavelength of 950 nm. The angular response graph in part (c) shows an
area of response measured as relative sensitivity0At on either side of the maximum ori-
entation, the sensitivity drops to approximately 82% of maximum.
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Parameter Test condition Symbol Value Unit
Reverse Voltage Vg 60 \%
Power Dissipation Tamp = 25°C Py 75 mw
Junction Temperature T 100 °C
Storage Temperature Range Tstg -40to + 100 °C
Operating Temperature Range Tsg -40to + 85 °C
Soldering Temperature t=5s Tsq <260 °C
Basic Characteristics
Tamb = 25 °C, unless otherwise specified
Tamb = 25 °C, unless otherwise specified
Parameter Test condition Symbol Min vp. Max Unit
Forward Voltage I =50 mA Ve 1.0 1.3 \%
Breakdown Voltage IrR=100uA, E=0 Vier) 60 \
Reverse Dark Current VR=10V,E=0 lro 1 10 nA
Diode capacitance VR=5V,f=1MHz, E=0 Cp 1.8 pF
Reverse Light Current E. = 1 mW/cm?, lra 10 uA
N=870nm,Vg =5V
E. = 1 mW/cm?, Ira 5 12 HA
N=950 nm, VR =5V
Parameter Test condition Symbol Min Typ. Max Unit
Temp. Coefficient of |, VR =5V,=870 nm TKra 0.2 %IK
Absolute Spectral Sensitivity VR =5V, =870 nm s(\) 0.60 AW
Vg =5V, =950 nm s(\) 0.55 AW
Angle of Half Sensitivity b +15 deg
Wavelength of Peak Sensitivity Ap 900 nm
Range of Spectral Bandwidth Nos 840 to 1050 nm
Rise Time Vg =10V, R =50, O t 4 ns
A\ =820 nm
Fall Time Vg =10V, R, =50, Q t 4 ns
A =820 nm
(@)
s, 12 0° 10° 20° 100
s 30°
2 10 <
g z 2 P
2 2 £ L/
g 08 9 2 10
£ S 40° 5 7
Q
a 2 10 o yd
5 06 \ 2 = v
2 8 09 50° = A
3 o4 / \ & & 10 V Vee=5V |||
= * 08 6c 2 B X=950 nm
3 e 4 yd
~ 02 i o .
z / \ 0.7 70 P . )4
? 0 80 0.1
750 850 950 1050 1150 0.01 0.1 1 10
06 04 02 0 02 04 06 _
(b) X\ - Wavelength (nm) (©) (d) Ee - Irradiance (mW/cm?2)
FIGURE 3-47

Absolute Maximum Ratings
Tamb = 25°C, unless otherwise specified

Partial datasheet for the TEMD1000 photodiode. Datasheet courtesy of Vishay Intertechnology, Inc.

EXAMPLE 3-12

For a TEMD1000 photodiode,

(a) Determine the maximum dark current fgg = 10V.

(b) Determine the reverse light current for an irradiance of 1 mWatra wavelength
of 850 nm if the device angle is orientedL&t
diance and the reverse voltage is 5 V.

with respect to the maximum ir

ra-
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Solution (&) From Figure 3-47(a), the maximum dark curignt= 10nA.

(b) From the graph in Figure 3—47(d), the reverse light currelt jis A at 950 nm.
From Figure 3—47(b), the relative sensitivity is 0.6 at 850 nm. Therefore, the re
verse light current is

Iy = l;a = 0.6(121A) = 72uA
For an angle 010°, the relative sensitivity is reduced to 0.92 of its valife at
Iy = l;a = 0.92(7.2uA) = 6.62 nA

Related Problem  What is the reverse current if the wavelength is 1050 nm and the angle is 0°?

Name two types of LEDs in terms of their light-emission spectrum.

Which has the greater wavelength, visible light or infrared?

In what bias condition is an LED normally operated?

What happens to the light emission of an LED as the forward current increases?

The forward voltage drop of an LED is 0.7 V. (true or false)

What is a pixel?

In what bias condition is a photodiode normally operated?

When the intensity of the incident light (irradiance) on a photodiode increases, what
happens to its internal reverse resistance?

9. What is dark current?
// i .'

byl
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3-5 OTHER TYPES OF DIODES

In this section, several types of diodes that you are less likely to encounter as a techni-
cian but are nevertheless important are introduced. Among these are the laser diode,
the Schottky diode, thgin diode, the step-recovery diode, the tunnel diode, and the
current regulator diode.

After completing this section, you should be able to

o Discuss the basic characteristics of several types of diodes
o Discuss the laser diode and an application
+ Identify the schematic symbol
o Discuss the Schottky diode
+ Identify the schematic symbol
o Discuss thepin diode
o Discuss the step-recovery diode
+ Identify the schematic symbol
o Discuss the tunnel diode
+ ldentify the schematic symbole Describe a tunnel diode application
o Discuss the current regulation diode
+ I|dentify the schematic symbol
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The Laser Diode

The termlaser stands folight amplification by stimulatedemission ofradiation. Laser

light is monochromatic,which means that it consists of a single color and not a mixture of
colors. Laser light is also calledherent light, a single wavelength, as compared to inco-
herent light, which consists of a wide band of wavelengths. The laser diode normally emits
coherent light, whereas the LED emits incoherent light. The symbols are the same as
shown in Figure 3—-48(a).

Anf de Partially +
Highly reflective
reflective end
end j
\’ p }«—Depletion p .
pn junction: region T T
n cecegecce
Cathode
(a) Symbol (b) (c)
FIGURE 3-48

Basic laser diode construction and operation.

The basic construction of a laser diode is shown in Figure 3-48(m).jénction is
formed by two layers of doped gallium arsenide. The length girtljinction bears a pre-
cise relationship with the wavelength of the light to be emitted. There is a highly reflective
surface at one end of tipa junction and a partially reflective surface at the other end,
forming a resonant cavity for the photons. External leads provide the anode and cathode
connections.

The basic operation is as follows. The laser diode is forward-biased by an external volt-
age source. As electrons move through the junction, recombination occurs just as in an or-
dinary diode. As electrons fall into holes to recombine, photons are released. A released
photon can strike an atom, causing another photon to be released. As the forward current is
increased, more electrons enter the depletion region and cause more photons to be emitted.
Eventually some of the photons that are randomly drifting within the depletion region
strike the reflected surfaces perpendicularly. These reflected photons move along the de-
pletion region, striking atoms and releasing additional photons due to the avalanche effect.
This back-and-forth movement of photons increases as the generation of photons “snow-
balls” until a very intense beam of laser light is formed by the photons that pass through
the partially reflective end of than junction.

Each photon produced in this process is identical to the other photons in energy level,
phase relationship, and frequency. So a single wavelength of intense light emerges from
the laser diode, as indicated in Figure 3—48(c). Laser diodes have a threshold level of cur-
rent above which the laser action occurs and below which the diode behaves essentially as
an LED, emitting incoherent light.

An Application Laser diodes and photodiodes are used in the pick-up system of com-
pact disk (CD) players. Audio information (sound) is digitally recorded in stereo on the
surface of a compact disk in the form of microscopic “pits” and “flats.” A lens arrangement
focuses the laser beam from the diode onto the CD surface. As the CD rotates, the lens and
beam follow the track under control of a servomotor. The laser light, which is altered by


http://cbs.wondershare.com/go.php?pid=5261&m=db

mm Wondershare
H pPDFelement
OTHER TYPES OF DVSP

the pits and flats along the recorded track, is reflected back from the track through a lens
and optical system to infrared photodiodes. The signal from the photodiodes is then used to
reproduce the digitally recorded sound. Laser diodes are also used in laser printers and
fiber-optic systems.

The Schottky Diode

Schottky diodes are high-current diodes used primarily in high-frequency and fast-switching

applications. They are also knownlag-carrier diodes. The termhot-carrier is derived

from the higher energy level of electrons in thegion compared to those in the metal re-

gion. A Schottky diode symbol is shown in Figure 3—49. A Schottky diode is formed by

joining a doped semiconductor region (usuattype) with a metal such as gold, silver, or

platinum. Rather than n junction, there is a metal-to-semiconductor junction, as showncuyre 3-49

in Figure 3-50. The forward voltage drop is typically around 0.3 V because there is ng)dgoet;[ky diode symbol
pletion region as in pn junction diode. )

Metal-semiconductor FIGURE 3-50

Junction Basic internal construction of a
nregion Metal region Schottky diode

Cathode Anode

GREENTECH NOTE

The Schottky diode operates only with majority carriers. There are no minority c:.Thin-film PV solar panels, a
ers and thus no reverse leakage current as in other types of diodes. The metal re relatively new development, use a
heavily occupied with conduction-band electrons, anchthge semiconductor region somewhat different concept for
is lightly doped. When forward-biased, the higher energy electrons imrélggon are in-  the diodes than a standard
jected into the metal region where they give up their excess energy very rapidly. ¢-crystalline silicon panel uses. The
there are no minority carriers, as in a conventional rectifier diode, there is a very | thin films are based on amorphous
response to a change in bias. The Schottky is a fast-switching diode, and most of i-silicen, rather than crystalline
plications make use of this property. It can be used in high-frequency applications a.silicon, as standard PV panels are.
many digital circuits to decrease switching times. The LS family of TTL logic (I Fhe p and n layers are separated by
stands for low-power Schottky) is one type of digital integrated circuit that uses an intrinsic layer forming a p-i-n

Schottky diode. diode. Because they are very thin,
light can penetrate the entire layer
The PIN Diode and multiple layers can be added

with different band gaps to capture
Thepin diode consists of heavily dopp@ndn regions separated by an intrinsicrégion, | a larger percentage of the light
as shown in Figure 3-51(a). When reverse-biasegimhiode acts like a nearly constan: spectrum. This is a promising
capacitance. When forward-biased, it acts like a current-controlled variable resist: method for forming large flexible
This is shown in Figure 3-51(b) and (c). The low forward resistance of the intrinsic re: panels.
decreases with increasing current.

A—Ppt—K
intrinsic
nregion region pregion

Anode . Cathode
i — Cr Re
e | T A
(a) Construction (b) Reverse-biased (c) Forward-biased
FIGURE 3-51

PIN diode.
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The forward series resistance characteristic and the reverse capacitance characteristic
are shown graphically in Figure 3-52 for a typigial diode.

Thepindiode is used as a dc-controlled microwave switch operated by rapid changes in
bias or as a modulating device that takes advantage of the variable forward-resistance char-
acteristic. Since no rectification occurs at gimgunction, a high-frequency signal can be
modulated (varied) by a lower-frequency bias variatiopirdiode can also be used in at-
tenuator applications because its resistance can be controlled by the amount of current.
Certain types opin diodes are used as photodetectors in fiber-optic systems.

150 ¢ SpeciAL-PurpPOSE DIODES

1.6 20
1.4 —
. é 10
@ 1-2 1 8 7.0
2 \ Tp=25C 2 50 T, = 25C
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@a \ is)
7] ©
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(%] o
.9 \ )
g 06 AN B 10
7 ° ——
& 0.4 — - 07
O 05
0.2
0 0.2
0 2.0 4.0 6.0 8.0 10 12 14 16 +30 0 -30 -6.0 -9.0 -12 -15 -18 -21 -24 -27
Ig, forward current (mA) Vg, reverse voltage (V)

FIGURE 3-52

PIN diode characteristics.

The Step-Recovery Diode

The step-recovery diode uses graded doping where the doping level of the semiconductive
materials is reduced as tpejunction is approached. This produces an abrupt turn-off time

by allowing a fast release of stored charge when switching from forward to reverse bias. It
also allows a rapid re-establishment of forward current when switching from reverse to for-
ward bias. This diode is used in very high frequency (VHF) and fast-switching applications.

The Tunnel Diode

1950s. Surprisingly, in 1976 Robert

Noyce, cofounder of Intel Corp., The tunnel diode exhibits a special characteristic knowregetive resistance. This fea-
revealed in a talk before the MIT ture makes it useful in oscillator and microwave amplifier applications. Two alternate sym-
Club of New York that he had in bols are shown in Figure 3-53. Tunnel diodes are constructed with germanium or gallium
FeToTehoo R onEl05 6 arsenide by doping theandn regions much more heavily than in a conventional rectifier
complete description of the tunnel ~ diode. This heavy doping results in an extremely narrow depletion region. The heavy dop-
diode. However, credit for the ing allows conduction for all reverse voltages so that there is no breakdown effect as with
invention is given to Esakiand the  the conventional rectifier diode. This is shown in Figure 3-54.

eI O el et lSOIRNOWIT St Also, the extremely narrow depletion region permits electrons to “tunnel” through the
i AR T T T pn junction at very low forward-bias voltages, and the diode acts as a conductor. This is

shown in Figure 3-54 between poit@ndB. At point B, the forward voltage begins to
develop a barrier, and the current begins to decrease as the forward voltage continues to in-
crease. This is theegative-resistance region.

Re = AVE
Alg
This effect is opposite to that described in Ohm’s law, where an increase in voltage results
in an increase in current. At poi@} the diode begins to act as a conventional forward-
Tunnel diode symbols. biased diode.

FIGURE 3-53
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e FIGURE 3-54

Tunnel diode characteristic curve.

Negative-
resistance

current

An Application A parallel resonant circuit can be represented by a capacitance, induc-
tance, and resistance in parallel, as in Figure 3-5Bd}¥ the parallel equivalent of the

series winding resistance of the coil. When the tank circuit is “shocked” into oscillation by
an application of voltage as in Figure 3-55(b), a damped sinusoidal output results. The
damping is due to the resistance of the tank, which prevents a sustained oscillation because
energy is lost when there is current through the resistance.

—o —o)

= RFTCQL T %gﬂvﬁvﬂvﬁvﬁ

|+
|+

(a) (b)
FIGURE 3-55

Parallel resonant circuit.

If a tunnel diode is placed in series with the tank circuit and biased at the center of
the negative-resistance portion of its characteristic curve, as shown in Figure 3-56, a
sustained oscillation (constant sinusoidal voltage) will result on the output. This is be-
cause the negative-resistance characteristic of the tunnel diode counteracts the positive-
resistance characteristic of the tank resistance. The tunnel diode is only used at very
high frequencies.

D, X
Ry Tank

——O—> Dl/ Bias point

s = ~ [ ANNN
2 VAVAY

FIGURE 3-56

Basic tunnel diode oscillator.

Ve (MV)
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Current Regulator Diode

The current regulator diode is often referred to as a constant-current diode. Rather than
maintaining a constant voltage, as the zener diode does, this diode maintains a constant
current. The symbol is shown in Figure 3-57.

FIGURE 3-57
Anode q Cathode

Symbol for a current regulator diode.

Figure 3-58 shows a typical characteristic curve. The current regulator diode operates in
forward bias (shaded region), and the forward current becomes a specified constant value
at forward voltages ranging from about 1.5 V to about 6 V, depending on the diode type.
The constant forward current is called tlegulator current and is designatelp. For ex-
ample, the 1IN5283-1N5314 series of diodes have nominal regulator currents ranging from
220uA to4.7mA. These diodes may be used in parallel to obtain higher currents. This
diode does not have a sharply defined reverse breakdown, so the reverse current begins to
increase folVk values of less than 0 V (unshaded region of the figure). This device
should never be operated in reverse bias.

FIGURE 3-58 5.0
o 2@V Ip& Zr @ Vs [

Typical characteristic curve for 4. / /
a current regulator diode.

vV, @I, POV

Ip, diode current (mA)

-2 -1 0 20 40 60 80 100 120 140 160
Vg, anode-cathode voltage (V)

In forward bias, the diode regulation begins at the limiting voltdgeand extends up to
the POV (peak operating voltage). Notice that betwgeand POV, the current is essen-
tially constantVr is the test voltage at whidh and the diode impedancg;, are specified
on a datasheet. The impedaigénas very high values ranging fra285k() to25M()  for
the diode series mentioned before.

IHlHllll u 1. What does laser mean?

What is the difference between incoherent and coherent light and which is produced
by a laser diode?

What are the primary application areas for Schottky diodes?

What is a hot-carrier diode?

What is the key characteristic of a tunnel diode?

What is one application for a tunnel diode?

Name the three regions of a pin diode.

Between what two voltages does a current regulator diode operate?

=

S0 w7
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3—-6 TROUBLESHOOTING

In this section, you will see how a faulty zener diode can affect the output of a regulate
dc power supply. Although IC regulators are generally used for power supply outputs,

the zener is occasionally used when less precise regulation and low current is accept-
able. Like other diodes, the zener can fail open, it can exhibit degraded performance,

or it can short out.

After completing this section, you should be able to

o Troubleshoot zener diode regulators
+ Recognize the effects of an open zenerRecognize the effects of a zener with
degraded performance or shorted

Chapter 18: Basic Programming Concepts for Automated Testing
Selected sections from Chapter 18 may be introduced as part of this troubleshod
coverage or, optionally, the entire Chapter 18 may be covered later or not at all.

A Zener-Regulated DC Power Supply

Figure 3-59 shows a filtered dc power supply that produces a constant 24 V before it is reg-
ulated down to 15 V by the zener regulator. The 1N4744A zener diode is the same as the
one in Example 3—7. A no-load check of the regulated output voltage shows 15.5 V as indi-

cated in part (a). The typical voltage expected at the zener test current for this particular

24V
I

! Regulator

)
120V
60 Hz

(a) Correct output voltage with no load

Rectifier

24V
/
1
Rarge | Regulator

18002

Cc
Filter IN4744A

(d
120V
60 Hz

(b) Correct output volge with full load

Rectifier

FIGURE 3-59

Zener-regulated power supply test.
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diode is 15 V. In part (b), a potentiometer is connected to provide a variable load resistance.
It is adjusted to a minimum value for a full-load test as determined by the following calcu-
lations. The full-load test is at minimum zener currént)( The meter reading of 14.8 V
indicates approximately the expected output voltage of 15.0 V.

154 ¢ SpPecIAL-PurPOSE DIODES

24V — 14.8V
It = W = 51.1mA
I =11 — Iz = 51.1mA — 0.25mA = 50.9mA
14.8V
= = 2910
Rimin) = S0 oma ~

Case 1: Zener Diode Open If the zener diode fails open, the power supply test gives the
approximate results indicated in Figure 3-60. In the no-load check shown in part (a),
the output voltage is 24 V because there is no voltage dropped between the filtered out-
put of the power supply and the output terminal. This definitely indicates an open
between the output terminal and ground. In the full-load check, the voltage of 14.8 V
results from the voltage-divider action of th0 () series resistor an2oth@ load.
In this case, the result is too close to the normal reading to be a reliable fault indication
but the no-load check will verify the problem. AlsoRf is varied,Voyt will vary if

the zener diode is open.

271 V
! Regulator

Power supply

120V
60 Hz:i Transformer,

Rectifier, Filter

(a) Open zener diode with no load

Power supply

120V
60 Hz:i Transformer,

Rectifier, Filter

(b) Open zener diode cannot be detectetlilt-load measurement in this case.

FIGURE 3-60

Indications of an open zener.

Case 2: Incorrect Zener Voltage As indicated in Figure 3-61, a no-load check that results

in an output voltage greater than the maximum zener voltage but less than the power sup-
ply output voltage indicates that the zener has failed such that its internal impedance is
more than it should be. The 20 V output in this case is 4.5 V higher than the expected value
of 15.5 V. That additional voltage indicates the zener is faulty or the wrong type has been

installed. A 0 V output, of course, indicates that there is a short.
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Indication of faulty or wrong zener.

Multisim Troubleshooting Exercises
These file circuits are in the Troubleshooting Exercises folder on the companion we

Open each file and determine if the circuit is working properly. If it is not working prop-
erly, determine the fault.

o > w N BE

Multisim file TSE03-01
Multisim file TSE03-02
Multisim file TSE03-03
Multisim file TSE03-04
Multisim file TSE03-05

byl

T
In a F.’n{ 'gui r: what are the symptoms of an open zener diode?
If a zene "gu/la or fails so that the zener impedance is greater than the specified
value, i§~tb_q output voltage more or less than it should be?
If you measure 0 V at the output of a zener-regulated power supply, what is the most
likely fault(s)?

The zener diode regulator in a power supply is open. What will you observe on the
output with a voltmeter if the load resistance is varied within its specified range?

Application Activity: Regulated DC Power Supply

The unregulated 16 V dc power supply developed in Chapter 2 is to be upgraded to a reg-
ulated power supply with a fixed output voltage of 12 V. An integrated circuit 3—terminal
voltage regulator is to be used and a red LED incorporated to indicate when the power is
on. The printed circuit board for the unregulated power supply was designed to accom-
modate these additions.

The Circuit

Practical considerations for the circuit are the type of regulator, the selection of the LED
power-on indicator and limiting resistor, and the value and placement of the fuse.
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The Regulator The 78XX series of linear voltage regulators provide positive fixed out-

put voltages for a range of values. The last two digits in the part number indicate the out-
put voltage. The 7812 provides a 12 V regulated output. The change in output voltage for a
specified change in input voltage is calledline regulation. The change in output voltage

for a specified change in load current is called dad regulation. These parameters are
specified on the datasheet. It is recommended by the manufacture® (Baj.& capacitor
be connected from the input terminal to ground a@d.aF connected from the output
terminal to ground, as shown in Figure 3—62 to prevent high-frequency oscillations and
improve the performance. You may wonder about putting a small-value capacitor in

parallel with a large one; the reason is that the large filter capacitor has an internal equiva-
lent series resistance, which affects the high frequency response of the system. The effect
is cancelled with the small capacitor.
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16 V+ 10%

’-/ 7812 +12 V
C, Cs Riimit
0.33uF 0.1uF >

120 V ac ||

=

6800uF

.|H|O—<.

Unregulated power
supply from Chapter 2

FIGURE 3-62

12 V regulated power supply.

A partial datasheet for a 7812 is shown in Figure 3—63(a) Notice that there is a range
of nominal output voltages, but it is typically 12 V. The line and load regulation specify
how much the output can vary about the nominal output value. For example, the typical
12 V output will change no more than 11 mV (typical) as the load current changes from
5 mAto 1.5 A. Package configurations are shown in part (b).

1. From the datasheet, determine the maximum output voltage if the input voltage to
the regulator increases to 22 V, assuming a nominal output of 12 V.

2. From the datasheet, determine how much the typical output voltage changes when
the load current changes from 250 mA to 750 mA.

TheLED A typical partial datasheet for a visible red LED is shown in Figure 3—64. As
the datasheet shows, a forward current of 10 mA to 20 mA is used for the test data.

3. Determine the value of the resistor shown in Figure 3—62 for limiting the LED
current to 20 mA and use the next higher standard value. Also specify the power
rating of the limiting resistor.

The Fuse The fuse will be in series with the primary winding of the transformer, as
shown in Figure 3—62. The fuse should be calculated based on the maximum allowable
primary current. Recall from your dc/ac circuits course that if the voltage is stepped
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Electrical Characteristics (MC7812E)
(Refer to test circuit ,0°C < TJ < 125°C, Io = 500mA, V| =19V, C|= 0.33pF, C0=0.1pF, unless otherwise specified)

- MC7812E ]
Parameter Symbol Conditions . Unit
Min. | Typ. [Max.
Tj=+25°C 115 | 12 | 125
Output Voltage Vo | 50mA<Io<1.0A Po <15W v
V| =14.5V to 27V 1412 1126
) ) . V| =145V to 30V 10 | 240
Line Regulation (Notel) Regline | Ty = +25°C mV
Vi =16V to 22V 3.0 | 120
. lo =5mAto 1.5A 11 | 240
Load Regulation (Notel) Regload | Ty = +25°C mV
10 = 250mA to 750mA 5.0 | 120
Quiescent Current IQ Tj=+25°C 51 | 8.0 mA
. lo=5mAto 1.0A 0.1 | 05
Quiescent Current Change AlQ mA
V| =14.5V to 30V 05 | 1.0
Output Voltage Drift (Note2) | AVO/AT | 1o = 5mA -1 mv/°C
Output Noise Voltage VN f=10Hz to 100kHz, TA = +25°C 76 uv/ivo
: B f=120Hz
Ripple Rejection (Note2) RR Vi = 15V to 25V 55 71 dB
Dropout Voltage VDrop | 10 =1A, T3 =+25°C 2 \Y
Output Resistance (Note2) ro f=1kHz 18 mQ
Short Circuit Current Isc V| =35V, TA= +25°C 230 mA
Peak Current (Note2) IPK Ty =+25°C 2.2 A
(a)
FIGURE 3-63

APPLICATION A

Wondershare
PDFelement

(b) 1—input, 2—graund, 3—output

Partial datasheet and packages for a 7812 regulator. You can view an entire datasheet at
www.fairchildsemiconductor.com. Copyright Fairchild Semiconductor Corporation. Used by permission.

Optical and Electrical Characteristics
Tamb = 25 °C, unless otherwise specified

Red
TLHK51..
Parameter Test condition Part Symbol Min Typ. Max Unit
Luminous intensity ¥ Ig =20 mA TLHK5100 ly 320 med
Dominant wavelength I =10 mA Ad 626 630 639 nm
Peak wavelength I =10 mA Ap 643 nm
Angle of half intensity I =10 mA [} +9 deg
Forward voltage I =20 mA Vg 19 2.6 \%
Reverse voltage Ir =10 pA VR 5 \%
Junction capacitance VR =0,f=1MHz G 15 pF

1) in one Packing Unit hymin/lymax < 0.5

FIGURE 3-64

7

Partial datasheet and package for a typical red LED. To view a complete datasheet, go to
www. vishay.com. Datasheet courtesy of Vishay Intertechnology, Inc.

down, the current is stepped up. From the specifications for the unregulated power supply,
the maximum load current is 250 mA. The current required for the power-on LED
indicator is 15 mA. So, the total secondary current is 265 mA. The primary current will

be the secondary current divided by the turns ratio.

4. Calculate the primary current and use this value to select a fuse rating.
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FIGURE 3-65

Simulation of the regulated 12 V power supply circuit.

Simulation

In the development of a new circuit, it is helpful to simulate the circuit using a software
program before actually building it and committing it to hardware. We will use Multisim
to simulate this power supply circuit. Figure 3—65 shows the simulated regulated power
supply circuit. The unregulated power supply was previously tested, so you need only to
verify that the regulated output is correct. A load resistor value is chosen to draw a cur-
rent equal to or greater than the specified maximum load current.

The closest standard valuedis(),  which draws 255 mA at 12 V.
5. Determine the power rating for the load resistor.

Simulate the circuit using your Multisim software. Verify the operation with the virtual
voltmeter.

Prototyping and Testing
Now that all the components have been selected and the circuit has been simulated, the
new components are added to the power supply protoboard from Experiment 2 and the
circuit is tested.

Lab Experiment

: "] To build and test a similar circuit, go to Experiment 3 in your lab mahabb(atory
Exercises for Electronic Devices by David Buchla and Steven Wetterling).

Printed Circuit Board

The 12 V regulated power supply prototype has been built and tested. It is now commit-
ted to a printed circuit layout, as shown in Figure 3—66. Notice that a heat sink is used
with the regulator IC to increase its ability to dissipate power. With the ac line voltage
and load resistor connected, the output voltage is measured.

6. Compare the printed circuit board to the schematic in Figure 3—65.

7. Calculate the power dissipated by the regulator for an output of 12 V.
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FIGURE 3-66

Regulated 12 V power supply on the
printed circuit (PC) board.

SUMMARY OF DIODE SYMBOLS

+ _;/l‘_‘)f—”l\f— —‘/’l/—or—ﬁ— 4>”7

Zener Light-emitting Photo Varactor

b o e w

Laser PIN Tunnel

Schottky Current-regulator
T

SUMMARY

Section 3-1  ® The zener diode operates in reverse breakdown.

¢ There are two breakdown mechanisms in a zener diode: avalanche breakdown and zene
breakdown.

¢ WhenV; < 5V, zener breakdown is predominant.


http://cbs.wondershare.com/go.php?pid=5261&m=db

mm Wondershare
H  PDFelement

¢ A zener diode maintains a nearly constant voltage across its terminals over a specified range of
zener currents.

160 ¢ SpPecIAL-PurPOSE DIODES

¢ WhenV; > 5V, avalanche breakdown is predominant.

¢ Zener diodes are available in many voltage ratings ranging from less than 1 V to more than
250 V.

Section 3-2
Section 3-3

Zener diodes are used as voltage references, regulators, and limiters.

A varactor diode acts as a variable capacitor under reverse-bias conditions.
The capacitance of a varactor varies inversely with reverse-bias voltage.
Section 3-4 An LED emits light when forward-biased.

LEDs are available for either infrared or visible light.

High-intensity LEDs are used in large-screen displays, traffic lights, automotive lighting, and
home lighting.

L 2
L 4
L 2
¢ The current regulator diode keeps its forward current at a constant specified value.
L 4
L 2
L 2

¢ An organic LED (OLED) uses two or three layers of organic material to produce light.

¢ Quantum dots are semiconductor devices that emit light when energized from an external
source.

¢ The photodiode exhibits an increase in reverse current with light intensity.

Section 3-5 @ The Schottky diode has a metal-to-semiconductor junction. It is used in fast-switching
applications.

¢ The tunnel diode is used in oscillator circuits.

¢ Thepindiode has @ region, am region, and an intrinsi¢)(region and displays a variable re-
sistance characteristic when forward-biased and a constant capacitance when reverse-biased.

¢ Alaser diode is similar to an LED except that it emits coherent (single wavelength) light when
the forward current exceeds a threshold value.

KEY TERMS Key terms and other bold terms in the chapter are defined in the end-of-book glossary.

Electroluminescence The process of releasing light energy by the recombination of electrons in a
semiconductor.

Laser Lightamplification bystimulatedemission ofradiation.
Light-emitting diode (LED) A type of diode that emits light when there is forward current.
Photodiode A diode in which the reverse current varies directly with the amount of light.

Pixel In an LED display screen, the basic unit for producing colored light and consisting of red,
green, and blue LEDs.

Varactor A variable capacitance diode.
Zener breakdown The lower voltage breakdown in a zener diode.
Zener diode A diode designed for limiting the voltage across its terminals in reverse bias.

KEY FORMULAS

AVz .
3-1 Z; = —— Zener impedance
Al
3-2 AV; = Vz; X TC X AT Vz temperaturehangevhenTC is %/°C

3-3 AV; = TC X AT Vz temperaturehangevhenTCismV/°C
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TRUE/FALSE QUIZ Answers can be found at www.pearsonhighered.com/floyd.
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. The zener diode normally operates in reverse breakdown.

. A zener diode can be used as a voltage regulator.

. There is no current when a zener is in reverse breakdown.

. The varactor diode normally operates in forward bias.

. The varactor diode is used as a variable capacitor.

. The capacitance of a varactor varies directly with reverse voltage.
. The LED is based on the process of electroluminescence.

. The LED is normally operated in forward bias.

. OLED stands for operational light-emitting diode.

. The photodiode operates in reverse bias.

. The reverse current of a photodiode increases as the incident light increases.
. The light emitted by a laser diode is monochromatic.

CIRCUIT-ACTION QUIZ  Answers can be found at www.pearsonhighered.com/floyd.

1. If the input voltage in Figure 3-11 is increased from 5 V to 10 V, ideally the output voltage will
(a) increase (b) decrease (c) not change

2. If the input voltage in Figure 3—14 is reduced by 2 V, the zener current will
(a) increase (b) decrease (c) not change

3. If R_in Figure 3-14 is removed, the current through the zener diode will
(a) increase (b) decrease (c) not change

4. If the zener opens in Figure 3-14, the output voltage will
(a) increase (b) decrease (c) not change

5. If Rin Figure 3—14 is increased, the current to the load resistor will
(a) increase (b) decrease (c) not change

6. If the input voltage amplitude in Figure 3-18(a) is increased, the positive output voltage will
(a) increase (b) decrease (c) not change

7. If the input voltage amplitude in Figure 3-19(a) is reduced, the amplitude of the output voltage will
(a) increase (b) decrease (c) not change

8. If the varactor capacitance is increased in Figure 3—26, the resonant frequency will
(a) increase (b) decrease (c) not change

9. If the reverse voltage across the varactor in Figure 3-26 is increased, the frequency will
(a) increase (b) decrease (c) not change

10. If the bias voltage in Figure 3-30 is increased, the light output of the LED will
(a) increase (b) decrease (c) not change
11. If the bias voltage in Figure 3-30 is reversed, the light output of the LED will
(a) increase (b) decrease (c) not change
SELF-TEST Answers can be found at www.pearsonhighered.com/floyd.
Section 3-1 1. The cathode of a zener diode in a voltage regulator is normally

(a) more positive than the anode  (b) more negative than the anode
(c) at+0.7 V (d) grounded
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Section 3-2

Section 3-3

Section 34

Section 3-5

10.

11.

12.

13.

14.

15.

(a) regulated breakdown  (b) zener breakdown

(c) forward conduction

mm Wondershare
H  PDFelement

. If a certain zener diode has a zener voltage of 3.6 V, it operates in

(d) avalanche breakdown

. For a certain 12 V zener diode, a 10 mA change in zener current produces a 0.1 V change in

zener voltage. The zener impedance for this current range is
(c) 100 (d) 0.10

(@ 10  (b) 1000

(@ 500  (b) 20Q

. A no-load condition me
(a) the load has infinite resistance
(c) the output terminals are open
. A varactor diode exhibits

. The datasheet for a particular zener gMgs= 10 V atl; = 500 mA.Z; for these conditions is

(c) 10Q (d) unknown

ans that

(b) the load has zero resistance
(d) answers(a) and (c)

(a) avariable capacitance that depends on reverse voltage
(b) avariable resistance that depends on reverse voltage
(c) avariable capacitance that depends on forward current

(d) a constant capacitance over a range of reverse voltages

. An LED

(a) emits light when reverse-biased (b) senses

(c) emits light when forward-biased (d) acts as

. Compared to a visible red LED, an infrared LED

light when reverse-biased
a variable resistance

(a) produces light with shorter wavelengths (b) produces light of all wavelengths

(c) produces only one

(a) are brighter
(c) use less power

color of light (d) produces light with longer wavelengths

(b) have a much longer life
(d) all of the above

An OLED differs from a conventional LED in that it

(a) requires no bias vo

Itage

. Compared to incandescent bulbs, high-intensity LEDs

(b) has layers of organic material in the place ph@unction
(c) can be implemented using an inkjet printing process

(d) both (b) and (c)

An infrared LED is optically coupled to a photodiode. When the LED is turned off, the reading
on an ammeter in series with the reverse-biased photodiode will

(@) not change (b)
(c) increase (d)
The internal resistance

decrease
fluctuate
of a photodiode

(a) increases with light intensity when reverse-biased
(b) decreases with light intensity when reverse-biased

(c) increases with light intensity when forward-biased
(d) decreases with light intensity when forward-biased

A laser diode produces
(a) incoherent light

(b) coherent light

(c) monochromatic light (d) both (b) and (c)
A diode that has a negative resistance characteristic is the

(a) Schottky diode

(b) tunnel diode (c) laser diode (d) hot-carrier diode

In order for a system to function properly, the various types of circuits that make up the system

must be
(a) properly biased
(d) all of the above

(b) properly connected
(e) answers(a) and (b)

(c) properly interfaced
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PROBLEMS Answers to all odd-numbered problems are at the end of the book.

BASIC PROBLEMS
Section 3-1  The Zener Diode

1. A certain zener diode hasva = 7.5V and arZ; = 5() at a certain current. Draw the equiv-
alent circuit.

2. From the characteristic curve in Figure 3—-67, what is the approximate minimum zener current
(Izx) and the approximate zener voltagé-af

FIGURE 3-67

-10-9 -8 -7 -6 -5 -4 -3 -2 —1

o

Vz (V)

© 00 N O OB~ WN

[
N P O

=
w

17 (MA)

3. When the reverse current in a particular zener diode increases from 20 mA to 30 mA, the zener
voltage changes from 5.6 V to 5.65 V. What is the impedance of this device?

4. A zener has an impedanceldf().  What is its terminal voltage at 50 WjA=f 4.7 V at
I = 25 mA?

5. A certain zener diode has the following specificatidfjs= 6.8V at25°CandTC =
+0.04%/°C.Determine the zener voltage7d°C.

Section 3-2  Zener Diode Applications

6. Determine the minimum input voltage required for regulation to be established in Figure 3—68.
Assume an ideal zener diode with = 1.5 mA andv; = 14 V.

R
A °
¢ Wy °
5602
VIN
o _L o

7. Repeat Problem 6 with, = 20 andVz = 14V at30mA.

FIGURE 3-68
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Section 3-3

FIGURE 3-69

VN —==
18V -7

L
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8. To what value musR be adjusted in Figure 3—69 to mdke= 40 mA? Assume
Vz = 12V at30mA andZ; = 30().

9. A 20V peak sinusoidal voltage is applied to the circuit in Figure 3—69 in place of the dc
source. Draw the output waveform. Use the parameter values established in Problem 8.

10. A loaded zener regulator is shown in Figure 3V&0= 5.1V atly; = 49mA, lzx = 1 mA,
Zz = 70, andlzy = 70mA. Determine the minimum and maximum permissible load

currents.

FIGURE 3-70

Multisim file circuits are identified
with a logo and are in the Problems
folder on the companion website.
Filenames correspond to figure
numbers (e.g., F03-70).

e}
+

Vin
8V

(o2

R
MWy *
220
1N4733A+ R

11. Find the load regulation expressed as a percentage in Problem 10. Refer to Chapter 2, Equation

2-15.

12. Analyze the circuit in Figure 3—70 for percent line regulation using an input voltage from 6 V
to 12 V with no load. Refer to Chapter 2, Equation 2—14.

13. The no-load output voltage of a certain zener regulator is 8.23 V, and the full-load output is
7.98 V. Calculate the load regulation expressed as a percentage. Refer to Chapter 2, Equation

2-15.

14. In a certain zener regulator, the output voltage changes 0.2 V when the input voltage goes from
5V to 10 V. What is the input regulation expressed as a percentage? Refer to Chapter 2,

Equation 2-14.

15. The output voltage of a zener regulator is 3.6 V at no load and 3.4 V at full load. Determine the
load regulation expressed as a percentage. Refer to Chapter 2, Equation 2—15.

The Varactor Diode

16. Figure 3—-71is a curve of reverse voltage versus capacitance for a certain varactor. Determine
the change in capacitancé/ varies from 5 V to 20 V.

FIGURE 3-71

C;, diode capacitance (pF)

50

30
20

10

2 4 6 10 20
Vg, reverse voltage (V)

40 60
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17. Refer to Figure 3—71 and determine the approximate valug tfat produces 25 pF.

18. What capacitance value is required for each of the varactors in Figure 3-72 to produce a reso-
nant frequency of 1 MHz?

FIGURE 3-72

VRo{ 2 mH

19. At what value must the voltagé; be set in Problem 18 if the varactors have the characteristic
curve in Figure 3-72?

Section 3-4  Optical Diodes

20. The LED in Figure 3-73(a) has a light-producing characteristic as shown in part (b). Neglecting
the forward voltage drop of the LED, determine the amount of radiant (light) power produced

in mW.
FIGURE 3-73 Radiant (light)
power (mWw)
W 150-
M 100
6800}
+
2avV= 501
= N

. r T = |- (MA
50 40 60 soF™

@) (b)

21. Determine how to connect the seven-segment display in Figure 3—74 to display “5.” The maxi-
mum continuous forward current for each LED is 30 mA ait® & dc source is to be used.

FIGURE 3-74 P S |
A E | Ny ) S G
.-' D @A N1 2R _
F B 9
G ! ]
Anodes(:)—o—i
e AN I (8) Anodes
ER p QC Decimal c(@H ? Y A
e W point Decimal : b |
B
I I

22. Specify the number of limiting resistors and their value for a series-parallel array of 48 red
LEDs using a 9 V dc source for a forward current of 20 mA.

23. Develop a yellow LED traffic-light array using a minimum number of limiting resistors that
operates from a 24 V supply and consists of 100 LEDsIwith 30mA and an equal number
of LEDs in each parallel branch. Show the circuit and the resistor values.

24. For a certain photodiode at a given irradiance, the reverse resist200&{3 and the reverse
voltage is 10 V. What is the current through the device?
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(b) (©)

FIGURE 3-75

25. What is the resistance of each photodiode in Figure 3—75?

26. When the switch in Figure 3—-76 is closed, will the microammeter reading increase or decrease?
AssumeD; andD, are optically coupled.

FIGURE 3-76 _®+
T sw N
+ +
= D; ¥z A D —
Section 3-5  Other Types of Diodes
27. The V-l characteristic of a certain tunnel diode shows that the current changes from 0.25 mA to
0.15 mA when the voltage changes from 125 mV to 200 mV. What is the resistance?
28. In what type of circuit are tunnel diodes commonly used?
29. What purpose do the reflective surfaces in the laser diode serve? Why is one end only partially
reflective?
Section 3-6  Troubleshooting
30. For each set of measured voltages at the points (1, 2, and 3) indicated in Figure 3—77, deter-
mine if they are correct and if not, identify the most likely fault(s). State what you would do to
correct the problem once it is isolated. The zener is rated at 12 V.
(@ V; =120V rms,V, = 30V dc,V3 = 12V dc
(b) V; = 120V rmsV, = 30V dc,V3 = 30 Vdc
() Vi=0V,V,=0V,V3=0V
(d) V4 = 120V rms\V, = 30V peak full-wave 120 Ha/3 = 12V, 120 Hz pulsating voltage
(e) V1 =120VrmsV, =9V,V3 =0V
Poweron F T
120V ac g Vout
O
5:1

All IN4001 — —
FIGURE 3-77
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31. What is the output voltage in Figure 3—77 for each of the following faults?
(a) Dsopen  (b) Ropen (c) Cleaky  (d) Copen
(e) Dzopen (f) Doopen  (g) Topen (h) Fopen

APPLICATION ACTIVITY PROBLEMS

32. Based on the indicated voltage measurements with respect to ground in Figure 3—78(a), deter-
mine the probable fault(s).

16.4 V dc 12.6 V. rms

(b)

FIGURE 3-78

33. Determine the probable fault(s) indicated by the voltage measurements in Figure 3—78(b).

34. List the possible reasons for the LED in Figure 3—78 not emitting light when the power supply
is plugged in.

35. If a 1kQ load resistor is connected from the output pin to ground on a properly operating power
supply circuit like shown in Figure 3—-78, how much power will the 7812 regulator dissipate?

DATASHEET PROBLEMS
36. Refer to the zener diode datasheet in Figure 3—7.
(a) What is the maximum dc power dissipatior2atC for a 1IN4738A?
(b) Determine the maximum power dissipatiory@tCandat100°C  for a 1IN4751A.
(c) What is the minimum current required by the 1N4738A for regulation?
(d) What is the maximum current for the IN4750R28¢C?

(e) The current through a 1N4740A changes from 25 mA to 0.25 mA. How much does the
zener impedance change?

37. Refer to the varactor diode datasheet in Figure 3—24.
(a) What is the maximum forward current for the 832A?
(b) What is the maximum capacitance of an 830A at a reverse voltage of 2 V?
(c) What is the maximum capacitance range of an 836A?
38. Refer to the LED datasheet in Figure 3—34.
(@) Can 9V be applied in reverse across an TSMF1000 LED?

(b) Determine the typical value of series resistor for the TSMF1000 when a voltage of 5.1 V is
used to forward-bias the diode wigh= 20 mA.

(c) Assume the forward current is 50 mA and the forward voltage drop is 1.5 V at an ambient
temperature 0£5°C. Is the maximum power rating exceeded?

(d) Determine the radiant intensity for a forward current of 40 mA.
(e) What is the radiant intensity at an angl@0f from the axis if the forward current is 100 mA?
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39. Refer to the photodiode datasheet in Figure 3—47.

(@) An TEMD1000 is connected in series with k() resistor and a reverse-bias voltage
source. There is no incident light on the diode. What is the maximum voltage drop across
the resistor?

(b) At what wavelength will the reverse current be the greatest for a given irradiance?
(c) At what wavelength is relative spectral sensitivity of the TEMD1000 equal to 0.4?

ADVANCED PROBLEMS
40. Develop the schematic for the circuit board in Figure 3—79 and determine what type of circuit it is.

FIGURE 3-79

Output

ac inputg=

Rectifier diodes: IN4001A
Zener diodes: D1-1N4736A, D2-1N4749A
Filter capacitors: 10QF

41. If a 30 V rms, 60 Hz input voltage is connected to the ac inputs, determine the output voltages
on the circuit board in Figure 3—-79.

42. If each output of the board in Figure 3-79 is loaded ®Mitk(2, what fuse rating should be used?

43. Design a zener voltage regulator to meet the following specifications: The input voltage is 24 V dc,
the load current is 35 mA, and the load voltage is 8.2 V.

44. The varactor-tuned band-pass filter in Figure 3-27 is to be redesigned to produce a bandwidth
of from 350 kHz to 850 kHz within a 10% tolerance. Specify what change you would have to
make using the graph in Figure 3-80.

FIGURE 3-80 200
1001
(T
2 ~
3 \\; ™
g SR
(8] \ ‘\
] ~UONU N 836A
o N N N
§ 10— nSh 835A
o N 834A
2 SN 833A
[ N 832A
N 831A
830A
829A
1 | 1 |
1 10 100

Reverse voltge (Volts)
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BAsic BJT OPERATION

CIION 41 1. Name the two types of BJTs according to their structure.
ECKUP 2. The BJT is a three-terminal device. Name the three terminals.

swers can be found at www. 3 \What HEH T | inaBIT?

(L) I at separates the three regions in a BJT?

4-) BAsic BJT OPERATION

In order for a BJT to operate properly as an amplifier, theptwjanctions must be
correctly biased with external dc voltages. In this section, we mainly usprthe
transistor for illustration. The operation of thp is the same as for thgpn except

that the roles of the electrons and holes, the bias voltage polarities, and the current
directions are all reversed.

After completing this section, you should be able to

Discuss basic BJT operation
Describe forward-reverse bias
+ Show how to biagnp andnpn BJTs with dc sources
o Explain the internal operation of a BJT
+ Discuss the hole and electron movement
o Discuss transistor currents
+ Calculate any of the transistor currents if the other two are known

Biasing

Figure 4-3 shows a hias arrangement for bysh and pnp BJTs for operation as an

amplifier. Notice that in both cases the base-emitter (BE) junction is forward-biased and the

base-collector (BC) junction is reverse-biased. This condition is datledrd-reverse bias.

FIGURE 4-3

BC reverse-
biased

>,

I +

_; BE forward- _ BE forward-
I biased + biased
(@) npn () pnp
Operation

To understand how a transistor operates, let's examine what happens ingesthecture.

Forward-reverse bias of a BJT.

The heavily doped-type emitter region has a very high density of conduction-band (free)
electrons, as indicated in Figure 4—4. These free electrons easily diffuse through the forward-

based BE junction into the lightly doped and very fhiyipe base region, as indicated by the

wide arrow. The base has a low density of holes, which are the majority carriers, as repre-
sented by the white circles. A small percentage of the total number of free electrons injected
into the base region recombine with holes and move as valence electrons through the base re-

gion and into the emitter region as hole current, indicated by the red arrows.
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176 ¢ BIPOLAR JUNCTION TRANSISTORS

Collector lead
(metadlic)

Electons that
reconbined
with holes in
the base regn

\ <— BC junction depletion regio
N b BASE (ptype)
<— BEjunciondegetion regon

COLLECTOR (n-type)

Baselead
(metallic)
Minority EMITTER (n-type)
(hole)
current
A
Emitterlead Z
(metallic) °
Lo
—1=
-Te
CJ
CJ
00000
FIGURE 4-4

BJT operation showing electron flow.

When the electrons that have recombined with holes as valence electrons leave the crys-
talline structure of the base, they become free electrons in the metallic base lead and pro-
duce the external base current. Most of the free electrons that have entered the base do not
recombine with holes because the base is very thin. As the free electrons move toward the
reverse-biased BC junction, they are swept across into the collector region by the attraction
of the positive collector supply voltage. The free electrons move through the collector re-
gion, into the external circuit, and then return into the emitter region along with the base
current, as indicated. The emitter current is slightly greater than the collector current be-
cause of the small base current that splits off from the total current injected into the base
region from the emitter.

Transistor Currents

The directions of the currents in gpn transistor and its schematic symbol are as shown in
Figure 4-5(a); those forgmp transistor are shown in Figure 4-5(b). Notice that the arrow
on the emitter inside the transistor symbols points in the direction of conventional current.
These diagrams show that the emitter currgti¢ the sum of the collector curremg)

and the base currerg], expressed as follows:

Equation 4-1 lge =lc + 1

As mentioned befordg is very small compared tig or Ic. The capital-letter subscripts
indicate dc values.
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BJT CHARACTERISTICS AND PARAN

+
(2)npn (b) pnp
FIGURE 4-5
Transistor currents.
IHMII“ u 1. What are the bias conditions of the base-emitter and base-collector junctions for a
transistor to operate as an amplifier?

Which is the largest of the three transistor currents?

Is the base current smaller or larger than the emitter current?

Is the base region much thinner or much wider than the collector and emitter regions?
If the collector current is T mA and the base current is 10 wA, what is the emitter current?

it >

4—-3 BJT CHARACTERISTICS AND-PARAMETERS

Two important parameterSpc (dc current gain) andpc are introduced and used to
analyze a BJT circuit. Also, transistor characteristic curves are covered, and you will
learn how a BJT's operation can be determined from these curves. Finally, maximum
ratings of a BJT are discussed.

After completing this section, you should be able to

o Discuss basic BJT parametersand characteristics and analyze transistor
circuits

o Definedc beta (Bpc) anddc alpha (apc)
+ Calculate Bpc) and ¢pc) based on transistor current

o Describe a basic dc model of a BJT

o Analyze BJT circuits
+ Identify transistor currents and voltages Calculate each transistor current
+ Calculate each transistor voltage

o Interpret collector characteristic curves

+ Discuss the linear regione Explain saturation and cutoff in relation to the curves

Describe the cutoff condition in a BJT circuit

Describe the saturation condition in a BJT circuit

Discuss the dc load line and apply it to circuit analysis

Discuss howBpc changes with temperature

Explain and apply maximum transistor ratings

Derate a transistor for power dissipation

Interpret a BJT datasheet

00000 o d
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When a transistor is connected to dc bias voltages, as shown in Figure 4—6 fnboth
andpnp types, Vg forward-biases the base-emitter junction, &fagd reverse-biases the
base-collector junction. Although in this chapter we are using separate battery symbols to
represent the bias voltages, in practice the voltages are often derived from a single dc
power supply. For exampl¥c is normally taken directly from the power supply output
andVpg (Which is smaller) can be produced with a voltage divider. Bias circuits are exam-
ined thoroughly in Chapter 5.

178 ¢ BIPOLAR JUNCTION TRANSISTORS

FIGURE 4-6

Transistor dc bias circuits.

he

(@)npn (b) pnp

DC Beta (Bpc) and DC Alpha (ap¢)

The dc currengain of a transistor is the ratio of the dc collector currégtto the dc base
current (g) and is designated deta (Bpc).
. lc
Equation 4-2 Boc = —
B
Typical values of3pc range from less than 20 to 200 or higlyye is usually designated
as an equivalent hybridhY parameterhgg, on transistor datasheelsparameters are cov-
ered in Chapter 6. All you need to know now is that

hre = Bopc

The ratio of the dc collector current) to the dc emitter currentd) is the dcalpha
(apc)- The alpha is a less-used parameter than beta in transistor circuits.
Ic

apc = IE

Typically, values ofxpc range from 0.95 to 0.99 or greater, bgt is always less than 1.
The reason is that is always slightly less thalg by the amount ofg. For example, if
le = 100 mA andg = 1 mA, thenlc = 99 mA andxpc = 0.99.

Ui Determine the dc current gaisc and the emitter curremg for a transistor where

lg = 50 uA andlc = 3.65 mA.

I .

Ic il 3.65mA - 73

g 50uA

le = lc + g = 3.65MA + 50uA = 3.70mA

Solution BDC 5

Related Problem” A certain transistor hasfyc of 200. When the base current is/o@, determine the
collector current.

"Answers can be found at www.pear sonhigher ed.com/floyd
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BJT CHARACTERISTICS AND PARA
Transistor DC Model

You can view the unsaturated BJT as a device with a current input and a dependent cur-
rent source in the output circuit, as shown in Figure 47 fowparThe input circuit is a
forward-biased diode through which there is base current. The output circuit is a depen-
dent current source (diamond-shaped element) with a value that is dependent on the base
current,lg, and equal t@Bpclg. Recall that independent current source symbols have a
circular shape.

lg Ie FIGURE 4-7
B
Baseo o Collecta |geal dc model of an npn transistor.
Vge Bocls Vee
o ® ® o

Emitter

BJT Circuit Analysis

Consider the basic transistor bias circuit configuration in Figure 4-8. Three transistor dc
currents and three dc voltages can be identified.

Ig: dc base current

Ig: dc emitter current

Ic: dc collector current

Vgg: dc voltage at base with respect to emitter
Vcp: dc voltage at collector with respect to base

VcE: dc voltage at collector with respect to emitter

FIGURE 4-8

Transistor currents and voltages.

The base-bias voltage sourdgg, forward-biases the base-emitter junction, and the
collector-bias voltage sourc¥¢c, reverse-biases the base-collector junction. When the
base-emitter junction is forward-biased, it is like a forward-biased diode and has a nominal
forward voltage drop of

Vge = 0.7V Equation 4-3

Although in an actual transistdge can be as high as 0.9 V and is dependent on current,
we will use 0.7 V throughout this text in order to simplify the analysis of the basic con-
cepts. Keep in mind that the characteristic of the base-emitter junction is the same as a nor-
mal diode curve like the one in Figure 2-12.

Since the emitter is at ground (0 V), by Kirchhoff’s voltage law, the voltage dggass

Vry = VBB — VBE
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Also, by Ohm’s law,
Vg, = Ig8Rs
Substituting foVg, yields
IsRs = Vg — Vge
Solving forlg,

Equation 4-4 Vee — VBE
IB =
Rs

The voltage at the collector with respect to the grounded emitter is
Vce = Vee — Vre
Since the drop acro$%: is
Vr. = IcRc
the voltage at the collector with respect to the emitter can be written as
Equation 4-5 VCE = VCC - ICRC

Wherelc = Bpcle-
The voltage across the reverse-biased collector-base junction is

Equation 1-6 VCB = VCE - VBE
EXAMPLE 4-2 Determinelg, I¢, g, Vge, Vcg @andVeg in the circuit of Figure 4-9. The transistor has
aBpc = 150.
FIGURE 4-9

Solution  From Equation 4-3/ge = 0.7V. Calculate the base, collector, and emitter currents
as follows:
L Ves — Vee _ 5V - 0.7V
i Rg 10kQ
lc = Bpclg = (150)(430uA) = 64.5mA
lg = Ic + Ig = 64.5mA + 430uA = 649 mA

= 430 nA

Solve forVcg andVeg.

Vce = Vee — IcRe = 10V — (64.5mA)(100Q) = 10V — 6.45V = 355V
Vg = Veg — Vge = 3.55V — 0.7V = 2.85V

Since the collector is at a higher voltage than the base, the collector-base junction
reverse-biased.

S
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Related Problem  Determindg, Ic, I, Vcg andVeg in Figure 4-9 for the following valueBg = 22 k),
RC H 2209, VBB =6V, VCC =9V, andBDC = 90.

Open the Multisim file E04-02 in the Examples folder on the companion websjte
Measure each current and voltage and compare with the calculated values.

Collector Characteristic Curves

Using a circuit like that shown in Figure 4—10(a), a sedobector characteristic curves
can be generated that show how the collector curtgntiaries with the collector-to-
emitter voltageVcg, for specified values of base currdit, Notice in the circuit diagram
that bothVgg andVcc are variable sources of voltage.

Assume thaVgg is set to produce a certain valud giindVcc is zero. For this condi-
tion, both the base-emitter junction and the base-collector junction are forward-biased be-
cause the base is at approximately 0.7 V while the emitter and the collector are at 0 V. The
base current is through the base-emitter junction because of the low impedance path to

(a) Circuit
le
C
B - |
I
I
! :
' I
' I
' I
' I
' I
' I
' I
' I
' I
' I
' I
' I
' I
' I
' I
' I
A : | :
R V, vV
N T CE CE
o o7V Vee(max) 0
samrenion: | Breakdown (c) Family ofl¢ versusVcg curves for several values lgf
region ¢ —Acliveregion | region (1< 152< Ig3, €tc.)

(b) I versusVg curve for one value df

FIGURE 4-10

Collector characteristic curves.
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ground and, thereforég is zero. When both junctions are forward-biased, the transistor is
in the saturation region of its operatiGaturation is the state of a BJT in which the col-
lector current has reached a maximum and is independent of the base current.

As V¢ is increasedY g increases as the collector current increases. This is indicated
by the portion of the characteristic curve between péirasdB in Figure 4-10(b)l¢ in-
creases a¥cc is increased becausgg remains less than 0.7 V due to the forward-biased

base-collector junction.

Ideally, whenVcg exceeds 0.7 V, the base-collector junction becomes reverse-biased
and the transistor goes into taetive, or linear, region of its operation. Once the base-
collector junction is reverse-biasdd, levels off and remains essentially constant for a
given value oflg asV¢g continues to increase. Actually increases very slightly ag&g
increases due to widening of the base-collector depletion region. This results in fewer
holes for recombination in the base region which effectively causes a slight increase in
Bpc. This is shown by the portion of the characteristic curve between [andC in
Figure 4-10(b). For this portion of the characteristic curve, the vallgisfdetermined

only by the relationship expressedas= Bpclg.

When Vg reaches a sufficiently high voltage, the reverse-biased base-collector junc-
tion goes into breakdown; and the collector current increases rapidly as indicated by the
part of the curve to the right of poi@tin Figure 4—10(b). A transistor should never be op-

erated in this breakdown region.

A family of collector characteristic curves is produced wherersusVcgis plotted for
several values df, as illustrated in Figure 4-10(c). Whien= 0, the transistor is in the
cutoff region although there is a very small collector leakage current as indicatedi
is the nonconducting state of a transistor. The amount of collector leakage current for
Ig = 0 is exaggerated on the graph for illustration.

EXAMPLE 4-3

Solution

Sketch an ideal family of collector curves for the circuit in Figure 4-1}fer 5 uA to
25 A in 5 pA increments. Assum@pc = 100 and tha¥/cg does not exceed breakdown.

FIGURE 4-11

Using the relationshifyz = Bpclg, values ol are calculated and tabulated in Table 4-1.

The resulting curves are plotted in Figure 4-12.

TABLE 4-1

Ig

5 uA
10 A
15uA
20 uA
25uA

Ic
0.5 mA
1.0 mA
1.5 mA
2.0 mA
2.5 mA
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g = 25uA

Ig = 20uA

lg = 15uA

lg = 10uA

Ig = 5 A

FIGURE 4-12

Related Problem  Where would the curve fdg = 0 appear on the graph in Figure 4-12, neglecting co
lector leakage current?

Cutoff

As previously mentioned, whdg = 0, the transistor is in the cutoff region of its opera-
tion. This is shown in Figure 4-13 with the base lead open, resulting in a base current of
zero. Under this condition, there is a very small amount of collector leakage clgggnt,

due mainly to thermally produced carriers. Becdygggis extremely small, it will usually

be neglected in circuit analysis so tNag = Vcc. In cutoff, neither the base-emitter nor

the base-collector junctions are forward-biased. The subscript CEO represents collector-
to-emitter with the base open.

FIGURE 4-13

Cutoff: Collector leakage current

(Icgo) is extremely small and is

usually neglected. Base-emitter and

- base-collector junctions are
reverse-biased.

Saturation

When the base-emitter junction becomes forward-biased and the base current is in-
creased, the collector current also increakes=(Bpclg) andVcg decreases as a result of
more drop across the collector resistdgd = Ve — IcRe). This is illustrated in Figure
4-14. WhenVcg reaches its saturation valuézg(say the base-collector junction be-
comes forward-biased ahgcan increase no further even with a continued incredse in

At the point of saturation, the relatidg = Bpclg is no longer validVcgsapfor a tran-

sistor occurs somewhere below the knee of the collector curves, and it is usually only a
few tenths of a volt.
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FIGURE 4-14 Re
Saturation: As I increases due to in- Wy
creasing Vgg, Ic also increases and Vg le
decreases due to the increased voltage Rs + __+
drop across Rc. When the transistor VVv & )VCE =Vee—IcRe ===Vee
+ —_— -

reaches saturation, I can increase no | I
further regardless of further increase Vee 7

in Ig. Base-emitter and base-collector

junctions are forward-biased.

DC Load Line

Cutoff and saturation can be illustrated in relation to the collector characteristic curves
by the use of a load line. Figure 4—-15 shows a dc load line drawn on a family of curves
connecting the cutoff point and the saturation point. The bottom of the load line is at
ideal cutoff wherdc = 0 andVcg = Vcc. The top of the load line is at saturation where

Ic = Icsayy@ndVee = Vcgsay In between cutoff and saturation along the load line is
the active region of the transistor’s operation. Load line operation is discussed more in
Chapter 5.

FIGURE 4-15

DC load line on a family of collector
characteristic curves illustrating the
cutoff and saturation conditions.

ol Vee(sat) Vee

EXAMPLE 4-4 Determine whether or not the transistor in Figure 4—16 is in saturation. Assume
VCE(sat) =02V

FIGURE 4-16

— Vce

- 10V
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Solution  First, determinéc sat

Vec — Veggany 10V — 0.2V 9.8V

I = = = 9.8mA
Clsa) Re 1.0kO 1.0k0 |
Now, see iflg is large enough to produtgsay
Veg — V| = @. :
1L BB B _ 3V - 07V 23V Ll bEL

Rs 10kQ  10kQ
lc = Bpclg = (50)(023“’1A) = 11.5mA

This shows that with the specifi@gc, this base current is capable of producing an
Ic greater thamcsayy Therefore, théransistor is saturated, and the collector current
value of 11.5 mA is never reached. If you further incrégsthe collector current
remains at its saturation value of 9.8 mA.

Related Problem  Determine whether or not the transistor in Figure 4—16 is saturated for the following
values:;Bpc = 125,Vgg = 1.5 V,Rz = 6.8 K}, Rc = 180(), andVc = 12 V.

Open the Multisim file E04-04 in the Examples folder on the companion websjte.
Determine if the transistor is in saturation and explain how you did this.

More About Bpc

The Bpc or hegis an important BJT parameter that we need to examine fushers not

truly constant but varies with both collector current and with temperature. Keeping the
junction temperature constant and increasigausepc to increase to a maximum. A
further increase ity beyond this maximum point caugés- to decrease. I is held con-

stant and the temperature is variBgg changes directly with the temperature. If the tem-
perature goes uppc goes up and vice versa. Figure 4—17 shows the variati@p-ofith

Ic and junction temperaturd ) for a typical BJT.

70

u
o

w
o

N
o

Minimum current gainf{pc)

=
o

N
)

.0 20 3.0 50 7.0 10 20 30 50 70 100 200
I, collector current (mA)

FIGURE 4-17

Variation of Bpc with I for several temperatures.

A transistor datasheet usually specifigs: (hgg) at specificlc values. Even at fixed
values oflc and temperaturg3pc varies from one device to another for a given type of
transistor due to inconsistencies in the manufacturing process that are unavoidable. The
Bpc specified at a certain value lgfis usually the minimum valu@pcminy, although the
maximum and typical values are also sometimes specified.
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Maximum Transistor Ratings

A BJT, like any other electronic device, has limitations on its operation. These limitations

are stated in the form of maximum ratings and are normally specified on the manufac-

turer's datasheet. Typically, maximum ratings are given for collector-to-base voltage,

collector-to-emitter voltage, emitter-to-base voltage, collector current, and power dissipation.
The product oV andlc must not exceed the maximum power dissipation. Begth

andlc cannot be maximum at the same tima/dg is maximum| ¢ can be calculated as

I~ = F)D(max)
¢ Vce

If Ic is maximum,Vcg can be calculated by rearranging the previous equation as follows:

I:)Dmax
Ve =~

lc

For any given transistor, a maximum power dissipation curve can be plotted on the col-
lector characteristic curves, as shown in Figure 4—18(a). These values are tabulated in
Figure 4-18(b). ASSUMBpmay) IS 500 MW,VcE(max)is 20 V, and c(max)is 50 mA. The
curve shows that this particular transistor cannot be operated in the shaded portion of the
graph.lcmax)is the limiting rating between poinsandB, Ppmax) is the limiting rating
between point8 andC, andVcgmax)is the limiting rating between poin@&andD.

| c (mA)

60—

IC(max) — 50—A

40— \
g <
20
10 l Poma | Vee | e
| 500mw| 5V | 100 mA
0 T T T ¢ Vee (V) 500mwW| 10V | 50mA
5 10 15 20 500mw| 15V | 33mA
4 500mw| 20V | 25mA
Veemax)
@ (b)
FIGURE 4-18

Maximum power dissipation curve and tabulated values.

EXAMPLE 4-5 A certain transistor is to be operated wWitke = 6 V. If its maximum power rating is
250 mW, what is the most collector current that it can handle?

Pomax) _ 250mwW

Solution lc =
T VAL 6V

= 41.7mA

This is the maximum current for this particular valu®/gf. The transistor can handle
more collector current Ncg is reduced, as long &pmax) andlcmax)are not exceeded.

Related Problem — 1f Ppmax) = 1 W, how much voltage is allowed from collector to emitter if the transis-
tor is operating withc = 100 mA?
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EXAMPLE 4-6

Solution

Related Problem

The transistor in Figure 4-19 has the following maximum ratiRgg;ax = 800 mW,
Vegmax = 15V, andigmaxy = 100 mA. Determine the maximum value to whigke
can be adjusted without exceeding a rating. Which rating would be exceeded first?

FIGURE 4-19

First, findlg so that you can determihg.
Iy = Vee — VBE _5v-o0rv
Rs 22kQ
Ic = Bpclg = (100)(195«A) = 19.5mA
Icis much less thalymaxyand ideally will not change witkicc. It is determined only

by Ig andBDc.
The voltage drop acro$g is

Vie = IcRe = (19.5mA)(1.0kQ) = 19.5V

Now you can determine the value\gc whenVee = Vegmax) = 15 V.

= 195uA

VRr. = Ve — Vee
So,
VCC(max)= VCE(max)+ (VRC = 15V + 19.5V = 345V

Vcc can be increased to 34.5 V, under the existing conditions, Déffgax)is
exceeded. However, at this point it is not known whether oPH@t.x) has been
exceeded.

Pb = Vegmadc = (15V)(19.5mA) = 293mw

SincePp(max)is 800 mW, it isnot exceeded whe¥cc = 34.5 V. SOVcgmax)y = 15V
is the limiting rating in this case. If the base current is removed causing the transistor
to turn off, Vcgmax) Will be exceeded first because the entire supply voltagec,
will be dropped across the transistor.

The transistor in Figure 4-19 has the following maximum ratiBggsax = 500 mW,
Vegmax) = 25 V, andigmaxy = 200 mA. Determine the maximum value to whigke
can be adjusted without exceeding a rating. Which rating would be exceeded first?

Derating Ppmnax)

Pp(max) is usually specified at 25°C. For higher temperatuPggyax) is less. Datasheets
often give derating factors for determiniRgmax) at any temperature above 25°C. For
example, a derating factor of 2 mW/°C indicates that the maximum power dissipation is
reduced 2 mW for each degree Celsius increase in temperature.
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EXAMPLE 4-7 A certain transistor hasRpmay) of 1 W at 25°C. The derating factor is 5 mw/°C.
What is thePp(max) at a temperature of 70°C?

Solution  The change (reduction) Pp(max)is
APp(max) = (5mW/°C)(70°C— 25°C) = (5mW/°C)(45°C)= 225mW
Therefore, thépmaxyat 70°C is
1W — 225mW = 775mW

Related Problem A transistor has Bpmax) = 5 W at 25°C. The derating factor is 10 mW/°C. What is
the Ppmax) at 70°C?

BJT Datasheet

A partial datasheet for the 2N39@pn transistor is shown in Figure 4—-20. Notice that
the maximum collector-emitter voltag€dgo) is 40 V. The CEO subscript indicates that
the voltage is measured from collector (C) to emitter (E) with the base open (O). In the text,
we UseVcgmax)for this parameter. Also notice that the maximum collector current is
200 mA.

TheBpc (heg) is specified for several valueslef As you can sed-g varies withlc as
we previously discussed.

The collector-emitter saturation voltagése sagis 0.2 V maximum fotcsay = 10 mA
and increases with the current.

EXAMPLE 4-8 A 2N3904 transistor is used in the circuit of Figure 4—19 (Example 4—6). Determine
the maximum value to whici-c can be adjusted without exceeding a rating. Which
rating would be exceeded first? Refer to the datasheet in Figure 4—20.

Solution  From the datasheet,
Ppmax) = Po = 625mW
Vcemax) = Vceo = 40V
lcmax) = Ic = 200mA

AssumeBpc = 100. This is a reasonably valid assumption based on the datasheet
100 minimum for specified condition8fc andhgg are the same parameter). As you
have learned, thepc has considerable variations for a given transistor, depending
on circuit conditions. Under this assumptiéf,= 19.5 mA andvg. = 19.5V from
Example 4-6.

Sincelc is much less thalymaxyand, ideally, will not change wittcc, the maxi-
mum value to whic¢¢ can be increased befovggmax)is exceeded is

Vecmax) = Vegmax T Vre = 40V + 19.5V = 59.5V
However, at the maximum value \@¢g, the power dissipation is
Pp = VegmaxJc = (40V)(19.5mA) = 780mwW

Power dissipation exceeds the maximum of 625 mW specified on the datasheet.

Related Problem  Use the datasheet in Figure 4—20 to find the maxirRgrat 50°C.
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FIGURE 4-20

e r—
FAIRCHILD
I

SEMICONDUCTOR

Partial datasheet. For a complete
2N3904 datasheet, go to
http://www.fairchildsemi.com/ds/
2N%2F2N3904.pdf. Copyright
Fairchild Semiconductor

2N3904 MMBT3904 PZT3904

C . P
" Corporation. Used by permission.
i E
TO-92
SOT-23 B SOT-223
Mark: 1A

NPN General Purpose Amplifier

This device is designed as a general purpose amplifier and switch.

The useful dynamic range extends to 100 mA as a switch and to

100 MHz as an amplifier.

Absolute Maximum Ratings* 7, = 25°C unless othenwise noted
Symbol Parameter Value Units
Veeo Collector-Emitter Voltage 40 \Y
Veeo Collector-Base Voltage 60 \
Veso Emitter-Base Voltage 6.0 v
Ie Collector Current - Continuous 200 mA
Ty, Tstg Operating and Storage Junction Temperature Range -55 to +150 °C

*These ratings are limiting jiceability of any device may be impaired.

NOTES:

1) These ratings are based on a maximum junction temperature of 150 degrees C.

2) The y state limits. The factory involving pulsed or low duty cycle op:

Thermal Characteristics 7= 25°C unless othervise noted
Symbol Characteristic Max Units

2N3904 *MMBT3904 **PZT3904
Po Total Device Dissipation 625 350 1,000 mw
Derate above 25°C 5.0 2.8 8.0 mw/°C

Roic Thermal Resistance, Junction to Case 83.3 °CIW
Roaa Thermal Resistance, Junction to Ambient 200 357 125 °CIW

*Device mounted on FR-4 PCB 1.6 X 1.6" X 0.06."

**Device mounted on FR-4 PCB 36 mm X 18 mm X 1.5 mm; mounting pad for the collector lead min.  cm?

Electrical Characteristics

T, =25°C unless otherwise noted

Symbol Parameter Test Conditions ‘Min +/Iax L)nits
OFF CHARACTERISTICS
Vericeo Collector-Emitter Breakdown lc=1.0mA, Ig=0 40 \
Voltage
V(ericeo Collector-Base Breakdown Voltage lc=10pA, le=0 60 \2
V(eriEBO Emitter-Base Breakdown Voltage le=10pA, lc =0 6.0 Vv
lsL Base Cutoff Current Vce =30V, Vgg =3V 50 nA
lcex Collector Cutoff Current Vce =30V, Veg =3V 50 nA
ON CHARACTERISTICS*
hee DC Current Gain 40
70
100 300
60
30
Veeeay Collector-Emitter Saturation Voltage 0.2 \%
0.3 \
Veesan Base-Emitter Saturation Voltage lc=10mA, Ig=1. 0.65 0.85 \Y
Ic =50 MA, I = 5.0 mA 0.95 \
SMALL SIGNAL CHARACTERISTICS
fr Current Gain - Bandwidth Product lc =10 mA, Vce =20V, 300 MHz
f=100 MHz
Cobo Output Capacitance Veg=5.0V,lg=0, 4.0 pF
f=1.0 MHz
Cibo Input Capacitance Veg =05V, Ic=0, 8.0 pF
f=1.0 MHz
NF Noise Figure lc = 100uA, Vee =5.0 V, 5.0 dB
Rs =1.0kQ,f=10 Hz to 15.7kHz
SWITCHING CHARACTERISTICS
tg Delay Time Vec=3.0V, Vge =05V, 35 ns
tr Rise Time lc =10 MA, lg; = 1.0 mA 35 ns
ts Storage Time Vee=3.0V, Ic = 10mA 200 ns
1 Fall Time lg1 = lgp = 1.0 MA 50 ns

*Pulse Test: Pulse Width <300, Duty Cycle< 2.0%
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SECTION 4-3
CHECKUP

Define Bpc and apc. What is hgg?

If the dc current gain of a transistor is 100, determine Bpc and apc.

What two variables are plotted on a collector characteristic curve?

What bias conditions must exist for a transistor to operate as an amplifier?
Does Bpg increase or decrease with temperature?

For a given type of transistor, can Bpc be considered to be a constant?

ST e e

4-4 THE BJT AS AN AMPLIFIER

Amplification is the process of linearly increasing the amplitude of an electrical signal
and is one of the major properties of a transistor. As you learned, a BJT exhibits current
gain (calledd). When a BJT is biased in the active (or linear) region, as previously de-
scribed, the BE junction has a low resistance due to forward bias and the BC junction has
a high resistance due to reverse bias.

After completing this section, you should be able to

2 Discusshow a BJT isused as a voltage amplifier

2 List the dc and ac quantities in an amplifier
+ Describe how the dc and ac quantities are identified

2 Describe voltage amplification
+ Draw the schematic for a basic BJT amplifier Definecurrent gain and
voltagegain < Calculate voltage gaine Calculate amplifier output voltage

DC and AC Quantities

Before discussing the concept of transistor amplification, the designations that we will use
for the circuit quantities of current, voltage, and resistance must be explained because am-
plifier circuits have both dc and ac quantities.

In this text, italic capital letters are used for both dc and ac curt¢iatsd voltages\).

This rule applies to rms, average, peak, and peak-to-peak ac values. AC current and volt-
age values are always rms unless stated otherwise. Although some texts use lawercase
andv for ac current and voltage, we reserve the use of lowereasby only for instanta-

neous values. In this text, the distinction between a dc current or voltage and an ac current
or voltage is in the subscript.

DC quantities always carry an uppercase roman (nonitalic) subscript. For exigmple,

Ic, andlg are the dc transistor currentg, Veg, andVceg are the dc voltages from one
transistor terminal to another. Single subscripted voltages suék, &, andVg are dc
voltages from the transistor terminals to ground.

AC and all time-varying quantities always carry a lowercase italic subscript. For exam-
ple,l, I, andle are the ac transistor currentge, Ve, andVge are the ac voltages from one
transistor terminal to another. Single subscripted voltages su¢f ®s, andV, are ac
voltages from the transistor terminals to ground.

The rule is different fomternal transistor resistances. As you will see later, transistors
have internal ac resistances that are designated by lowefcase  with an appropriate sub-
script. For example, the internal ac emitter resistance is designated as

Circuit resistances external to the transistor itself use the standard italic Rapitaka
subscript that identifies the resistance as dc or ac (when applicable), just as for current and
voltage. For examplBg is an external dc emitter resistance &ads an external ac emit-
ter resistance.
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As you have learned, a transistor amplifies current because the collector current is equal to
the base current multiplied by the current g@inThe base current in a transistor is very
small compared to the collector and emitter currents. Because of this, the collector current
is approximately equal to the emitter current.

With this in mind, let’s look at the circuit in Figure 4—21. An ac voltageis superim-
posed on the dc bias voltaggg by capacitive coupling as shown. The dc bias voltage
is connected to the collector through the collector resiBtor,

Voltage Amplification

FIGURE 4-21

Basic transistor amplifier circuit with
ac source voltage V; and dc bias volt-
age Vg superimposed.

The ac input voltage produces an ac base current, which results in a much larger ac col-
lector current. The ac collector current produces an ac voltage Rgrdbss producing an
amplified, but inverted, reproduction of the ac input voltage in the active region of opera-
tion, as illustrated in Figure 4-21.

The forward-biased base-emitter junction presents a very low resistance to the ac signal.
This internal ac emitter resistance is designated in Figure 4-21 and appears in series
with Rg. The ac base voltage is

Vb = lefe

The ac collector voltag&/;, equals the ac voltage drop acrBgs

Ve = IR
Sincel, = g, the ac collector voltage is
Ve = leRe

Vp can be considered the transistor ac input voltage Whete Vs — 1,Rg. V. can be con-
sidered the transistor ac output voltage. Suottage gain is defined as the ratio of the output
voltage to the input voltage, the ratio\gfto V, is the ac voltage gain, of the transistor.

_ Ve
A = Vi
Substitutingl R for V. andl ¢ for V,, yields
b ele
Thel terms cancel; therefore,
R Equation 4-7
A, = r_’c a
e

Equation 4-7 shows that the transistor in Figure 4—21 provides amplification in the form
of voltage gain, which is dependent on the valudR-adndry, .
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SinceR: is always considerably larger in value thhgn , the output voltage for this con-
figuration is greater than the input voltage. Various types of amplifiers are covered in detail
in later chapters.

EXAMPLE 4-9 Determine the voltage gain and the ac output voltage in Figure 4r22if . 50
FIGURE 4-22 g
W
1.0 k2
\ Iy ) L
/l T Vout Vee _:
+
ull v
Vs Ves — 100 MV
= l = =
Solution  The voltage gain is

192 ¢ BIPOLAR JUNCTION TRANSISTORS

Rc ~ 1.0kQ
= = =20
Fe .2.500Q

Therefore, the ac output voltage is

Vour = AVp = (20)(100mV) = 2V rms

Related Problem  What value oR in Figure 4—22 will it take to have a voltage gain of 50?

BERE
Wl‘ll u . 'What is amplification?

How iis voltage gain defined?

Name two factors that determine the voltage gain of an amplifier.

What is the voltage gain of a transistor amplifier that has an output of 5 V rms and an
input of 250 mV rms?

5. A transistor connected as in Figure 4-22 has an r;, = 20 Q. If R¢ is 1200 (2, what is
the voltage gain?

AW =

4-5 THE BJT As A SwiITCH

In the previous section, you saw how a BJT can be used as a linear amplifier. The second
major application area is switching applications. When used as an electronic switch, a
BJT is normally operated alternately in cutoff and saturation. Many digital circuits use

the BJT as a switch.

After completing this section, you should be able to

o Discusshow a BJT isused as a switch
o Describe BJT switching operation
o Explain the conditions in cutoff
+ Determine the cutoff voltage in terms of the dc supply voltage
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o Explain the conditions in saturation
+ Calculate the collector current and the base current in saturation
o Describe a simple application

Switching Operation

Figure 4-23 illustrates the basic operation of a BJT as a switching device. In part (a), the
transistor is in the cutoff region because the base-emitter junction is not forward-biased. In
this condition, there is, ideally, apen between collector and emitter, as indicated by the
switch equivalent. In part (b), the transistor is in the saturation region because the base-
emitter junction and the base-collector junction are forward-biased and the base current is
made large enough to cause the collector current to reach its saturation value. In this con-
dition, there is, ideally, ahort between collector and emitter, as indicated by the switch
equivalent. Actually, a small voltage drop across the transister of up to a few tenths of a
volt normally occurs, which is the saturation voltages say

+Vee +Vee +Vee +Vec FIGURE 4-23
Switching action of an ideal transistor.
IC(sat) RC T IC(sat)
Cc
E

(a) Cutoff — open switch (b) Saturation — closed switch

Conditions in Cutoff As mentioned before, a transistor is in the cutoff region when the
base-emitter junction is not forward-biased. Neglecting leakage current, all of the currents
are zero, an¥cgis equal toVcc.

Vee(eutoffy) = Vee Equation 4-8

Conditions in Saturation As you have learned, when the base-emitter junction is
forward-biased and there is enough base current to produce a maximum collector current,
the transistor is saturated. The formula for collector saturation current is
Vee = Vegs .
gty = ——5—— Equation 4-9
Rc
SinceVcg(sanis very small compared ¥, it can usually be neglected.
The minimum value of base current needed to produce saturation is

I c(sat)
IB(min) = Boc

Equation 4-10

Normally, Ig should be significantly greater th&gmn) to ensure that the transistor is
saturated.

EXAMPLE 4-10 (a) For the transistor circuit in Figure 4—-24, whaVig whenV,y = 0 V?

(b) What minimum value ofg is required to saturate this transistoBgfc is 200?
NeglectVce(say

(c) Calculate the maximum value B whenVy = 5 V.
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FIGURE 4-24

Vee
+10V

Vout

(@ WhenV,y = 0V, the transistor is in cutoff (acts like an open switch) and
VCE = VCC = 10V
(b) SinceVcgsayis neglected (assumed to be 0 V),
Vee 10V
o0 = R~ 1okq 0™
lcsay 10mA
I8(min) = =———=50uA
B(min) 5 200 r

This is the value offg necessary to drive the transistor to the point of saturation
Any further increase itg will ensure the transistor remains in saturation but there
cannot be any further increase in

() When the transistor is oWge = 0.7V. The voltage acRsts
VRB =ViN — Vge = 5V — 0.7V = 4.3V

Calculate the maximum value B needed to allow a minimuig of 50 ©A
using Ohm’s law as follows:
VRrs 4.3V
RB(malx) in AN
IB(mln) SOuA
Determine the minimum value & required to saturate the transistor in Figure 4-24
if BDC is 125 and/CE(sat)iS 0.2 V.

= 86k()

A Simple Application of a Transistor Switch

The transistor in Figure 4-25 is used as a switch to turn the LED on and off. For example,
a square wave input voltage with a period of 2 s is applied to the input as indicated. When

FIGURE 4-25 +Vee

A transistor used to switch an LED
on and off.

Re

4

ON ON

1s——
OFF
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the square wave is at 0 V, the transistor is in cutoff; and since there is no collector cur-
rent, the LED does not emit light. When the square wave goes to its high level, the tran-
sistor saturates. This forward-biases the LED, and the resulting collector current
through the LED causes it to emit light. Thus, the LED is on for 1 second and off for
1 second.

EXAMPLE 4-11 The LED in Figure 4—25 requires 30 mA to emit a sufficient level of light. Therefore,
the collector current should be approximately 30 mA. For the following circuit values,
determine the amplitude of the square wave input voltage necessary to make sure that
the transistor saturates. Use double the minimum value of base current as a safety
margin to ensure saturatiolec = 9 V, Vegsap = 0.3 V,Rc = 220, Rg = 3.3 K},
Bpc = 50, andVi gp = 1.6 V.

Vec — Viep — VeE@ay _ 9V — 1.6V — 0.3V

Solution lc(sat) = Re 2200 = 32.3mA
lcsayy 32.3mA
IB(min) = LT 646 A

To ensure saturation, use twice the valuksgfin), which is 1.29 mA. Use Ohm’s law
to solve forVi,.

T\C Wy | Vin— Vee _ Vin— 07V
Rs Rs 3.3kQ
Vin = 0.7V = 2lgminRs = (1.29mA)(3.3k(2)
Vin = (1.29mA)(3.3kQ) + 0.7V = 4.96V

Related Problem If you change the LED in Figure 4—25 to one that requires 50 mA for a specified light
emission and you can't increase the input amplitude above 5/A/«mbove 9V,
how would you modify the circuit? Specify the component(s) to be changed and the
value(s).

Open the Multisim file E04-11 in the Examples folder on the companion website
Using a 0.5 Hz square wave input with the calculated amplitude, verify that the

transistor iswitching between cutoff and saturation and that the LED is alterngtely
turning on and off.

When a transistor is used as a switch, in what two states is it operated?
When is the collector current maximum?

When is the collector current approximately zero?

Under what condition is Vg = Vc?

When is Vg minimum?

Sl o e
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4—-6 THE PHOTOTRANSISTOR

A phototransistor is similar to a regular BJT except that the base current is produced
and controlled by light instead of a voltage source. The phototransistor effectively con-
verts light energy to an electrical signal.

After completing this section, you should be able to

o Discussthe phototransistor and its operation
+ Identify the schematic symbole Calculate the collector currente Interpret a
set of collector characteristic curves

o Describe a simple application

o Discuss optocouplers
+ Definecurrent transfer ratio ¢ Give examples of how optocouplers are used

In aphototransistor the base current is produced when light strikes the photosensitive
semiconductor base region. The collector-bas@unction is exposed to incident light
through a lens opening in the transistor package. When there is no incident light, there is
only a small thermally generated collector-to-emitter leakage cutggny,this dark cur-
rent is typically in the nA range. When light strikes the collector-pagenction, a base
current,l,, is produced that is directly proportional to the light intensity. This action pro-
duces a collector current that increases WttExcept for the way base current is gener-
ated, the phototransistor behaves as a conventional BJT. In many cases, there is no electri-
cal connection to the base.

The relationship between the collector current and the light-generated base current in a
phototransistor is

Equation 4-11 lc = Bpcla

The schematic symbol and some typical phototransistors are shown in Figure 4-26.
Since the actual photogeneration of base current occurs in the collector-base region, the
larger the physical area of this region, the more base current is generated. Thus, a typical
phototransistor is designed to offer a large area to the incident light, as the simplified
structure diagram in Figure 4-27 illustrates.

FIGURE 4-26 e

Phototransistor.
K w\
%

(a) Schematic symbol (b) Typical packages

FIGURE 4-27 Emitter Light

Typical phototransistor structure.

Collector
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A phototransistor can be either a two-lead or a three-lead device. In the three-lead con-
figuration, the base lead is brought out so that the device can be used as a conventional BJT
with or without the additional light-sensitivity feature. In the two-lead configuration, the
base is not electrically available, and the device can be used only with light as the input. In
many applications, the phototransistor is used in the two-lead version.

Figure 4—28 shows a phototransistor with a biasing circuit and typical collector charac-
teristic curves. Notice that each individual curve on the graph corresponds to a certain
value of light intensity (in this case, the units are mjcand that the collector current in
creases with light intensity.

e Ic (MA) FIGURE 4-28
7 10+ 50 mwicnt Phototransistor circuit and typical
collector characteristic curves.
L 8- 40 mw/en?
SR
30 m\N/Cﬂ%
6 -
\ 20 mW/Cl’T?
w
10 mw/cnt
2 .
Dark current
—t OI T T T T T T VCE (V)
— 5 10 15 20 25 30

Phototransistors are not sensitive to all light but only to light within a certain range of
wavelengths. They are most sensitive to particular wavelengths in the red and infrared
part of the spectrum, as shown by the peak of the infrared spectral response curve in
Figure 4-29.

Percentage response FIGURE 4-29

Typical phototransistor spectral re-
100 sponse.

80
60—
40

20

T T T T T Wavelength (nm)

T T
0] 500 700 900 1100

Applications

Phototransistors are used in a variety of applications. A light-operated relay circuit is
shown in Figure 4-30(a). The phototransis@grdrives the BJTQ, When there is suffi-
cient incident light orQ,, transistorQ, is driven into saturation, and collector current
through the relay coil energizes the relay. The diode across the relay coil prevents, by its
limiting action, a large voltage transient from occurring at the collect@,afhen the
transistor turns off.

Figure 4-30(b) shows a circuit in which a relay is deactivated by incident light on
the phototransistor. When there is insufficient light, transi®ois biased on, keeping
the relay energized. When there is sufficient light, phototrans@tdurns on; this
pulls the base d®, low, thus turningQ, off and de-energizing the relay.
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FIGURE 4-30 +Vee *Vee
@)

Relay circuits driven by a phototran-
sistor.

Relay

coil v7— _Relay

O ”’A_é—_ocontacts
\@> Q

Q

v7 . Relay
-~ " a1l _ " contacts

(a) Light activated (b) Light deactivated

Optocouplers

An optocoupler uses an LED optically coupled to a photodiode or a phototransistor in a
single package. Two basic types are LED-to-photodiode and LED-to-phototransistor, as
shown in Figure 4-31. Examples of typical packages are shown in Figure 4-32.

FIGURE 4-31

Basic optocouplers.
=== > =

(a) LED-to-photodiode (b) LED-to-phototransistor

.

(a) Dual-in-line (b) Surface-mount (c) Ball-grid

FIGURE 4-32

Examples of optocoupler packages. ;

A key parameter in optocouplers is B&R (current transfer ratio). The CTR is an in-
dication of how efficiently a signal is coupled from input to output and is expressed as the
ratio of a change in the LED current to the corresponding change in the photodiode or
phototransistor current. It is usually expressed as a percentage. Figure 4—-33 shows a

FIGURE 4-33 200
180
160
140
120
100
80
60
40
20

0

CTR versus I for a typical optocou-
pler.

Current transfer ratio CTR (%)

1 2 5 10 20 50
Forward currentg (mA)


http://cbs.wondershare.com/go.php?pid=5261&m=db

mm Wondershare
H pPDFelement
TRANSISTOR CATEGORIES AND PACKAGTNG

typical graph of CTR versus forward LED current. For this case, it varies from about 50%
to about 110%.

Optocouplers are used to isolate sections of a circuit that are incompatible in terms of
the voltage levels or currents required. For example, they are used to protect hospital pa-
tients from shock when they are connected to monitoring instruments or other devices.
They are also used to isolate low-current control or signal circuits from noisy power supply
circuits or higher-current motor and machine circuits.

SECTION 46 1. How does a phototransistor differ from a conventional BJT?

CHECKUP 2. |Althree-lead phototransistor has an external (emitter, base, collector) lead.
3. The collector current in a phototransistor circuit depends on what two factors?
4. What is the optocoupler parameter, OTR?

4—7 TRANSISTOR CATEGORIES AND PACKAGING

BJTs are available in a wide range of package types for various applications. Those
with mounting studs or heat sinks are usually power transistors. Low-power and
medium-power transistors are usually found in smaller metal or plastic cases. Still
another package classification is for high-frequency devices. You should be familiar
with common transistor packages and be able to identify the emitter, base, and collector
terminals.

After completing this section, you should be able to

2 Identify various types of transistor packages
2 List three broad transistor categories
+ ldentify package pin configurations

Transistor Categories

Manufacturers generally classify bipolar junction transistors into three broad categories:
general-purpose/small-signal devices, power devices, and RF (radio frequency/microwave)
devices. Although each of these categories, to a large degree, has its own unique package
types, you will find certain types of packages used in more than one device category. Let’s
look at transistor packages for each of the three categories so that you will be able to
recognize a transistor when you see one on a circuit board and have a good idea of what
general category it is in.

General-Purpose/Small-Signal Transistors General-purpose/small-signal transistors

are generally used for low- or medium-power amplifiers or switching circuits. The pack-
ages are either plastic or metal cases. Certain types of packages contain multiple transis-
tors. Figure 4-34 illustrates two common plastic cases and a metal can package.

Figure 4-35 shows multiple-transistor packages. Some of the multiple-transistor pack-
ages such as the dual in-line (DIP) and the small-outline (SO) are the same as those used
for many integrated circuits. Typical pin connections are shown so you can identify the
emitter, base, and collector.

Power Transistors Power transistors are used to handle large currents (typically more
than 1 A) and/or large voltages. For example, the final audio stage in a stereo system uses
a power transistor amplifier to drive the speakers. Figure 4-36 shows some common package
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3 Collector 3 Collector 3 Collecta
2 2
Base Base
1 1 Emitter 2 Emitter 1 Emitter
2 3 32 1
(a) TO-92 (b) SOT-23 (c) TO-18. Emitter is closest to tab.
FIGURE 4-34

Plastic and metal cases for general-purpose/small-signal transistors. Pin configurations may vary.
Always check the datasheet (http://fairchildsemiconductor.com/).

116
115
14
113
112
011
110
19

Collector 1 7 Collector

o)
i Bsse /' Bgse

Emitter 3 5 Emitter

(a) Dual metal can. Emitters are closest to tab. (b) Quad dual in-line (DIP) and quad  (c) Quad small outline (SO) package for
flat-pack. Dot indicates pin 1. surface-mount technology

FIGURE 4-35

Examples of multiple-transistor packages.

(a) TO-220 (b) TO-225 (c) D-Pack (d)TO-3

(e) Greatly enlarged cutaway view of tiny transistor chip mounted in the
encapsulated package

FIGURE 4-36

Examples of power transistors and packages.
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configurations. The metal tab or the metal case is common to the collector and is thermally
connected to a heat sink for heat dissipation. Notice in part (e) how the small transistor
chip is mounted inside the much larger package.

RF Transistors RF transistors are designed to operate at extremely high frequencies and
are commonly used for various purposes in communications systems and other high-
frequency applications. Their unusual shapes and lead configurations are designed to opti-
mize certain high-frequency parameters. Figure 4—-37 shows some examples.

(€Y
FIGURE 4-37

Examples of RF transistor packages.

1. List the three broad categories of bipolar junction transistors.
2. In a metal can package of a general-purpose BJT, how is the emitter identified?

3. [In power transistors, the metal mounting tab or case is connected to which transistor
region?

4-8 TROUBLESHOOTING

As you already know, a critical skill in electronics work is the ability to identify a
circuit malfunction and to isolate the failure to a single component if necessary. In this
section, the basics of troubleshooting transistor bias circuits and testing individual
transistors are covered.

After completing this section, you should be able to

o Troubleshoot faults in transistor circuits

o Troubleshoot a biased transistor
+ Calculate what the readings should be Definefloating point

o Test a transistor using a DMM
+ Discuss the DMM diode test positiorr Describe testing using the OHMs
function

o Describe the transistor tester

o Discuss in-circuit and out-of-circuit testing
+ Explain point-of-measurement troubleshooting Describe leakage
measurement and gain measurement

o Explain what a curve tracer is

Chapter 18 Basic Programming Concepts for Automated Testing
Selected sections from Chapter 18 may be introduced as part of this troubleshoc
coverage or, optionally, the entire Chapter 18 may be covered later or not at all.
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Troubleshooting a Biased Transistor

Several faults can occur in a simple transistor bias circuit. Possible faults are open bias re-
sistors, open or resistive connections, shorted connections, and opens or shorts internal to
the transistor itself. Figure 4—38 is a basic transistor bias circuit with all voltages refer-
enced to ground. The two bias voltages\4ig = 3 V andVc = 9 V. The correct volt-

age measurements at the base and collector are shown. Analytically, these voltages are ver-
ified as follows. ABpc = 200 is taken as midway between the minimum and maximum
values otgg given on the datasheet for the 2N3904 in Figure 4—-20. A diffaperBpc),

of course, will produce different results for the given circuit.

Vg = Vgg = 0.7V

Vgg — 0.7V 3V - 0.7V 2.3V
Re  56kQ  56kQ

lc = Bpclg = 200(41.1uA) = 8.2mA

Ve =9V — IcRc = 9V — (8.2mA)(560Q)) = 4.4V

Ig =

= 41.1pA

Vee
+9V
@)

FIGURE 4-38

A basic transistor bias circuit.

Several faults that can occur in the circuit and the accompanying symptoms are illus-
trated in Figure 4—39. Symptoms are shown in terms of measured voltages that are incor-
rect. If a transistor circuit is not operating correctly, it is a good idea to verifygaatnd
ground are connected and operating. A simple check at the top of the collector resistor and
at the collector itself will quickly ascertain V¢ is present and if the transistor is con-
ducting normally or is in cutoff or saturation. If it is in cutoff, the collector voltage will
equalVcg; if it is in saturation, the collector voltage will be near zero. Another faulty
measurement can be seen if there is an open in the collector path. THeagng point
refers to a point in the circuit that is not electrically connected to ground or a “solid” volt-
age. Normally, very small and sometimes fluctuating voltages in\the low mV range
are generally measured at floating points. The faults in Figure 4—39 are typical but do not
represent all possible faults that may occur.

Testing a Transistor with a DMM

A digital multimeter can be used as a fast and simple way to check a transistor for open or
shorted junctions. For this test, you can view the transistor as two diodes connected as
shown in Figure 4—40 for bothpn andpnp transistors. The base-collector junction is one
diode and the base-emitter junction is the other.


http://cbs.wondershare.com/go.php?pid=5261&m=db

Vee
+9V
R. < 5600
9V
Ves
2N3904
3V oPEN
uv

(a)Fault: Open base resistor.
Symptoms: Readings fromuV to a
few mV at base due to floating point.
9V at collector because transistor is
in cutoff.

(d) Fault: Collector internally open.
Symptoms: 0.6 V— 0.8V at base
lead due to forward voltage drop
across base-emitter junction. 9 V at
collector because the open prevents
collector current.

FIGURE 4-39

Vee
+9V

OPEN
uv

2N3904

(b) Fault: Open collector resistor.
Symptoms: A very small voltage may be
observed at the collector when a meter is

connected due to the current path through
the BC junction and the meter resistance.

Vee
+V

(e)Fault: Emitter internally open.
Symptoms:. 3V at base lead. 9V
at collector because there is no
collector current. 0 V at the emitter
as normal.

Wondershare
PDFelement
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Vee
+9V

5600
9V
2N3904

(c) Fault: Base internally open.
Symptoms:. 3V at base lead.
9 V at collector because transistor
is in cutoff.

Ves
Py 2N3904
25V
or more
OPEN

=

(f) Fault: Open ground connection.
Symptoms: 3V at base lead. 9V
at collector because there is no
collector current. 2.5 V or more at the
emitter due to the forward voltage
drop across the base-emitter junction.
The measuring voltmeter provides a
forward current path through its
internal resistance.

Examples of faults and symptoms in the basic transistor bias circuit.

C FIGURE 4-40
OPEN™. OPEN"_ A transistor viewed as two diodes.
_ +
B— B
OPEN4+ OPEN_
E E
npn pnp npn pnp

(a) Both junctions should typically
read 0.7 V when forward-biased.

(b) Both junctions should ideally
read OPEN when reverse-biased.

Recall that a good diode will show an extremely high resistance (or open) with reverse
bias and a very low resistance with forward bias. A defective open diode will show an ex-
tremely high resistance (or open) for both forward and reverse bias. A defective shorted or
resistive diode will show zero or a very low resistance for both forward and reverse bias.
An open diode is the most common type of failure. Since the trangistanctions are, in
effect diodes, the same basic characteristics apply.
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The DMM Diode Test Position Many digital multimeters (DMMs) have diode test
position that provides a convenient way to test a transistor. A typical DMM, as shown in
Figure 4—41, has a small diode symbol to mark the position of the function switch. When
set to diode test, the meter provides an internal voltage sufficient to forward-bias and re-
verse-bias a transistor junction.

204 ¢ BIPOLAR JUNCTION TRANSISTORS

o
PRESS

~ * RANGE @
AUTORANGE
TOUCH/HOLD

10A vQ

PRESS

~ Pt anceam
AUTORANGE
TOUCHHOLD

10A vQ

PRESS

~ P+ racEem
AUTORANGE
TOUCHHOLD

10A vQ

AUTORANGE
TOUCH/HOLD
vQ

A 1000 VT
40mA 750V~ com

O, FUSED -

A 1000V,

A 1000V
40mA 750V~ com

40mA e h com
()

A 1000v=[1
750V ~ ' 5

40mA

()

FUSED - FUSED - FUSED -

\ \. \. \
(a) Forward-bias test of (b) Reverse-bias test of (c) Forward-bias test of (d) Reverse-bias test of
the BE junction the BE junction the BC junction the BC junction
FIGURE 4-41

Typical DMM test of a properly functioning npn transistor. Leads are reversed for a pnp transistor.

When the Transistor Is Not Defective In Figure 4—41(a), the red (positive) lead of the
meter is connected to the base ohpmtransistor and the black (negative) lead is connected
to the emitter to forward-bias the base-emitter junction. If the junction is good, you will get a
reading of between approximately 0.6 V and 0.8 V, with 0.7 V being typical for forward bias.

In Figure 4—41(b), the leads are switched to reverse-bias the base-emitter junction, as
shown. If the transistor is working properly, you will typically get an OL indication.

The process just described is repeated for the base-collector junction as shown in Figure
4-41(c) and (d). Forpnp transistor, the polarity of the meter leads are reversed for each test.

When the Transistor Is Defective \When a transistor has failed with an open junction or

internal connection, you get an open circuit voltage reading (OL) for both the forward-bias

and the reverse-bias conditions for that junction, as illustrated in Figure 4—42(a). If a junction

is shorted, the meter reads 0 V in both forward- and reverse-bias tests, as indicated in part (b).
Some DMMs provide a test socket on their front panel for testing a transistor fipgthe

(Bpc) value. If the transistor is inserted improperly in the socket or if it is not functioning

properly due to a faulty junction or internal connection, a typical meter will flash a 1 or display

a 0. If a value oBpc within the normal range for the specific transistor is displayed, the device

is functioning properly. The normal range@yjc can be determined from the datasheet.

Checking a Transistor with the OHMs Function DMMSs that do not have a diode test
position or arhgg socket can be used to test a transistor for open or shorted junctions by set-
ting the function switch to an OHMs range. For the forward-bias check of a good transistor
pn junction, you will get a resistance reading that can vary depending on the meter’s internal
battery. Many DMMs do not have sufficient voltage on the OHMs range to fully forward-bias
a junction, and you may get a reading of from several hundred to several thousand ohms.
For the reverse-bias check of a good transistor, you will get an out-of-range indication
on most DMMs because the reverse resistance is too high to measure. An out-of-range
indication may be a flashing 1 or a display of dashes, depending on the particular DMM.
Even though you may not get accurate forward and reverse resistance readings on a
DMM, the relative readings are sufficient to indicate a properly functioning tranpistor
junction. The out-of-range indication shows that the reverse resistance is very high, as you
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) FIGURE 4-42

Testing a defective npn transistor.
Leads are reversed for a pnip transistor.

-+
PRESS

~ * RANGE @
AUTORANGE €5

-+
PRESS

~ * RANGE e
AUTORANGE €X»

TOUCH/HOLD TOUCH/HOLD

10A vQ 10A vQ
A 1000V T A 1000V
750V~ CcoMm 750V~ CcoM
) FUSED - L) FUSED - —
o o
(a) Forward-bias test and reverse- (b) Forward- and reverse-bias tests
bias test give the same reading for a shorted junction give the
(OL is typical) for an open same 0 V reading.
BCjunction.

expect. The reading of a few hundred to a few thousand ohms for forward bias indicates
that the forward resistance is small compared to the reverse resistance, as you expect.

Transistor Testers

An individual transistor can be tested either in-circuit or out-of-circuit with a transistor
tester. For example, let's say that an amplifier on a particular printed circuit (PC) board has
malfunctioned. Good troubleshooting practice dictates that you do not unsolder a compo-
nent from a circuit board unless you are reasonably sure that it is bad or you simply cannot
isolate the problem down to a single component. When components are removed, there is
a risk of damage to the PC board contacts and traces.

You can perform an in-circuit check of the transistor using a transistor tester similar to
the one shown in Figure 4—43. The three clip-leads are connected to the transistor termi-
nals and the tester gives a positive indication if the transistor is good.

FIGURE 4-43

Transistor tester (courtesy of B + K
Precision).
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In-Circuit and Out-of-Circuit Tests

Case 1 |If the transistor tests defective, it should be carefully removed and replaced with a
known good one. An out-of-circuit check of the replacement device is usually a good idea,
just to make sure it is OK. The transistor is plugged into the socket on the transistor tester
for out-of-circuit tests.

Case 2 If the transistor tests good in-circuit but the circuit is not working properly, exam-
ine the circuit board for a poor connection at the collector pad or for a break in the con-
necting trace. A poor solder joint often results in an open or a highly resistive contact. The
physical point at which you actually measure the voltage is very important in this case. For
example, if you measure on the collector lead when there is an external open at the collec-
tor pad, you will measure a floating point. If you measure on the connecting trace or on the
Rc lead, you will read/cc. This situation is illustrated in Figure 4—44.

FIGURE 4-44 A few pV to a few
The indication of an open, when it is mV indicates
in the circuit external to the transis- afloating point.
tor, depends on where you measure.

Meter reads dc
supply voltage.

GND ——Z

OPEN connection
at pad

Importance of Point-of-Measurement in Troubleshooting In case 2, if you had taken

the initial measurement on the transistor lead itself and the opennteerel to the tran-

sistor as shown in Figure 4—-45, you would have mead(gedThis indicates a defective
transistor even before the tester was used, assuming the base-to-emitter voltage is normal.
This simple concept emphasizes the importance of point-of-measurement in certain trou-
bleshooting situations.

FIGURE 4-45 Collector OPEN internally

Ilustration of an internal open.
Compare with Figure 4—44.

Meter reads dc
supply voltage.

EXAMPLE 4-12 What fault do the measurements in Figure 4—46 indicate?

Solution  The transistor is in cutoff, as indicated by the 10 V measurement on the collector lead. The
base bias voltage of 3 V appears on the PC board contact but not on the transistor lead,
as indicated by the floating point measurement. This shows that there is an open external
to the transistor between the two measured base points. Check the solder joint at the base
contact on the PC board. If the open were internal, there would be 3 V on the base lead.

Related Problem If the meter in Figure 4—46 that now reads 3 V indicates a floating point when touch-
ing the circuit board pad, what is the most likely fault?
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FIGURE 4-46

Leakage Measurement \ery small leakage currents exist in all transistors and in most
cases are small enough to neglect (usually nA). When a transistor is connected with the
base openl§ = 0), itis in cutoff. Ideallylc = 0; but actually there is a small current from
collector to emitter, as mentioned earlier, callggp (collector-to-emitter current with

base open). This leakage current is usually in the nA range. A faulty transistor will often
have excessive leakage current and can be checked in a transistor tester. Another leakage
current in transistors is the reverse collector-to-base cutegypt, This is measured with

the emitter open. If it is excessive, a shorted collector-base junction is likely.

Gain Measurement In addition to leakage tests, the typical transistor tester also checks
theBpc. A known value ofg is applied, and the resultingis measured. The reading will
indicate the value of thi:/Ig ratio, although in some units only a relative indication is
given. Most testers provide for an in-circ8ic check, so that a suspected device does not
have to be removed from the circuit for testing.

Curve Tracers A curvetracer is an oscilloscope type of instrument that can display tran-
sistor characteristics such as a family of collector curves. In addition to the measurement
and display of various transistor characteristics, diode curves can also be displayed.

Multisim Troubleshooting Exercises

These file circuits are in the Troubleshooting Exercises folder on the companion we
Open each file and determine if the circuit is working properly. If it is not worki
properly, determine the fault.

1. Multisim file TSE04-01
Multisim file TSE04-02
Multisim file TSE04-03
Multisim file TSE04-04

A 0D

1. If a transistor on a circuit board is suspected of being faulty, what should you do?
2. In a transistor bias circuit, such as the one in Figure 4-38; what happens if Rg opens?

3. [In a/circuit such as the one in Figure 4-38, what are the base and collector voltages if
there is an external open between the emitter and ground?
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Application Activity: Security Alarm System

A circuit using transistor switches will be developed for use in an alarm system for detect-
ing forced entry into a building. In its simplest form, the alarm system will accommodate

four zones with any number of openings. It can be expanded to cover additional zones. For
the purposes of this application, a zone is one room in a house or other building. The sensor
used for each opening can be either a mechanical switch, a magnetically operated switch,
or an optical sensor. Detection of an intrusion can be used to initiate an audible alarm signal
and/or to initiate transmission of a signal over the phone line to a monitoring service.

Designing the Circuit

A basic block diagram of the system is shown in Figure 4—47. The sensors for each zone
are connected to the switching circuits, and the output of the switching circuit goes to an
audible alarm circuit and/or to a telephone dialing circuit. The focus of this application is
the transistor switching circuits.

Block diagram of security alarm

Zone 1 sensors _
system. Audible
L . alarm
Zone 2 sensors ‘\
Zone 3 sensors
Telephone — »
dialer
Zone 4 sensors
A zone sensor detects when a window or door is opened. They are normally in a closed
position and are connected in series to a dc voltage source, as shown in Figure 4—48(a).
When a window or door is opened, the corresponding sensor creates an open circuit, as
shown in part (b). The sensors are represented by switch symbols.
FIGURE 4-48
+Vpc
Zone sensor configuration.
To transistor
O 0 O O \9; 0 9 9 switching circui

(a) Series zone sensors are normally closed.
+Vpe

L 2 To transistor
O O/ O switching circui

U ) U ' Y

(b) Intrusion into the zone causes a sensor to open.

A circuit for one zone is shown in Figure 4—49. It consists of two BJTandQ,. As
long as the zone sensors are clog§gds in theon state (saturated). The very low satura-
tion voltage at th€); collector keep$£), off. Notice that the collector d is left open
with no load connected. This allows for all four of the zone circuit outputs to be tied to-
gether and a common load connected externally to drive the alarm and/or dialing circuits.
If one of the zone sensors opens, indicating a bredBzityrnsoff and its collector volt-
age goes t¥cc. This turns orQ,, causing it to saturate. Tloa state ofQ, will then acti-
vate the audible alarm and the telephone dialing sequence.


http://cbs.wondershare.com/go.php?pid=5261&m=db

mm Wondershare
H  PDFelement

APPLICATION A

FIGURE 4-49

*Vee

One of the four identical transistor
switching circuits.

Output to
——0 alarm/dialing

circuit

)0

Input from zone
sensors

1. Refer to the partial datasheet for the 2N2222A in Figure 4-50 and determine the
value of the collector resist® to limit the current to 10 mA with-a12 V dc

supply voltage.
Absolute Maximum Ratings *  1,=25°C unless otherwise noted
Symbol Parameter Value Units
Vceo Collector-Emitter Voltage 40 \%
Veeo Collector-Base Voltage 75 \Y
Vego Emitter-Base Voltage 6.0 \Y
Ic Collector Current 1.0 A
Tste Operating and Storage Junction Temperature Range - 55~ 150 °C
* These ratings are limiting values above which the serviceability of any semiconductor device may be impaired
NOTES:
1) These ratings are based on a maximum junction temperature of 150 degrees C.
2) These are steady state limits. The factory should be consulted on applications involving pulsed or low duty cycle operations
Electrical Characteristics T,=25°C unless otherwise noted
Symbol [ Parameter Test Condition [ Min. [ Max [ Units
Off Characteristics
BV(Rr)cEO Collector-Emitter Breakdown Voltage * | Ic = 10mA, Iz =0 40 \Y
BV(gRr)cBO Collector-Base Breakdown Voltage lc =10uA, Ig=0 75 \Y
BV(Rr)EBO Emitter-Base Breakdown Voltage le =10uA, Ic =0 6.0 \Y
lcex Collector Cutoff Current Vce = 60V, Vep(of) = 3.0V 10 nA
lceo Collector Cutoff Current Ve =60V, Ig=0 0.01 HA
Vg = 60V, I =0, T, = 125°C 10 A
leBo Emitter Cutoff Current Veg =3.0V,Ic=0 10 uHA
IsL Base Cutoff Current Vcg = 60V, VEB(Oﬁ) =3.0V 20 LA
On Characteristics
hee DC Current Gain lc =0.1mA, Vg = 10V 35
lc =1.0mA, Vcg = 10V 50
lc =10mA, Vg = 10V 75
Ic =10mA, Vg = 10V, T, = -55°C 35
Ic = 150mA, Vg = 10V * 100 300
lc = 150mA, Vg = 10V * 50
Ic =500mA, Vg = 10V * 40
VCE(Sat) Collector-Emitter Saturation Voltage * lc = 150mA, Vg = 10V 0.3 \%
Ic =500mA, Vg = 10V 1.0 \%
VBE(sat) Base-Emitter Saturation Voltage * lc = 150mA, Vg = 10V 0.6 1.2 \Y
Ic =500mA, Vg = 10V 2.0 \%
* Pulse Test: Pulse Width < 300us, Duty Cycle < 2.0%

FIGURE 4-50

Partial datasheet for the 2N2222A transistor. Copyright Fairchild Semiconductor Corporation. Used by permission.
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2. Using the minimunBpc or heg from the datasheet, determine the base current
required to saturat®; atlc =10 mA.

3. To ensure saturation, calculate the value,afecessary to provide sufficient base
current toQq from the+12 V sensor inpufR, can be any arbitrarily high value to
assure the base @ is near ground when there is no input voltage.

4. Calculate the value &, so that a sufficient base current is supplie@4do
ensure saturation for a load of 620 This simulates the actual load of the alarm

and dialing circuits.

210 ¢ BIPOLAR JUNCTION TRANSISTORS

Simulation

The switching circuit is simulated with Multisim, as shown in Figure 4-51. A switch con-
nected to a 12 V source simulates the zone input and & &2 resistor is connected to

FIGURE 4-51

Simulation of the switching circuit.
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the output to represent the actual load. When the zone switch is@yiersaturated as
indicated by 0.126 V at its collector. When the zone switch is cl6sgd,off as indi-
cated by the 11.999 V at its collector.

5. How does th€), saturation voltage compare to the value specified on the datasheet?

Simulate the circuit using your Multisim software. Observe the operation with the
virtual multimeter.

Prototyping and Testing

Now that the circuit has been simulated, it is connected on a protoboard and tested for
proper operation.

Lab Experiment

To build and test a similar circuit, go to Experiment 4 in your lab mahabbi@atory
Exercises for Electronic Devices by David Buchla and Steven Wetterling).

Printed Circuit Board

The transistor switching circuit prototype has been built and tested. It is now committed
to a printed circuit layout, as shown in Figure 4-52. Notice that there are four identical
circuits on the board, one for each zone to be monitored. The outputs are externally con-
nected to form a single input.
6. Compare the printed circuit board to the schematic in Figure 4—49 and verify that
they agree. Identify each component.
7. Compare the resistor values on the printed circuit board to those that you calcu-
lated previously. They should closely agree.
8. Label the input and output pins on the printed circuit board according to their
function.
9. Describe how you would test the circuit board.
10. Explain how the system can be expanded to monitor six zones instead of four.

FIGURE 4-52

The 4-zone transistor switching
circuit board.
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SUMMARY OF BIPOLAR JUNCTION TRANSISTORS

Collector Collector

Bas Bas

Emitter Emitter
npn phototransistor

[
Ve Ic=PBocls
= AC voltage gain
= Ve Re

Vo Te

BE junction forward-biased
BC junction reverse-biased

- Vec
Pl ReZfe= g

Ve=0V
OPEN +Vgg CLOSED

la > IC('sat) TIE
— o BDC — —
Cutoff: BE junction reverse-biased Ideal switch Saturation:BE junction forward-biased Ideal switch

BC junction reverse-biased equivalent for BC junction forward-biased equivalent for

cutoff saturation
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KEY TERMS

Section 4-1

Section 4-2

Section 4-3

Section 4-4

Section 4-5

Section 4-6

Section 4-7

Section 4-8

The BJT (bipolar junction transistor) is constructed with three regions: base, collector, and emitter.
The BJT has tw@n junctions, the base-emitter junction and the base-collector junction.

Current in a BJT consists of both free electrons and holes, thus thieipetan.

The base region is very thin and lightly doped compared to the collector and emitter regions.
The two types of bipolar junction transistor arertpe and thepnp.

® 6 6 6 0 o

To operate as an amplifier, the base-emitter junction must be forward-biased and the base-
collector junction must be reverse-biased. This is cétietard-reverse bias.

The three currents in the transistor are the base culggneifitter currentlg), and collector
current (o).

¢ | is very small compared g andlg.

¢ The dc current gain of a transistor is the ratiocdb |g and is designate@pc. Values typically
range from less than 20 to several hundred.

® Bpcis usually referred to asg on transistor datasheets.
The ratio ofi¢ to Ig is calledapc. Values typically range from 0.95 to 0.99.

*

L 4

¢ There is a variation iBpc over temperature and also from one transistor to another of the
same type.

When a transistor is forward-reverse biased, the voltage gain depends on the internal emitter
resistance and the external collector resistance.

*

Voltage gain is the ratio of output voltage to input voltage.
Internal transistor resistances are represented by a lowercase
A transistor can be operated as an electronic switch in cutoff and saturation.

In cutoff, bothpn junctions are reverse-biased and there is essentially no collector current. The
transistor ideally behaves like an open switch between collector and emitter.

* 6 o o

*

In saturation, botlpn junctions are forward-biased and the collector current is maximum. The
transistor ideally behaves like a closed switch between collector and emitter.

In a phototransistor, base current is produced by incident light.

A phototransistor can be either a two-lead or a three-lead device.

An optocoupler consists of an LED and a photodiode or phototransistor.
Optocouplers are used to electrically isolate circuits.

There are many types of transistor packages using plastic, metal, or ceramic.
Two basic package types are through-hole and surface mount.

It is best to check a transistor in-circuit before removing it.

Common faults in transistor circuits are open junctions,Agw excessive leakage currents,
and external opens and shorts on the circuit board.

® 6 6 6 0 O 0 o

Key terms and other bold terms in the chapter are defined in the end-of-book glossary.

Amplification  The process of increasing the power, voltage, or current by electronic means.

Base One of the semiconductor regions in a BJT. The base is very thin and lightly doped compared
to the other regions.

Beta (8) The ratio of dc collector current to dc base current in a BJT; current gain from base to
collector.

BJT A bipolar junction transistor constructed with three doped semiconductor regions separated
by two pn junctions.

Collector The largest of the three semiconductor regions of a BJT.
Cutoff  The nonconducting state of a transistor.
Emitter The most heavily doped of the three semiconductor regions of a BJT.
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Linear Characterized by a straight-line relationship of the transistor currents.

214 ¢ BIPOLAR JUNCTION TRANSISTORS

Gain  The amount by which an electrical signal is increased or amplified.

Phototransistor A transistor in which base current is produced when light strikes the photosensi-
tive semiconductor base region.

Saturation The state of a BJT in which the collector current has reached a maximum and is inde-
pendent of the base current.

KEY FORMULAS

4-1 lg =lc + I Transistor currents
I
4-2 Boc = I_C DC current gain
B
4-3 Vgg = 0.7V Base-to-emitter voltage (silicon)
Vgg — V
4-4 lg = B8~ 'BE Base current
Rs
4-5 Vce = Vee — IcRe Collector-to-emitter voltage (common-emitter)
4-6 Veg = Vee — Vee Collector-to-base voltage
R
4-7 A, = r_’c Approximate ac voltage gain
e
4-8 Veeeuofy = Vee Cutoff condition

Vee — Veesay

4-9 lc(say = Collector saturation current

Rc
Ic
4-10 IB(min) = ﬂiat) Minimum base current for saturation
DC
4-11 lc = Bocla Phototransistor collector current
TRUE/FALSE QUIZ Answers can be found at www.pearsonhighered.com/floyd.

1. A bipolar junction transistor has three terminals.
2. The three regions of a BJT are base, emitter, and cathode.

3. For operation in the linear or active region, the base-emitter junction of a transistor is forward-
biased.

. Two types of BJT arapn andpnp.

. The base current and collector current are approximately equal.

. The dc voltage gain of a transistor is design@igel

. Cutoff and saturation are the two normal states of a linear transistor amplifier.
. When a transistor is saturated, the collector current is maximum.

© 00 N O O b

. Boc andhgg are two different transistor parameters.

10. Voltage gain of a transistor amplifier depends on the collector resistor and the internal ac
resistance.

11. Amplification is the output voltage divided by the input current.
12. A transistor in cutoff acts as an open switch.

CIRCUIT-ACTION QUIZ  Answers can be found at www.pearsonhighered.com/floyd.

1. If a transistor with a highe8pc is used in Figure 4-9, the collector current will
(a) increase (b) decrease (c) not change

2. If a transistor with a highe8pc is used in Figure 4-9, the emitter current will
(a) increase (b) decrease (c) not change
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. If a transistor with a highg8pc is used in Figure 4-9, the base current will

(a) increase (b) decrease (c) not change

. If Vgg is reduced in Figure 4-16, the collector current will

(a) increase (b) decrease (c) not change

. If Vecin Figure 4-16 is increased, the base current will

(a) increase (b) decrease (c) not change

. If the amplitude oW, in Figure 4—22 is decreased, the ac output voltage amplitude will

(a) increase (b) decrease (c) not change

. If the transistor in Figure 4—24 is saturated and the base current is increased, the collector

current will
(a) increase (b) decrease (c) not change

. If Rein Figure 4-24 is reduced in value, the valuécpfaywill

(a) increase (b) decrease (c) not change

. If the transistor in Figure 4—38 is open from collector to emitter, the voltage &¢yosh

(a) increase (b) decrease (c) not change

If the transistor in Figure 4-38 is open from collector to emitter, the collector voltage will
(a) increase (b) decrease (c) not change

If the base resistor in Figure 4-38 is open, the transistor collector voltage will

(a) increase (b) decrease (c) not change

If the emitter in Figure 4—-38 becomes disconnected from ground, the collector voltage will
(a) increase (b) decrease (c) not change

Answers can be found at www.pearsonhighered.com/floyd.

Section 4-1

Section 4-2

Section 4-3

Section 4-4

1.

10.

The three terminals of a bipolar junction transistor are called
@ p,np (b) n,p,n (c) input, output, ground  (d) base, emitter, collector

. In apnp transistor, the regions are

(a) base and emitter (b) base and collector (c) emitter and collector

. For operation as an amplifier, the base ofjamtransistor must be

(a) positive with respect to the emitter (b) negative with respect to the emitter
(c) positive with respect to the collector (d) 0V

. The emitter current is always

(a) greater than the base current (b) less than the collector current
(c) greater than the collector current  (d) answers (a) and (c)

. TheBpc of a transistor is its

(a) currentgain  (b) voltage gain  (c) power gain  (d) internal resistance

. If Icis 50 times larger thalg, thenBpc is

(@ 0.02 (b) 100 (c) 50  (d) 500

. The approximate voltage across the forward-biased base-emitter junction of a silicon BJT is

(@ 0V (b 07V (c)03V (d) Ves

. The bias condition for a transistor to be used as a linear amplifier is called

(a) forward-reverse (b) forward-forward  (c) reverse-reverse (d) collector bias

. If the output of a transistor amplifier is 5 V rms and the input is 100 mV rms, the voltage gain is

(& 5 (b) 500  (c) 50 (d) 100

When a lowercasg is used in relation to a transistor, it refers to
(a) alow resistance (b) a wire resistance

(c) an internal ac resistance (d) a source resistance
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11. In a given transistor amplifieRc = 2.2k} amd = 20(), the voltage gain is
(@) 2.2 (b) 110 (c) 20 (d) 44
Section 4-5 12. When operated in cutoff and saturation, the transistor acts like a

216 ¢ BIPOLAR JUNCTION TRANSISTORS

(a) linear amplifier  (b) switch (c) variable capacitor (d) variable resistor

13. In cutoff, Vcgis
(@ oV (b) minimum (c) maximum
(d) equal toVec (e) answers (a) and (b) (f) answers (c) and (d)

14. In saturationV/cgis
(@ 0.7V (b) equal toVee (c) minimum (d) maximum

15. To saturate a BJT,
(@) I = lc(say (b) 1g > lcat/Ppc
(c) Vccmust be atleast 10V (d) the emitter must be grounded

16. Once in saturation, a further increase in base current will
(a) cause the collector current to increase (b) not affect the collector current
(c) cause the collector current to decrease(d) turn the transistor off

Section 4-6  17. In a phototransistor, base current is

(a) set by a bias voltage (b) directly proportional to light intensity
(c) inversely proportional to light intensity  (d) not a factor

18. The relationship between the collector current and a light-generated base current is
@ lc=pgoclh () lc=apcly  (©) lc=Al, (d) Ic = BAcl

19. An optocoupler usually consists of
(a) two LEDs (b) an LED and a photodiode
(c) an LED and a phototransistor (d) both (b) and (c)

Section 4-8  20. In a transistor amplifier, if the base-emitter junction is open, the collector voltage is

(&) Vcc (b) OV (c) floating (d) 0.2V

21. A DMM measuring on open transistor junction shows
(@ OV (b) 0.7V (c) OL (d) Vee

PROBLEMS Answers to all odd-numbered problems are at the end of the book.

BASIC PROBLEMS
Section 4-1  Bipolar Junction Transistor (BJT) Structure

1. What are the majority carriers in the base region afpartransistor called?
2. Explain the purpose of a thin, lightly doped base region.

Section 4-2  Basic BJT Operation
3. Why is the base current in a transistor so much less than the collector current?

4. In a certain transistor circuit, the base current is 2 percent of the 30 mA emitter current.
Determine the collector current.

5. For normal operation of pnp transistor, the base must bBeqr —) with respect to the emitter,
and (- or —) with respect to the collector.

6. What is the value df: for Il = 5.34 mA andg = 475uA?

Section 4-3  BJT Characteristics and Parameters
7. What is thexpc whenlc = 8.23 mA andg = 8.69 mA?
8. A certain transistor has ag = 25 mA and arig = 200uA. Determine the8pc.
9. What is the8pc of a transistor ifc = 20.3 mA andg = 20.5 mA?
10. What is thexpc if Ic = 5.35 mA andg = 50 uA?
11. A certain transistor exhibits aryc of 0.96. Determinéc whenlg = 9.35 mA.
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12. A base current of 5QA is applied to the transistor in Figure 4-53, and a voltage of 5 V is
dropped acrosBc. Determine thgpc of the transistor.

FIGURE 4-53

13. Calculateapc for the transistor in Problem 12.

14. Assume that the transistor in the circuit of Figure 4-53 is replaced with one hgggngfa
200. Determineg, I¢, Ig, andVcg given thatVec = 10 V andVgg = 3 V.

15. If Vcis increased to 15 V in Figure 4-53, how much do the currentg§@nchange?
16. Determine each current in Figure 4-54. What is3he?

FIGURE 4-54

Multisim file circuits are identified
with a logo and are in the Problems
folder on the companion website.
Filenames correspond to figure
numbers (e.g., F04-54).
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17. Find Vcg, Ve, andVeg in both circuits of Figure 4-55.

+
VBB -_— VBB
5V 25 3V
(@) (b)
FIGURE 4-55

18. Determine whether or not the transistors in Figure 4-55 are saturated.
19. Findlg, Ig, andl¢ in Figure 4-56apc = 0.98.

FIGURE 4-56

+
— Ve

—_ 10V
Vgg —

2V T—
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20. Determine the terminal voltages of each transistor with respect to ground for each circuit in

Figure 4-57. Also determiné-g, Vgg, andVcpg.

+
Ve —
10V —T1

(@)

FIGURE 4-57

Vg "=

21. If the Bpc in Figure 4-57(a) changes from 100 to 150 due to a temperature increase, what is

the change in collector current?

22. A certain transistor is to be operated at a collector current of 50 mA. How higfzeao
without exceeding &p(max) of 1.2 W?

23. The power dissipation derating factor for a certain transistor is 1 mW/°@®ghg,is 0.5 W

at 25°C. What i€ ay at 100°C?

The BJT as an Amplifier

24. A transistor amplifier has a voltage gain of 50. What is the output voltage when the input volt-

age is 100 mv?

25. To achieve an output of 10 V with an input of 300 mV, what voltage gain is required?

26. A 50 mV signal is applied to the base of a properly biased transistorgnith () ahd
Rc = 560(). Determine the signal voltage at the collector.

27. Determine the value of the collector resistor impntransistor amplifier witlBpc = 250,
Vgg = 2.5V,Vee = 9V, Ve = 4V, andRg = 100 K.

28. What is the dc current gain of each circuit in Figure 4-557?

The BJT as a Switch

29. Determinél c(sapfor the transistor in Figure 4-58. What is the valuksafecessary to produce
saturation? What minimum value 8 is necessary for saturation? Assuviag say= 0 V.

+5V

30. The transistor in Figure 4-59 haggc of 50. Determine the value 8§ required to ensure
saturation wheVy is 5 V. What musVy be to cut off the transistor? AssuMgg(sa= 0 V.
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W FIGURE 4-59 +15V
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Section 4-6 The Phototransistor

FIGURE 4-61

Section 4-7

()

31. A cetain phototransistor in@rcuit has g88pc = 200 If I, = 100uA, what is the collector current?

32. Determine the emitter current in the phototransistocircuit in Figure 4—60 if, foreach Im/m? of
light intensity, 1A of base current is pralucedin the phototransistor

FIGURE 4-60 to—

50 Im/n? v

‘j :@ +20
N

e .

BDC =100
Q

fie
R
10Q

33. A particular optical couger has ecurrent transér ratio of 30 grcent. If the inputcurrent is
100mA, what is tke outputcurrent?

34. The optical couger shown in Figue 4-61 is equiredto ddiver atleast 10mA to the externd
load. If the current transér ratio is 60 prcent, howmuch current mustbe suppiedto the input?

R
A
to— —o— W
Iin 10mA 1.0k ty
> =
-|-_ 20V

Transistor Categories and Packaging

35. Identify the leads on tle transistors in Figeww4—62 Bottom views ae shown

FIGURE 4-62 ®
O O
0w
(@) (b)

(©)

36. What is the most prdoable category of each transistor in Figueg4—63?

P

©)

FIGURE 4-63
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Section 4-8  Troubleshooting

37. In an out-of-circuit test of a goagpn transistor, what should an analog ohmmeter indicate
when its positive probe is touching the emitter and the negative probe is touching the base?
When its positive probe is touching the base and the negative probe is touching the collector?

38. What is the most likely problem, if any, in each circuit of Figure 4—-64? Assi8pge @f 75.

Probe
touching R
ground 'v\}:\{
1.0 k)
Veo = Vee =
15V T 15V e
Probe
touching R R
ground /\/‘;\! ’v\}:\{
1.0 k) 1.0 kK
Voo == Voo =
15VIT 15V
FIGURE 4-64
39. What is the value of thepc of each transistor in Figure 4—65?
Probe
touching e
ground ’v\;\{
470Q
+
— Vee =
- 24V

FIGURE 4-65
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APPLICATION ACTIVITY PROBLEMS
40. Calculate the power dissipation in each resistor in Figure 4-51 for both states of the circuit.

41. Determine the minimum value of load resistance @atan drive without exceeding the maxi-
mum collector current specified on the datasheet.

42. Develop a wiring diagram for the printed circuit board in Figure 4-52 for connecting it in the
security alarm system. The input/output pins are numbered from 1 to 10 starting at the top.

DATASHEET PROBLEMS

43. Refer to the partial transistor datasheet in Figure 4—20.
(a) What is the maximum collector-to-emitter voltage for a 2N3904?
(b) How much continuous collector current can the 2N3904 handle?
(c) How much power can a 2N3904 dissipate if the ambient temperature is 25°C?
(d) How much power can a 2N3904 dissipate if the ambient temperature is 50°C?
(e) What is the minimunigg of a 2N3904 if the collector current is 1 mA?

44. Refer to the transistor datasheet in Figure 4-20. A MMBT3904 is operating in an environment
where the ambient temperature is 65°C. What is the most power that it can dissipate?

45. Refer to the transistor datasheet in Figure 4-20. A PZT3904 is operating with an ambient tem-
perature of 45°C. What is the most power that it can dissipate?

46. Refer to the transistor datasheet in Figure 4-20. Determine if any rating is exceeded in each
circuit of Figure 4—66 based on minimum specified values.

+30'V +45V
Re
2700 Re

Re Re
+3 Vo—AM—@) MMBT3904 oV 2N3904
3300

(a) Tp = 50°C (b) Ty = 25°C

FIGURE 4-66

47. Refer to the transistor datasheet in Figure 4—-20. Determine whether or not the transistor is
saturated in each circuit of Figure 4—67 based on the maximum specified vatge of

+9V +12V
Re
1.0 K2 5600
Re Rs
+5V PZT3904 +3V 2N3904
10 k0 100 K2

@) (b)

FIGURE 4-67
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48. Refer to the partial transistor datasheet in Figure 4—68. Determine the minimum and maximum
base currents required to produce a collector current of 10 mA in a 2N3946. Assume that the
transistor is not in saturation angg = 1 V.

2N 3946
Maximum Ratings 2N3947
Rating Symbol Value Unit
Collector-Emitter voltage Vceo 40 Vdc
Collector-Base voltage Vego 60 Vdc
Emitter-Base voltage VEgo 6.0 V dc 3 Collector
Collector current — continuous lc 200 mA dc
Total device dissipation @, = 25°C Po 0.36 Watts 2
Derate above 2& 2.06 mW/°C Base
Total device dissipation @ = 25°C Po 1.2 Watts .
Derate above 28 6.9 mW/°C 37, 1 Emitter
Operating and storage junction Ty Tsyg | —65 to +200 °C 1
Temperature range General-Purpose
L Transistors
Thermal Characteristics
Characteristic Symbol Max Unit NPN Silicon
Thermal resistance, junction to case Rg;c 0.15 °C/Imw
Thermal resistance, junction to ambientRg ;5 0.49 °C/mwW
Electrical Characteristics (T, = 25°C unless otherwise noted.)
| Characteristic | Symbol | Min [ Max | Unit |
OFF Char acteristics
Collector-Emitter breakdown voltage V(er)ceo 40 - Vdc
(Ic =10 mAdc)
Collector-Base breakdown voltage Vier)cBO 60 - Vdc
(Ic=10uAdc, 1z = 0)
Emitter-Base breakdown voltage V(er)eBO 6.0 - Vdc
(lg=10uAdc,1c=0)
Collector cutoff current lcEx UA dc
(Vee =40V dcVog = 3.0 V.dc) - 0.010
(Vg =40V dc,Vog = 3.0V dc,T, = 150C) - 15
Base cutoff current IgL - .025 LA dc
(Vg =40V dc,Vog = 3.0V dc)
ON Characteristics
DC current gain hee -
(Ic=0.1 mAdcVee=1.0Vdc) 2N3946 30 -
2N3947 60 -
(lc=1.0mAdcVee=1.0Vdc) 2N3946 45 -
¢ cE 2N3947 90 -
(lc=10 mAdcVce=1.0V dc) 2N3946 50 150
2N3947 100 300
(Ic=50 mAdcVce=1.0Vdc) 2N3946 20 -
2N3947 40 _
Collector-Emitter saturation voltage Vee(sat) Vdc
(Ic=10 mAdclg = 1.0 mAdc) - 0.2
(Ic=50 mAdclg =5.0 mAdc) - 0.3
Base-Emitter saturation voltage Vee(sat) Vdc
(Ic=10 mAdclg = 1.0 mAdc) 0.6 0.9
(Ic =50 mAdclg =5.0 mAdc) — 1.0
Small-Signal Characteristics
Current gain — Bandwidth product fr MHz
(Ic =10 mAdcVcee =20V def =100 MHz) 2N3946 250 -
2N3947 300 -
Output capacitance Cobo - 4.0 pF
Veg =10V dc,lg = 0,f =100 kHz)

FIGURE 4-68
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49. For each of the circuits in Figure 4—69, determine if there is a problem based on the datasheet
information in Figure 4—68. Use the maximum specifigd

+15V +35V
Re Re
6800 4700
Re Re
+8V 2N3946 +5V 2N3947
68 k0 47K
(a) Tp = 40°C (b) T, = 25C

FIGURE 4-69

ADVANCED PROBLEMS
50. Derive a formula forpc in terms ofBpc.

51. A certain 2N3904 dc bias circuit with the following values is in saturalips: 500 A,
Vee = 10V, andRce = 1804, heg = 150. If you increas®¥cc to 15 V, does the transistor
come out of saturation? If so, what is the collector-to-emitter voltage and the collector current?

52. Design a dc bias circuit for a 2N3904 operating from a collector supply voltage of 9 V and a
base-bias voltage of 3 V that will supply 150 mA to a resistive load that acts as the collector
resistor. The circuit must not be in saturation. Assume the minimum spgkififdom the
datasheet.

53. Modify the design in Problem 52 to use a single 9 V dc source rather than two different
sources. Other requirements remain the same.

54. Design a dc bias circuit for an amplifier in which the voltage gain is to be a minimum of 50 and
the output signal voltage is to be “riding” on a dc level of 5 V. The maximum input signal volt-
age at the base is 10 mV rmg,c = 12V, andVgg = 4 V. Assumag = 8().

MULTISIM TROUBLESHOOTING PROBLEMS
These file circuits are in the Troubleshooting Problems folder on the companion website.
55. Open file TSP04-55 and determine the fault.
56. Open file TSP04-56 and determine the fault.
57. Open file TSP04-57 and determine the fault.
58. Open file TSP04-58 and determine the fault.
59. Open file TSP04-59 and determine the fault.
60. Open file TSP04-60 and determine the fault.
61. Open file TSP04-61 and determine the fault.
62. Open file TSP04-62 and determine the fault.
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GreenTech Application 4: solar Power

In this GreenTech Application, solar tracking is examined. Solar tracking is the process of
moving the solar panel to track the daily movement of the sun and the seasonal changes
in elevation of the sun in the southern sky. The purpose of a solar tracker is to increase the
amount of solar energy that can be collected by the system. For flat-panel collectors, an
increase of 30% to 50% in collected energy can be realized with sun tracking compared

to fixed solar panels.

Before looking at methods for tracking, let's review how the sun moves across the sky.
The daily motion of the sun follows the arc of a circle from east to west that has its axis
pointed north near the location of the North Star. As the seasons change from the winter
solstice to the summer solstice, the sun rises a little further to the north each day. Between
the summer solstice and the winter solstice, the sun moves further south each day. The
amount of the north-south motion depends on your location.

Single-Axis Solar Tracking

For flat-panel solar collectors, the most economical and generally most practical solution
to tracking is to follow the daily east-west motion, and not the annual north-south motion.
The daily east-to-west motion can be followed with a single-axis tracking system. There
are two basic single-axis systems: polar and azimuth. In a polar system, the main axis is
pointed to the polar north (North Star), as shown in Figure GA4-1(a). (In telescope
terminology, this is called an equatorial mounting.) The advantage is that the solar panel is
kept at an angle facing the sun at all times because it tracks the sun from east to west and
is angled toward the southern sky. In an azimuth tracking system, the motor drives the
solar panel and frequently multiple panels. The panels can be oriented horizontally but
still track the east-to-west motion of the sun. Although this does not intercept as much of
the sunlight during the seasons, it has less wind loading and is more feasible for long
rows of solar panels. Figure GA4—1(b) shows a solar array that is oriented horizontally
with the axis pointing to true north and uses azimuth tracking (east to west). As you can
see, sunlight will strike the polar-aligned panel more directly during the seasonal movement
of the sun than it will with the horizontal orientation of the azimuth tracker.

Polar North
(North Star) Electric
4 motor
/A turnsthe\HHHHHHH\HHSHW

panels TV Y 1106 North

(a) A single-axis polar-aligned tracker (b) Single-axis azimuth tracker

FIGURE GA4-1

Types of single-axis solar tracking.

Some solar tracking systems combine both the azimuth and the elevation tracking, which
is known as dual-axis tracking. Ideally, the solar panel should always face directly
toward the sun so that the sun light rays are perpendicular to the panel. With dual-axis
tracking, the annualorth-south motion of the sun can be followed in addition to the

mm Wondershare
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Graphs of voltages in tracking and
nontracking (fixed) solar panels.
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GREENTECH APPLICATION

daily east-to-west ovenent. This is particularly iportant with concentrating collectors
that need to be oriented correctly to focus the sun on the active region.

Figure GA4-2 is an exaohe showing the imrovenent in energy collection of a typical
tracking panel versus a nontracking panel for a flat solar collector. As you can see, t
ing extends the timthat a given output can baimtained.

Relative output voltage

Tracking

--------- a-- - Panel’s rated curren

Nontracking

Time of day

T T T T T T T T T T T T T
6 7 8 9101112 12 3 4 5 6 7
There are severalethods of inplementing solar tracking. Two ain ones are sensor con
trolled and tiner controlled.

Sensor-Controlled Solar Tracking

This type of tracking control uses photosensitive devices such as photodiodes or phg
resistors. Typically, there are two light sensors for the athiroontrol and two for the ele-
vation control. Each pair senses the direction of light frleensun and activates thetor
control to nove the solar panel to align perpendicular to the sun’s rays.

Figure GA4-3 shows the basic idea of a sensor-controlled tracker. Two photodiodes
a light-blocking partition between theane nounted on the sagmplane as the solar panel

SUN SUN

Photodiodes
Solar panel

Lower output]

(a) Outputs of the photodiodes are unequal if solar panel is not
directy facing the sun.

Higher output

Position control
circuits

Yy

l

Output rotates motor

(b) Outputs of the photodiodes are equal when solar
panel orientation is optimum.

FIGURE GA4-3

Simplified illustration of a light-sensing control for a solar-tracking system. Relative sizes are exagger-
ated to demonstrate the concept.
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If the solar panel is not facing directly toward the sun, the light strikes the panel and the
photodiode assembly at an angle so that one of the diodes is shaded or partially shaded by
the partition and receives less light than the other, as illustrated in Figure GA4—-3(a). As a
result, the photodiode with the most light produces a higher current than the partially-
shaded device. The difference in currents from the two diodes is sensed by an operational
amplifier and sends an output voltage to the motor. The motor rotates the solar panel until
both photodiodes produce the same current and then is stopped by the control circuit, as
illustrated in Figure GA4—-3(b). The light-blocking partition between the diodes is ori-
ented vertically for azimuth tracking and horizontally for elevation tracking. The photo-
diode assemblies must face in the same direction as the solar panel, so they are mounted
on the solar panel frame.

Dual-Axis Solar Tracking As mentioned, a dual-axis system tracks the sun in both az-
imuth and elevation. It requires two photo-sensing elements and two motors, as shown in
Figure GA4-4. The outputs from the two pairs of sensors go to the position-control circuits.
A circuit detects the differential between the two azimuth sensor outputs and, if the differ-
ential is sufficient, the azimuth motor is advanced westward until a balance occurs between
the two sensors. Similarly, another circuit detects the differential between the two elevation
sensor outputs and, correspondingly, advances the elevation motor to rotate the solar panel
either up or down until a balance occurs between the two sensors. When night falls and the
solar panel is at its western-most position, the position-control circuits detect no output
from the azimuth sensors and send a reset command to the azimuth motor to cause it to
turn the soar panel back to its eastmost position to await sunrise the next day. The system
must be sensitive enough to detect very small differences in photodiode output because the
more closely the sun is tracked, the better the energy collection efficiency.

FIGURE GA4-4

Position-control Block diagram qf a dual-axis sensor-
— circuits controlled tracking solar power
system.
AT
olo Azimuth O Elevation
sensors O | sensors
vy Charge converte
SLoE el Solar panel » Batteries
motor
Inverter
Motor advance
v ™ Azimuth
otor reset S -

A drawback of the sensor-controlled system is its sensitivity requirement for cloudy days
or a passing cloud, when the differences in detected light are much smaller. The system
must be able to distinguish between two low-light levels. Also, a certain amount of energy
must be diverted to power the electronics and motors, although this is a requirement of
most types of tracking systems.

Timer-Controlled Solar Tracking

Solar tracking can also be accomplished by using an electronic timer that causes the motors
to move incrementally in azimuth and elevation. During the day the sun moves from east-
to-west and this takes approximately 12 hours at summer solstice. The sun moves at a
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FIGURE GA4-5

Block diagram of a dual-axis

timer-controlled tracking solar power

system.
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rate of approximately 15° per hour. A timer-controlled tracking system can be design
follow the sun at desired increments. For example, the panel azimuth position could
advance every minute (60 times an hour), every 5 minutes (12 times an hour), or €
15 minutes (4 times an hour), depending on the tracking accuracy desired.

The sun moves slowly in elevation as it progresses from winter solstice to summer st
stice and back again, traversing an angle of 47° in six months. This is a rate of 8° pe
month. The tracking system could make one adjustment in the elevation or tilt of the
panel each week or each month, depending on the accuracy desired.

Generally, a timer-controlled tracker uses an accurate time source, such as a crystal
lator, a microprocessor with associated timing and control circuits, and motor interfad
circuits. The advantage of this type of tracking is that it is independent of the amount
sunlight that is striking the solar panel. Like the sensor-controlled system, the electra
and motors use extra energy. A simple block diagram is shown in Figure GA4-5.

Programmed |_ Time
timer-control | source
Motor
advance
vy Charge convertef
Elevation .
Solar panel »| Batteries
motor
Inverter
Motor advance =
4 " ™ Azimuth
otor rese e

QUESTIONS

Some questions may require research beyond the content of this coverage. Answerg
be found at www.pearsonhighered.com/floyd.

1. What are two types of solar trackers in terms of the way they move?
What is the difference between azimuth and elevation?

On what date does the winter solstice occur?

On what date does the summer solstice occur?

Would you recommend a single-axis or a dual-axis tracker for a flat-panel coll
tor? Why?

ok~ 0D

The following recommended websites are for viewing solar tracking in action. Many
other websites are also available.

http://www.youtube.com/watch?v=L4zwQbWrWw-A
http://www.youtube.com/watch?v=jdPTyPlwap0
http://www.youtube.com/watch?v=jG942sw31ml
http://www.youtube.com/watch?v=Uzm5LWeTomY
http://www.youtube.com/watch?v=HrnlfiG6KT]I
http://www.youtube.com/watch?v=sRgmTpozP YA
http://www.youtube.com/watch?v=E9r1lUScgGnE


www.pearsonhighered.com/floyd
http://www.youtube.com/watch?v=L4zwQbWrW-A
http://www.youtube.com/watch?v=jdPTyPIwap0
http://www.youtube.com/watch?v=jG942sw31mI
http://www.youtube.com/watch?v=Uzm5LWeTomY
http://www.youtube.com/watch?v=HrnlfiG6KTI
http://www.youtube.com/watch?v=sRqmTpozPYA
http://www.youtube.com/watch?v=E9r1UScgGnE
http://cbs.wondershare.com/go.php?pid=5261&m=db

CHAPTER OUTLINE

5-1 The DC Operating Point
5-2  Voltage-Divider Bias
5-3 Other Bias Methods
5-4  Troubleshooting
' Application Activity
GreenTech Application 5: Wind Power

CHAPTER OBJECTIVES

¢ Discuss and determine the dc operating point of a linear
amplifier
¢ Analyze a voltage-divider biased circuit

# Analyze an emitter bias circuit, a base bias circuit, an
emitter-feedback bias circuit, and a collector-feedback
bias circuit

¢ Troubleshoot faults in transistor bias circuits

KEY TERMS

¢ Q-point
¢ DCload line
¢ Linear region

+ Stiff voltage divider
¢ Feedback
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VISIT THE COMPANION WEBSITE
Study aids and Multisim files for this chapter are available at

http://www.pearsonhighered.com/electronics

INTRODUCTION

As you learned in Chapter 4, a transistor must be properly
biased in order to operate as an amplifier. DC biasing is used
to establish fixed dc values for the transistor currents and
voltages called the dc operating point or quiescent point
(Q-point). In this chapter, several types of bias circuits are
discussed. This material lays the groundwork for the study
of amplifiers, and other circuits that require proper biasing.

APPLICATION ACTIVITY PREVIEW

The Application Activity focuses on a system for controlling
temperature in an industrial chemical process. You will be
dealing with a circuit that converts a temperature measure-
ment to a proportional voltage that is used to adjust the
temperature of a liquid in a storage tank. The first step is to
learn all you can about transistor operation. You will then
apply your knowledge to the Application Activity at the end
of the chapter.

W/ il

DN S

4
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5—-1 THE DC OPERATING POINT

A transistor must be properly biased with a dc voltage in order to operate as a linear
amplifier. A dc operating point must be set so that signal variations at the input terminal
are amplified and accurately reproduced at the output terminal. As you learned in
Chapter 4, when you bias a transistor, you establish the dc voltage and current values.
This means, for example, that at the dc operating geiandVcg have specified

values. The dc operating point is often referred to as the Q-point (quiescent point).

After completing this section, you should be able to

o Discuss and determine the dc operating point of a linear amplifier

2 Explain the purpose of dc bias
+ DefineQ-pointand describe how it affects the output of an amplifier
+ Explain how collector characteristic curves are producedescribe and
draw a dc load linee State the conditions for linear operatiom Explain what
causes waveform distortion

DC Bias

Bias establishes the dc operating polpt{oint) for proper linear operation of an ampli-

fier. If an amplifier is not biased with correct dc voltages on the input and output, it can go
into saturation or cutoff when an input signal is applied. Figure 5—1 shows the effects of
proper and improper dc biasing of an inverting amplifier. In part (a), the output signal is an
amplified replica of the input signal except that it is inverted, which means thaBidis

out of phase with the input. The output signal swings equally above and below the dc bias
level of the outputypc(oury IMproper biasing can cause distortion in the output signal, as
illustrated in parts (b) and (c). Part (b) illustrates limiting of the positive portion of the out-
put voltage as a result of a Q-point (dc operating point) being too close to cutoff. Part (c)
shows limiting of the negative portion of the output voltage as a result of a dc operating
point being too close to saturation.

Amplifier symbol

Du[
Vbc (in) ‘AV Vbe (out) Av’

(a) Linearoperation largeroutputhassameshapeasinput (b) Nonlinearoperation outputvoltage
exceptthatit is inverted limited (clipped)by cutoff

A o> o

(c) Nonlinearoperation outputvoltagelimited
(clipped)by saturation

FIGURE 5-1

Examples of linear and nonlinear operation of an inverting amplifier (the triangle symbol).

Graphical Analysis The transistor in Figure 5-2(a) is biased Wight andVgg to obtain
certain values ofg, I, Ig, andVce. The collector characteristic curves for this particular
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transistor are shown in Figure 5-2(b); we will use these curves to graphically illustrate the
effects of dc bias.

230 ¢ TRANSISTOR Bias CIRCUITS

Ic (MA)
50 500uA
20- 400 1A
VBB— 20 200,LlA
0V-5V 10 100 1A
- — T T T T T Vee (V
= 0 13345678810 W
(a) DC biased cinat (b) Collector characteristiaicves

FIGURE 5-2

A dc-biased transistor circuit with variable bias voltage (Vpp) for generating the collector characteristic
curves shown in part (b).

In Figure 5-3, we assign three valuesg@nd observe what happensl¢gandVcg.
First, Vgg is adjusted to produce dg of 200uA, as shown in Figure 5-3(a). Since
Ic = Bpclg, the collector current is 20 mA, as indicated, and

Vee = Vec = IcRe = 10V — (20mA)(220Q) = 10V — 4.4V = 5.6V

This Q-point is shown on the graph of Figure 5-3()as
Next, as shown in Figure 5-3(Njgg is increased to produce gnof 300uA and anc
of 30 mA.

Veg = 10V — (30mA)(220Q) = 10V — 6.6V = 3.4V

The Q-point for this condition is indicated Qg on the graph.
Finally, as in Figure 5-3(c)/gg is increased to give ag of 400uA and anl¢ of
40 mA.

Vce = 10V — (40mA)(220Q) = 10V — 8.8V = 1.2V

Q3 is the corresponding Q-point on the graph.

DC Load Line The dc operation of a transistor circuit can be described graphically
using adc load line. This is a straight line drawn on the characteristic curves from the
saturation value wherlg; = I¢(sa)On they-axis to the cutoff value wheMcg = Vee
on thex-axis, as shown in Figure 5-4(a). The load line is determined by the external
circuit (Vcc andRe), not the transistor itself, which is described by the characteristic
curves.

In Figure 5-3, the equation fbgis

| _VC<:—VCE_VCC_VCE__V<:E+Vcc__(1>V L Vee
c— - - - CE
Re Re R Re R Re Re

This is the equation of a straight line with a slope-@fR., anx intercept oVcg = V¢,
and ay intercept ofVcc/Re, which islc(say
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Ic (MA)

Q
20 . Ig = 200uA

= = = ————— Ve (V)
0 CE
(@) Ig =200uA 1 2 3 4 5 6 7 8 9 10

IC (mA)

60-
50-
401

N

g = 300uA

301

204
104

F————-—--—-040

— V(v
0 1 5 3 4.6 6 7 8 6 10 V=W

Ic (MA)

601

501
Qs Ig = 400uA

40
30

20
101

77— Vce (V
0 5 ce (V)

(c) Increaség to 400u A ly increasig Vgg

FIGURE 5-3

Illustration of Q-point adjustment.

le Ic (MA)
Saturation point 60
Ic(sat) 50+
Q Ig = 400u A
; 401- > - B U
DC load line | Q
sobl_1__ 2 Ig = 300u A
I I
20— L1 & Ig = 200u A
I I I
Cutoff point 10 | | |
/ ' : : | =0
> Vee S S e e e
Vee 1 2 3 4 5 6 7 8 9 10 V(V)
@ (b)
FIGURE 5-4

The dc load line.
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The point at which the load line intersects a characteristic curve represents the Q-point
for that particular value dg. Figure 5—4(b) illustrates the Q-point on the load line for each
value oflg in Figure 5-3.

232 ¢ TRANSISTOR Bias CIRCUITS

Linear Operation The region along the load line including all points between saturation
and cutoff is generally known as tlimear region of the transistor’s operation. As long as

the transistor is operated in this region, the output voltage is ideally a linear reproduction
of the input.

Figure 5-5 shows an example of the linear operation of a transistor. AC quantities are
indicated by lowercase italic subscripts. Assume a sinusoidal voltggis, superimposed
onVgg, causing the base current to vary sinusoideli9uA above and below its Q-point
value of300uA. This, in turn, causes the collector current to vary 10 mA above and below
its Q-point value of 30 mA. As a result of the variation in collector current, the collector-

! to-emitter voltage varies 2.2 V above and below its Q-point value of 3.4 V./&Romthe
prediction has become widely load line in Figure 5-5 corresponds to the positive peak of the sinusoidal input voltage.
known as Moore’s law. PointB corresponds to the negative peak, and pRiobrresponds to the zero value of the
sine wave, as indicateUceq, Ico, andlgg are dc Q-point values with no input sinusoidal
voltage applied.

Ic (MA)
60.
Iy
S~ 15 =400uA
~\ 715 =3004A
B Mg =200uA
|
I
- |
|
—_ — |
_ b b T T T T T V Vv
5‘6 10 ce(V)
] Vee

_Vgg—07V _37V-07V

lsq Rs - 10k =3004A I Vee
ICQ = BDC | BQ = (100)(300,[1A) =30mA [ !

Veeo = Ve~ looRe = 10V — (30mA)(2200)) = 3.4V

FIGURE 5-5

Variations in collector current and collector-to-emitter voltage as a result of a variation in base current.

Waveform Distortion As previously mentioned, under certain input signal conditions
the location of the Q-point on the load line can cause one peak \gftheaveform to be
limited or clipped, as shown in parts (a) and (b) of Figu& B+each case the input sig-

nal is too large for the Q-point location and is driving the transistor into cutoff or saturation
during a portion of the input cycle. When both peaks are limited as in Figh{e),5the
transistor is being driven into both saturation and cutoff by an excessively large input sig-
nal. When only the positive peak is limited, the transistor is being driven into cutoff but not
saturation. When only the negative peak is limited, the transistor is being driven into satu-
ration but not cutoff.
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VC | | | |
VCEQ VCEQ
(a) Transistor is driven into saturation because the Q-point is (b) Transistor is driven into cutoff because the Q-point is
too close to saturation for the given input signal. too close to cutoff for the given input signal.

I
I
I
I
T T VCE
I I
— | |
Saturatior] | :
I I
/’2/ '
s I
| Cutoff
Vee : |
I ! !
Vceq

(c) Transistor is driven into both saturation and cutoff because the
input signal is too large.

FIGURE 5-6

Graphical load line illustration of a transistor being driven into saturation and/or cutoff.

EXAMPLE 5-1 Detemine the Q-pointfor thecircuit in Figure 5—7anddraw thedcloadline. Find the
maximum pe& valueof basecurrentfor linearoperation Assume Bpc = 200.

Solution  TheQ-pointis definedby the valuesof | andVcEg.
L] Vgg — Vge 10V — 0.7V
1 Rs 47kQ
IC = BDCIB = (200)(198,(LA) = 39.6mA
Vce = Vec — IcRc = 20V — 13.07V = 6.93V

= 198uA
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FIGURE 5-7

_VCC
= 20v

+
VB B

The Q-point is alc = 39.6 mA and a¥/cg = 6.93 V.
Sincelc cutotty = 0, You need to knowgsqpto determine how much variation in
collector current can occur and still maintain linear operation of the transistor.
| _ Vec 20V
C(sat) Re 3300
The dc load line is graphically illustrated in Figure 5-8, showing that before satura-
tion is reached can increase an amount ideally equal to

Icsay — lcg = 60.6MA — 39.6mA = 21.0mA

= 60.6mA

However,|c can decrease by 39.6 mA before cuttdf € 0) is reached. Therefore,
the limiting excursion is 21 mA because Qgoint is closer to saturation than to cut-
off. The 21 mA is the maximum peak variation of the collector current. Actually, it
would be slightly less in practice beca¥gg sapis not quite zero.

FIGURE 5-8

Ic (MA)
/ Idealsaturation

60.6 ¢

39.6

Idealcutoff
Vee (V)

6.93 20

Determine the maximum peak variation of the base current as follows:

Ic(peala B 21mA

| =—=——=1 A
b(peal Boc 200 05p

=

Related Problem”  Find the Q-point for the circuit in Figure B-and determine the maximum peak value 0
base current for linear operation for the following circuit valgs; = 100,Rc =
1.0kQ, andVee = 24 V.

*Answerscan be found at www.pearsonhighered.com/floyd

Open the Multisim file E05-01 in the Examples folder on the companion website
Measurd c andVcg and compare with the calculated values.
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ECTION 5-1

HECKUP

nswers can be found at www!
earsonhighered.com/floyd.

What are the upper and lower limits on a dc load line in terms of V¢ and I?

Define Q-point.

At what point on the load line does saturation occur? At what point does cutoff occur?
For maximum V,,, where should the Q-point be placed?

i e

5-2 VOLTAGE-DIVIDER BIAS

You will now study a method of biasing a transistor for linear operation using a single-
source resistive voltage divider. This is the most widely used biasing method. Four
other methods are covered in Section 5-3.

After completing this section, you should be able to

1 Analyze a voltage-divider biased circuit
+ Define the ternstiff voltage-divider ¢ Calculate currents and voltages in a
voltage-divider biased circuit
1 Explain the loading effects in voltage-divider bias
+ Describe how dc input resistance at the transistor base affects the bias
2 Apply Thevenin’s theorem to the analysis of voltage-divider bias
+ Analyze botthpnandpnpcircuits

Up to this point a separate dc soulgs, was used to bias the base-emitter junction be- I+ 1g +Vee
cause it could be varied independentlyWgt and it helped to illustrate transistor opera- ?
tion. A more practical bias method is to W4&: as the single bias source, as shown in
Figure 5-9. To simplify the schematic, the battery symbol is omitted and replaced by a line
termination circle with a voltage indicatordc) as shown.

A dc bias voltage at the base of the transistor can be developed by a resistive voltage-
divider that consists d®; andR,, as shown in Figure 5—%c is the dc collector supply
voltage. Two current paths are between péiand ground: one throug®, and the other
through the base-emitter junction of the transistorRnd

Generally, voltage-divider bias circuits are designed so that the base current is much
smaller than the current] throughR, in Figure 5-91n this case, the voltage-divider cir-
cuit is very straightforward to analyze because the loading effect of the base current can be
ignored. A voltage divider in which the base current is small compared to the cuiRgnt in
is said to be atiff voltage divider because the base voltage is relatively independent'of ' GURE 5-9
different transistors and temperature effects. Voltage-divider bias.

To analyze a voltage-divider circuit in whitgis small compared tb, first calculate
the voltage on the base using the unloaded voltage-divider rule:

Ry :
Ve = | —2 |V, Equation 5-1
. (Rl + Rz) ce
Once you know the base voltage, you can find the voltages and currents in the circuit, as
follows:
Ve = Vg — Vge Equation 5-2
and
Ve .
lc =lg = — Equation 5-3
Re
Then,

Ve = Vee — IcRe Equation 5—4
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Once you know/c andVE, you can determin€cg.

Vee = Vo — VE

EXAMPLE 5-2 DetermineVcg andlc in the stiff voltage-divider biased transistor circuit of Figure 5-10
|f BDC =S 100

FIGURE 5-10

VCC
+10V

£&
5

O

R, Re
5.6 k2 5600

Solution  The base voltage is

Vg = (lelizR)VCC = <m)1ov = 3.59V
So,
Vg = Vg — Vge = 3.59V — 0.7V = 2.89V
and
lg = \F:E = % = 5.16mA
Therefore,
Ilc = lg = 5.16mA
and

Ve = Vee — IcRe = 10V — (5.16mA)(1.0kQ) = 4.84V
Vee = Ve — Ve = 484V — 2.89V = 1.95V

Related Problem If the voltage divider in Figure 5-10 was not stiff, how wodihe affected?

Open the Multisim file E05-02 in the Examples folder on the companion websjte
Measurd c andVcE. If these results do not agree very closely with those in the
Example, what original assumption was incorrect?

The basic analysis developed in Example 5-2 is all that is needed for most voltage-
divider circuits, but there may be cases where you need to analyze the circuit with more ac-
curacy.ldeally, a voltage-divider circuit is stiff, which means that the transistor does not
appear as a significant load. All circuit design involves trade-offs; and one trade-off is that
stiff voltage dividers require smaller resistors, which are not always desirable because of
potential loading effects on other circuits and added power requirenhietits. circuit
designer wanted to raise the input resistance, the divider string may not be stiff; and more
detailed analysis is required to calculate circuit parameters. To determine if the divider is stiff,
you need to examine the dc input resistance looking in at the base as shown in Figure 5-11.


http://cbs.wondershare.com/go.php?pid=5261&m=db

mm Wondershare

H  PDFelement

VOLTAGE-DIVIDER BiAs ¢ 237

+Vee Stiff: FIGURE 5-11
o)
Rinease) = 10R, Voltage divider with load.
R,
Vg= (72) Vee
§ R, RIN(BASE)|00king in Ri+R,
at base of transistor Not stiff:
™
5 | Rin@ase) < 10R,
B | =( Ry || Rease) )V
L, B R+ Ry [ Rgase)/ ¢
§ Ry RinBASE)

Loading Effects of Voltage-Divider Bias

DC Input Resistance at the Transistor Base The dcinput resistace of the transistoiis
proportionalto Bpc, soit will changefor differenttransistorsWhena transistoiis operat
ing in its linear region the emitter current (Ig) is Bpclg. When the emitter resistoris
viewed from the basecircuit, the resistorappearsto belargerthanits actual value because
of the dc curentgainin the transistor Thatis, Rinease) = Va/ls = Ve/(le/Boc)-

BocVe

Equation 5-5
le

Rinease) =

This is the effective load on the voltagedividerill ustratel in Figure 5-11.

You canquickly estimatethe loading effect by comparingRingask) to the resistorR; in
the voltagedivider. As long asRneask) IS at leastten timeslargerthan Ry, the loading
effect will be 10% or lessand the voltagedivider is stiff. If Ryy@asg) is lessthantentimes
R,, it should be combined in parallelwith Rs.

EXAMPLE 5-3 Detemine the dcinput resistare looking in atthe baseof the transistoiin Figure
5-12. Bpc = 125amd Vg = 4 V.

FIGURE 5-12

+Vee

560 ()

4V

Vg — 0.7V 3.3V
Re  10kQ
BpcVe  125(4V)

Rin@AsE) = HiEeaT 152k Q

Solution lg =

Related Problem  \Whatis RIN(BASE) in Figure 512 if Bpc = 60and Vg = 2V?
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Thevenin’s Theorem Applied to Voltage-Divider Bias

To analyze a voltage-divider biased transistor circuit for base current loading effects, we
will apply Thevenin’s theorem to evaluate the circuit. First, let's get an equivalent base-
emitter circuit for the circuit in Figure 5-13(a) using Thevenin’s theorem. Looking out from
the base terminal, the bias circuit can be redrawn as shown in Figure 5-13(b). Apply
Thevenin’'s theorem to the circuit left of poftwith V¢ replaced by a short to ground and

the transistor disconnected from the circuit. The voltage at paiuith respect to ground is

and the resistance is

R RiR,
™M R +R
FIGURE 5-13 +Vee +tVee
Thevenizing the bias circuit.
-+
Ry } A
+Vee ‘
|
|
R2

(b)

The Thevenin equivalent of the bias circuit, connected to the transistor base, is shown in
the beige box in Figure 5-13(c). Applying Kirchhoff’s voltage law around the equivalent
base-emitter loop gives

VTH - VRTH - VBE - VRE = 0
Substituting, using Ohm'’s law, and solving ¥,
Vi = IgRry + VBe + IeRe

Substitutinglg/Bpc for I,

Vrh = Ie(Re + Rru/Boc) + Vee
Then solving follg,

Vy — VBe

Re + Rru/Boc

If Rru/Bpc is small compared tBg, the result is the same as for an unloaded voltage divider.
\oltage-divider bias is widely used because reasonably good bias stability is achieved
with a single supply voltage.

Equation 5-6 lg =

Voltage-Divider Biased PNP Transistor As you know, gonptransistor requires bias
polarities opposite to thepn. This can be accomplished with a negative collector supply
voltage, as in Figure 5—-14(a), or with a positive emitter supply voltage, as in Figdrb).
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-Vee
O
Re
)
Ry Re
= = *+Vee
(a) Negative collector (b) Positive emitter (c) The circuit in
supply voltageVcc supply voltageVeg (b) redrawn
FIGURE 5-14

Voltage-divider biased pnp transistor.

In a schematic, thpnpis often drawn upside down so that the supply voltage is at the top
of the schematic and ground at the bottom, as in Figure 5-14(c).

The analysis procedure is the same as fapariransistor circuit using Thevenin's the-
orem and Kirchhoff’s voltage law, as demonstrated in the following steps with reference to
Figure 5-14. For Figure 5-14(a), applying Kirchhoff’s voltage law around the base-emit-
ter circuit gives

Vru + 1Rty — Ve + IERe = 0
By Thevenin’s theorem,

Vi = <R2 )v
T™H — Rl 4 RZ CcC

RiRx
Rrh = o
R + Ry
The base current is
| le
B= 5
Boc
The equation folg is
-Vt + V
lg = — ™ 7 BE Equation 5-7
Re + Rru/Boc
For Figure 5-14(b), the analysis is as follows:
—Vru + IRty — Ve + IERE = VEg = 0
Vig = ( Ry )v
TH R+ R, EE
RiR>
Rh=————
™7 R + R
| le
B™ 5, _
Boc
The equation folg is
Viy + Vgg — V
lg = ™ BE EE Equation 5-8

Re + Rry/Boc
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EXAMPLE 5-4 Find Ic andVgc for thepnptransistor circuit in Figure 5-15.
FIGURE 5-15
VEE
+10V
Re
1.0kQ
Ry Re
22kQ 2.2kQ

Solution  This circuit has the configuration of Figures 5-14(b) and (c). Apply Thevenin’s
theorem.

R 22kQ)
Vg = Veg = (== )10V = (0.688)10V = 6.88V
s (Rl + R2> s (22kQ + 10kQ) E gl o860/ = 6.88

RR,  (22kQ)(10kQ)

Rry = = = 6.88kQ
™7 R +R,  22kQ + 10kQ 6.88
Use Equation 5-8 to determihe
Viy + Vee — Vee -« 6.88V + 0.7V — 10V —2.42V
= < = = —2.31mA

The negative sign ol indicates that the assumed current direction in the Kirchhoff
analysis is opposite from the actual current direction. Rggiyou can determinig
andVgc as follows:
Ic = lg = 2.31mA
= IcRc = (2.31mA)(2.2kQ2) = 5.08V
VE = Vgg — IgRe = 10V — (2.31mA)(1.0kQ) = 7.68V
Vec = Vg — Ve = 7.68V — 5.08V = 2.6V

()

S
|

Related Problem  DetermineRgasg) for Figure 5-15.

Open the Multisim file E05-04 in the Examples folder on the companion websjte
Measurd ¢ andVec.

EXAMPLE 5-5 Find Ic andVcg for apnptransistor circuit with these valud®; = 68kQ, R, =
47kQ, Rc = 1.8kQ, R = 2.2k, Ve = —6V, andBpc = 75. Refer to Figure
5-14(a), which shows the schematic with a negative supply voltage.

Solution  Apply Thevenin's theorem.

R, 47kQ
R U et e s e |6V
is <R1 I Rz) i <68kQ n 47kQ>( )

= (0.409)(-6V) = —2.45V
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no_ RiR _ (68KO)ATKN)
™M R + R (68kQ + 47kQ)
Use Equation 5-7 to determihe
Vit Vee _ 245V + 0.7V
& Rel- Rrk/Boe || 2:2KQ + 3710

315V
2.57kQ)

Fromlg, you can determink: andVcg as follows:
lc = lg = 1.23mA
Ve = —Vee + IcRc = =6V + (1.23mA)(1.8kQ) = —3.79V
VE = —IgRe = —(1.23mA)(2.2kQ) = —2.71V
Vg = Ve — VE = —3.79V + 2.71V = —1.08V

= 27.8kQ

= 1.23mA

Related Problem  What value ofS8pc is required in this example in order to nedggiase) in keeping
with the basic ten-times rule for a stiff voltage divider?

1. If the voltage at the base of a transistor is 5 V and the base current is 5 A, what is the
dc input resistance at the base?

2. If a transistor has a dc beta of 190, V; = 2V, and Iz = 2 mA, what is the dc input
resistance at the base?

3. |What bias voltage is developed at the base of a transistor if both resistors in a stiff
voltage divider are equal and Vec = +10V?

4. 'What are two advantages of voltage-divider bias?

5—3  OTHER BiAS METHODS

In this section, four additional methods for dc biasing a transistor circuit are discussed.
Although these methods are not as common as voltage-divider bias, you should be able
to recognize them when you see them and understand the basic differences.

After completing this section, you should be able to

o Analyze four more types of bias circuits
o Discuss emitter bias
+ Analyze an emitter-biased circuit
o Discuss base bias
+ Analyze a base-biased circuit Explain Q-point stability of base bias
o Discuss emitter-feedback bias
+ Define negative feedbacke Analyze an emitter-feedback biased circuit
o Discuss collector-feedback bias
+ Analyze a collector-feedback biased circuit Discuss Q-point stability over
temperature

Emitter Bias

Emitter bias provides excellent bias stability in spite of chang@s in  or temperature. It uses
both a positive and a negative supply voltage. To obtain a reasonable estimate of the key dc
values in an emitter-biased circuit, analysis is quite easy. hp@aircuit, such as shown
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in Figure 5-17, the small base current causes the base voltage to be slightly below ground.
The emitter voltage is one diode drop less than this. The combination of this small drop
acrossRg andVge forces the emitter to be at approximately V. Using this approxima-
tion, you can obtain the emitter current as

~Vgg — 1V
lg=—""7—"—
Re
Vegis entered as a negative value in this equation.
You can apply the approximation tHgt= I to calculate the collector voltage.

Ve = Vee — IcRe

The approximation thatg = —1V s useful for troubleshooting because you won't need
to perform any detailed calculations. As in the case of voltage-divider bias, there is a more
rigorous calculation for cases where you need a more exact result.

242 ¢ TRANSISTOR BiAs CIRCUITS

EXAMPLE 5-6 Calculatelg andVE for the circuit in Figure 5—-16 using the approximations
Ve = —1Vandlc = Ig
FIGURE 5-16
VCC
+15V
4.7 K
Rs
L 47k
Re
10 k0
VEE
-15V
Solution VaEIERY
—Vege — 1V —(-15V) — 1V 14V
H+ = = = 1.4mA
Re 10kQ 10kQ
Ve = Ve — IcRc = +15V — (1.4mA)(4.7kQ) = 8.4V
Vce = 8.4V — (1) = 9.4V
Related Problem If Veggis changed te-12V, what is the new value/gg?

The approximation thatg = —1V and the neglectByc may not be accurate
enough for design work or detailed analysis. In this case, Kirchhoff’s voltage law can be
applied as follows to develop a more detailed formuldgoKirchhoff’s voltage law ap-
plied around the base-emitter circuit in Figure 5-17(a), which has been redrawn in part (b)
for analysis, gives the following equation:

VEE+VRB+VBE+VRE:O
Substituting, using Ohm'’s law,

VEE+ IBRB +VBE+ IERE= 0
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FIGURE 5-17

An npn transistor with emitter bias.
Polarities are reversed for a pnp tran-
sistor. Single subscripts indicate volt-
ages with respect to ground.

II|<70<

@ (b)

Substituting folg =

lg/Bpc and transposivge,

|
(BE )RB + IgRe + Vge = —Vee
DC

Factoring outg and solving follg,

_ —Vee — VBE
Re + Rg/Boc

\oltages with respect to ground are indicated by a single subscript. The emitter voltage
with respect to ground is

g Equation 5-9

VE = VEe *+ IeRe
The base voltage with respect to ground is

VB = VE = VBE
The collector voltage with respect to ground is

Ve = Vee — IcRe

EXAMPLE 5-7 Determine how much the Q-point(Vcg) for the circuit in Figure 5-18 will change
if Bpcincreases from 100 to 200 when one transistor is replaced by another.
FIGURE 5-18
VCC
+15V
Re
4.7 kQ
Rs
L 47k
Re
10kQ
VEE
-15V
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Solution  For Bpc = 100,
[ARRERNEN —Vee — Vee _ —(-15V) — 07V
€O = B R+ Re/Bpc  10kQ + 47kQ/100
Ve = Vee — le@Re = 15V — (1.37mA)(4.7kQ) = 8.56V
VE = VEE + IERE = |5/ | aF (137 mA)(lOkQ) = —-1.3V

= 1.37 mA

Therefore,
Veew) = Ve — Ve = 856V — (—1.3V) = 9.83V
For Bpc = 200,
low) = I = —VEe — VBe | —(—-15V) — 0.7V
Re + Re/Bpc  10kQ + 47k(/200
Ve = Vee = leeRe = 15V — (1.38mA)(4.7kQ) = 8.51V
Ve = Vee + IgRe = —15V + (1.38mA)(10kQ) = —1.2V

= 1.38mA

Therefore,
Vee@) = Ve — VE = 851V — (-1.2V) = 971V
The percent change Ig asBpc changes from 100 to 200 is

lce) — IC(1)> (1.38mA - 1.37mA
————————100% =
1.37 mA

%Alc = < >100%= 0.730%

lcq
The percent change Wgg i

Vcee) — VCE(1)> Ll (9.71v - 9.83Vv

e o 0
983V >1OOA) 1.22%

#AVee = ( Vee()

Related Problem  Determine the Q-point in Figure 5-183fc  increases to 300.

Base Bias

This method of biasing is common in switching circuits. Figure 5-19 shows a base-biased
transistor. The analysis of this circuit for the linear region shows that it is directly depend-
ent onBpc. Starting with Kirchhoff’s voltage law around the base circuit,

VCC_VRB_VBE:O
SubstitutinglgRg for Vg, you get

Vee — 1BRs = VBe = 0
Then solving follg,

_ Vee — VBe

I
FIGURE 5-19 Rs
Base bias. Kirchhoff’s voltage law applied around the collector circuit in Figure 5-19 gives the fol-
lowing equation:

Vee = IcRe = Vee = 0
Solving forVcg,
Equation 5-10 VCE = VCC - ICRC
Substituting the expression flyinto the formuldc = Bpclg Yyields

Vee — VBE)

Equation 5-11 lc = BDC( R
B
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Q-Point Stability of Base Bias Notice that Equation 5-11 shows thatis dependent

on Bpc. The disadvantage of this is that a variatioB g calysasd, as a result/cg

to change, thus changing the Q-point of the transistor. This makes the base bias circuit
extremely beta-dependent and unpredictable.

Recall thatBpc varies with temperature and collector current. In addition, there is a
large spread oBpc values from one transistor to another of the same type due to manu-
facturing variations. For these reasons, base bias is rarely used in linear circuits but is dis-
cussed here so you will be familiar with it.

EXAMPLE 5-8 Determine how much the Q-poing(Vcg) for the circuit in Figure 5-20 will change
over a temperature range whegc increases from 100 to 200.
FIGURE 5-20

VCC

+12V
Re
560 O

v
A

Solution  For Bpc = 100,

Vee — V, 12V — 0.7V
lcq) = BDC(CC BE) = 10(() = 3.42mA

Rs 330kQ
VCE(l) = VCC - IC(l)RC =12V — (342mA)(560 Q) = 10.1V
ForBDc = 200,
Vee — Vee 12V - 0.7V
IC(Z) == BDC<RB> = 20((3%“2) = 6.84mA

VCE(Z) =S VCC - IC(Z)RC =12V — (684mA)(560 Q) = 8.17V
The percent change Ig asBpc changes from 100 to 200 is

'C<2>"C<1>> W00

%Alc = (
C(1)

B <6.84mA — 3.42mA
3.42mA

>100% = 100% (anincrease)

The percent change Vg is

Veg) — V.
%AVeg = (CE(Z\;CEG)CE(”>100%

_ (8.17V — 10.1V

0= — 0,
10.1V )1OOA> 19.1% (adecrease)

As you can see, the Q-point is very dependensgg in this circuit and therefore
makes the base bias arrangement very unreliable. Consequently, base bias is not nor-
mally used if linear operation is required. However, it can be used in switching
applications.

Related Problem  Determinelc if Bpcincreases t@00.
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Open the Multisim file E05-08 in the Examples folder on the companion websijte.
SetBpc = 100 and measuig andVce. Next, seiBpc = 200 and measulre
andVcg. Compare results with the calculated values.

Vee Emitter-Feedback Bias

If an emitter resistor is added to the base-bias circuit in Figure 5-20, the result is emitter-
feedback bias, as shown in Figure 5-21. The idea is to help make base bias more pre-

Re dictable with negativéeedback, which negates any attempted change in collector current
% with an opposing change in base voltage. If the collector current tries to increase, the emit-
‘L‘ ter voltage increases, causing an increase in base voltage bégatsé- + Vge. This in-
crease in base voltage reduces the voltage aBgahius reducing the base current and
Re keeping the collector current from increasing. A similar action occurs if the collector cur-

rent tries to decrease. While this is better for linear circuits than base bias, it is still de-
= pendent orBpc and is not as predictable as voltage-divider bias. To calgulaia can
write Kirchhoff’s voltage law (K/L) around the base circuit.

FIGURE 5-21
Emitter-feedback bias. —Vcc + IgRe + Vee + IERe = 0
Substitutinglg/Bpc  folg, you can see thét is still dependent of3pc.
Vee — Vee
Equation 5-12 o - N
a Re + Rs/Boc
EXAMPLE 5-9 The base-bias circuit from Example 5-8 is converted to emitter-feedback bias by the

addition of al k) emitter resistor. All other values are the same, and a transistor with
aBpc = 100is used. Determine how much the Q-point will change if the first transis-
tor is replaced with one havingByc = 200. Compare the results to those of the
base-bias circuit.

Solution For IBDC = 100,

e Vec—Vee = 12V - 0.7V

C® = BT Re + Re/Boc  1kQ + 330KQ/100
Veew = Vee - loaRe + Re) = 12V — (263mA)(560Q + 1kQ) = 7.90V

For Bpc = 200,
Vee — VBE 12V — 0.7V

le@) = le = P = 4.26mA

@ = &= Ry Ro/Bpe | 1kQ + 30k 200 M
Vee@ = Vee - lop(Re + Re) = 12V — (4.26mA)(560Q + 1kQ) = 535V

The percent change lg is

= 2.63mA

le@ — | 4.26mA — 263mA
%Al = (‘M>100%= ( >100%= 62.0%
c(1) 2.63mA
Vcee) — VCE(].)) (7.90V - 5.35v>
FRRARRENEE SRR E SRR Ro0 S =SSR D 20 Y na0s - 30 3%
it ( L i 7.90V i ‘

Although the emitter-feedback bias significantly improved the stability of the bias for
a change irBpc compared to base bias, it still does not provide a reliable Q-point

Related Problem  Determinel¢ if a transistor withBpc = 300 is used in the circuit.
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Collector-Feedback Bias

In Figure 5-22, the base resisRy is connected to the collector rather thavge, as it

was in the base bias arrangement discussed earlier. The collector voltage provides the bias
for the base-emitter junction. The negative feedback creates an “offsetting” effect that
tends to keep the Q-point stableldftries to increase, it drops more voltage aciss

thereby causinyc to decrease. Whevi decreases, there is a decrease in voltage across
Rg, which decreasdg. The decrease ig produces lesk: which, in turn, drops less volt-

age acrosRc and thus offsets the decreas&/in

Analysis of a Collector-Feedback Bias Circuit By Ohm'’s law, the base current can be
expressed as FIGURE 5-22

Ve — VBE Collector-feedback bias.
lg = R
Let's assume thdt >> lg. The collector voltage is
Ve = Vee — IeRe
Also,
_le
~ Boc
Substituting fol/¢ in the equationg = (V¢ — Vge)/Ra,
lc ~ Vec — IcRc — Vee

I

Boc Rs
The terms can be arranged so that
IcRs
— T IcRc =Vce — Ve
Boc

Then you can solve fdg as follows:

|C<Rc + RB) = Vce — VBE
Boc

Ic = _Vec — Vee Equation 5-13
Rc + Rg/Boc
Since the emitter is groundeg = Vc.
Vce = Vee — IcRe Equation 5-14

Q-Point Stability Over Temperature Equation 5-13 shows that the collector current is
dependent to some extent Bpc andVgEg. This dependency, of course, can be minimized
by makingRc >> Rg/BpcandVcec >> Vge. An important feature of collector-feedback
bias is that it essentially eliminates tBgc andVge dependency even if the stated condi-
tions are met.

As you have learne@pc Vvaries directly with temperature \gggdvaries inversely
with temperature. As the temperature goes up in a collector-feedback @sglit, goes
up andVgg goes down. The increase Bpc  acts to incrdasé@he decrease i¥gg
acts to increasks which, in turn also acts to increake As I¢ tries to increase, the
voltage drop acrosRc also tries to increase. This tends to reduce the collector voltage
and therefore the voltage acrdssg, thus reducindg and offsetting the attempted in-
crease if¢ and the attempted decreaséVix The result is that the collector-feedback
circuit maintains a relatively stable Q-point. The reverse action occurs when the tem-
perature decreases.
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EXAMPLE 5-10 Calculate the Q-point valuek-(andV¢g) for the circuit in Figure 5-23.

FIGURE 5-23

Vee

Solution  Using Equation 5-13, the collector current is

1L Vee = Vee 10V — 0.7V
©” Re + Rg/Boc  10kQ + 180k)/100

= 788uA
Using Equation 5-14, the collector-to-emitter voltage is
Vce = Vee — IcRc = 10V — (788uA)(10kQ) = 2.12V

Related Problem  Calculate the Q-point values in Figure 5-238gc = 200  and determine the percent
change in the Q-point frofipc = 100to Bpc = 200.

Open the Multisim file E05-10.in the Examples folder on the companion websjte
Measurd c andVcg. Compare with the calculated values.

1. IWhy is emitter bias more stable than base bias?
2. \What is the main disadvantage of emitter bias?

3. 'Explain how an increase in Bpc causes a reduction in base current in a collector-feed-
back circuit.

4. \What is the main disadvantage of the base bias method?
5. Explain why the base bias Q-point changes with temperature.
6. How does emitter-feedback bias improve on base bias?

5—4 TROUBLESHOOTING

In a biased transistor circuit, the transistor can fail or a resistor in the bias circuit can
fail. We will examine several possibilities in this section using the voltage-divider bias
arrangement. Many circuit failures result from open resistors, internally open transistor
leads and junctions, or shorted junctions. Often, these failures can produce an apparent
cutoff or saturation condition when voltage is measured at the collector.

After completing this section, you should be able to

o Troubleshoot faults in transistor bias circuits

o Troubleshoot a voltage-divider biased transistor circuit
+ Troubleshoot the circuit for several common faults Use voltage measurement
to isolate a fault
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Chapter 18: Basic Programming Concepts for Automated Testing
Selected sections from Chapter 18 may be introduced as part of this troubleshog
coverage or, optionally, the entire Chapter 18 may be covered later or not at all.

Troubleshooting a Voltage-Divider Biased Transistor

An example of a transistor with voltage-divider bias is shown in Figure 5-24. For the spe-
cific component values shown, you should get the voltage readings approximately as indi-
cated when the circuit is operating properly.

FIGURE 5-24

A voltage-divider biased transistor
with correct voltages.

For this type of bias circuit, a particular group of faults will cause the transistor collec-
tor to be aV-c when measured with respect to ground. Five faults are indicated for the cir-
cuit in Figure 5-25(a). The collector voltage is equal to 10 V with respect to ground for
each of the faults as indicated in the table in part (b). Also, for each of the faults, the base
voltage and the emitter voltage with respect to ground are given.

Vee

FAULT DESCRIPTION Ve 143 Vg
1 R; open 10V oV oV
2 Rg open 10V 2.50V 3.20V
3 Baseinternallyopen 10V oV 3.20V
4 Emitterinternallyopen 10V oV 3.20V
5 Collectorinternallyopen 10v 0.41V 1.11V
(a) Faultycircuit (b) Possiblefaultsfor circuitin part(a)

FIGURE 5-25

Faults for which V¢ = V.

Fault 1: Resistor R; Open This fault removes the bias voltage from the base, thus connect-
ing the base to ground throuBkand forcing the transistor into cutoff becauge= 0 V and

Ig = 0 A. The transistor is nonconducting so there isgend, therefore, no voltage drop
acrosRc. This makes the collector voltage equaVge (10 V). Since there is no base cur-
rent or collector current, there is also no emitter curreniand 0 V.

Fault 2: Resistor Rg Open This fault prevents base current, emitter current, and collec-
tor current except for a very smédizo that can be neglected. Singe= 0 A, there is no
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voltage drop acrosR: and, thereforeYc = Vcc = 10 V. The voltage divider produces a
voltage at the base with respect to ground as follows:

R, 47kQ
Vg=(—2—|Vee=|———=)10V = 320V
B (R1+ R2> cc (14.7kQ>

250 ¢ TRANSISTOR BiAs CIRCUITS

When a voltmeter is connected to the emitter, it provides a current path through its high
internal impedance, resulting in a forward-biased base-emitter junction. Therefore, the
emitter voltage i% = Vg — Vgg. The amount of the forward voltage drop across the BE
junction depends on the curre¥geg = 0.7 V is assumed for purposes of illustration, but it
may be much less. The result is an emitter voltage as follows:

VE = VB - VBE =32V - 07V = 25V

Fault 3: Base Internally Open An internal transistor fault is more likely to happen than

an open resistor. Again, the transistor is nonconductitg s A andV¢ = Vec = 10 V.

Just as for the case of the op#&n the voltage divider produc@2 V at the external base
connection. The voltage at the external emitter connection is 0 V because there is no emit-
ter current througRe and, thus, no voltage drop.

Fault 4: Emitter Internally Open Again, the transistor is nonconducting,lso= 0 A
andVc = Ve = 10 V. Just as for the case of the opgrand the internally open base, the
voltage divider produce®2 V at the base. The voltage at the external emitter lead is 0 V
because that point is open and connected to ground thRpudiotice that Fault8 and 4
produce identical symptoms.

Fault 5: Collector Internally Open Since there is an internal open in the transistor col-
lector, there is né- and, thereforeyc = Vec = 10 V. In this situation, the voltage divider is
loaded byRe through the forward-biased BE junction, as shown by the approximate equiva-
lent circuit in Figure 5-26. The base voltage and emitter voltage are determined as follows:

Ny ( RolRe
g (e
Ry + Ro|Re

( 427 Q)
10.427 kQ)
Ve = Vg — Vge = 111V — 0.7V = 0.41V

)vcc +07V

>10V + 0.7V =041V + 0.7V = 1.11V

FIGURE 5-26 Vee
+10V

Equivalent bias circuit for an inter-
nally open collector.

Diode equivalent of BE junction

\& Ve

There are two possible additional faults for which the transistor is conducting or
appears to be conducting, based on the collector voltage measurement. These are indicated
in Figure 5-7.

Fault 6: Resistor Rc Open For this fault, which is illustrated in Figure 542), the col-
lector voltage may lead you to think that the transistor is in saturation, but actually it is
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FIGURE 5-27

Faults for which the transistor is con-
ducting or appears to be conducting.

(a) Rc open (b) R, open

nonconducting. Obviously, Rc is open, there can be no collector current. In this situation,
the equivalent bias circuit is the same as for Fault 5, as illustrated in Figure 5-26.
ThereforeVg = 1.11 V and since the BE junction is forward-biased,

Vg = Vg — Vgg = 1.11V — 0.7V = 0.41V

When a voltmeter is connected to the collector to meaggra current path is provided
through the internal impedance of the meter and the BC junction is forward-biaggd by
Therefore,

Ve = Vg — Vgc = 1.11V — 0.7V = 0.41V
Again the forward drops across the internal transistor junctions depend on the current.
We are using 0.7 V for illustration, but the forward drops may be much less.

Fault 7: Resistor R, Open \WhenR, opens as shown in Figure 5-27(b), the base voltage
and base current increase from their normal values because the voltage divider is now
formed byR; andRn@ease). In this case, the base voltage is determined by the emitter
voltage(Vg = VE + Vgp).

First, verify whether the transistor is in saturation or not. The collector saturation cur-
rent and the base current required to produce saturation are determined as follows (assum-
ing VCE(sat): 0.2 V)

| _ Vee — VCE(sat): 9.8V

C(say Rc + Re 1.47kQ)
_lcay  6.67mA

Ig(sat) = Boc 300

= 6.67mA

= 22.2uA

Assuming the transistor is saturated, the maximum base current is determined.
IE(sa = 6.67MA
Ve = lgeafRe = 3.13V
Vg = Vg + Vge = 3.83V
_ BpcVe _ (300)(3.83V)
RINEASE) =~ = "5 67mA
B Vee ~ 10V
Ry + Rngase)  182kQ
Since this amount of base current is more than enough to produce saturation, the transistor
is definitely saturated. Thereforé;, Vg, andVc are as follows:
Ve = 3.13V
Vg = 3.83V
Ve = Vee — legafRe = 10V — (6.67mA)(1.0k()) = 3.33V

= 172kQ)

g — 54.9mA
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Multisim Troubleshooting Exercises
These file circuits are in the Troubleshooting Exercises folder on the companion website.

Open each file and determine if the circuit is working properly. If it is not working
properly, determine the fault.

1.
2. Multisim file TSE05-02
3. Multisim file TSE05-03
4.

5. Multisim file TSE05-05

Multisim file TSE05-01

Multisim file TSE05-04

How do you determine when a transistor is saturated? When a transistor is in cutoff?

In a voltage-divider biased npn transistor circuit, you measure V at the collector and
an emitter voltage 0.7 V less than the base voltage. Is the transistor functioning in cut-
off, or is Rg open?
What symptoms does an open R produce?

The focus of this Application Activity is a temperature-sensing circuit that converts the tem-
perature of a liquid to a proportional voltage for the purpose of maintaining the temperature

of the liquid within a specified range. Figure 5-28 illustrates the temperature-control system.
The temperature sensor itharmistor, which is a device whose resistance changes with
temperature. The thermistor is connected to a transistor circuit that is biased for linear opera-
tion. The output voltage of the circuit is proportional to the thermistor resistance and thus to
the temperature of the liquid in the tank. The output voltage goes to an interface circuit that

FIGURE 5-28

Temperature-control system.

Thermistor

DC power
supply

'

Temperature-
to-voltage
conversion
circuit

o 4

Valve
interface

Continuously
/ variable valve

<— Fuel flow



http://cbs.wondershare.com/go.php?pid=5261&m=db

mm Wondershare

H  PDFelement

APPLICATION ACTIVITY ¢ 253

controls the valve to control the flow of fuel to the burner based on the voltage. If the temper-
ature of the liquid is below a set value, the fuel is increased and if it is above that value, the
fuel is decreased. The temperature is to be maintain@f@t+ 5°C.

Designing the Circuit

Circuit Configuration A voltage-divider biased linear amplifier is used for the temperature-
to-voltage conversion. The thermistor is used as one of the resistors in the voltage-divider
bias. This thermistor has a positive temperature coefficient so, if the temperature increases,
the resistance of the thermistor increasesfahe temperaturdecreases, thesistance
decreases. The base voltage changes proportitm#tg change thermistoresistance.

The output voltage is inversely proportional to the base voltage, so as the temperature goes
up, the output voltage decreases and reduces the fuel flow to the burner. As the temperature
goes down, the output voltage increases and allows more fuel to the burner.

Components As shown in Figure 5-29(a), the circuit is implemented with a 2N3904
transistor, three resistors and a thermistor with the values shown;+&\ dc source.
The thermistor has the temperature characteristic shown in part (b).

FIGURE 5-29

Temperature-to-voltage conversion
circuit.

° THERMISTOR

TEMPERATURE,°C RESISTANCE, kO
60 1.25%
65 1.481
70 1.753
75 2.084
80 2.490

(a) Circuit (b) Temperatureharacteristiof thethermistorfor the

specifiedrange

1. Plot a graph of the thermistor temperature characteristic.

2. Refer to Figure 5-29 and calculate the emitter and collector currents for each
temperature shown.

3. Calculate the output voltage for each temperature shown in Figure 5-29.

Simulation

The temperature-to-voltage conversion circuit is simulated to determine how the output
voltage changes with temperature, as shown in Figure 5-30. The thermistor is represented
by a resistor with values corresponding to each specified temperature.

4. Compare your calculations for the output voltage with the simulated values.

Simulate the circuit using your Multisim softwaf@bserve the operation with the
virtual multimeter.

Prototyping and Testing

Now that all the components have been selected, the prototype circuit is constructed and tested.
After the circuit is successfully tested, it is ready to be finalized on a printed circuit board.
Lab Experiment

. To build and test a similar circuit, go to Experiment 5 in your lab mgheaabratory
Exercises for Electronic Devicéy David Buchla and Steven Wetterling).
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(a) Circuit output voltage at 6@
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Riperm= 1.481 K2

Riherm = 1.753 K2
(b) Circuit output voltages at 657, 75°, and 80

Rinerm = 2.084 K} Rinerm = 2.490 K}
FIGURE 5-30

Operation of the temperature-to-voltage conversion circuit over temperature.

The Printed Circuit Board

A partially completedorintedcircuit boardis shavn in Figure 5-31. Indicatehow you would

addconductivetraceso completethe circuit andshav theinput’outputterminalfunctions.
FIGURE 5-31

Partially complete temperature con-
version circuit PC board.
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Vee

VB =VE+ VBE

Vo= Vee-|
ot lefe Ve=Vee—IcRe

Ve=Vee+ IeRe
Re | =M Ve —V
E™ Re+ Rru/Boc IEE—EEE BE
lc=lg le=lg
V
|BE—R| B | _b
N(BASE) B=R,
Vg = Ve
S
Re
Ve=Vee—IcRe ~— Vc=Vee—IcRe
Vg = Ve .
«—— Ve=0V _ cc—Ves
L = lc=Poc(Tg;
= lo= Yoc— Vee Lo
esle
le=le |B:VCC_VBE

Vee— Vae

le= Re + Ra/Bpc

ICEIE

_Vec—Ve

I
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SUMMARY
Section 5-1 ® The purpose of biasing a circuit is to establish a proper stable dc operating point (Q-point).
¢ The Q-point of a circuit is defined by specific valueslfpandVcg. These values are called the
coordinates of the Q-point.
¢ Adc load line passes through the Q-point on a transistor’s collector curves intersecting the verti-
cal axis at approximately;sqayand the horizontal axis &g (off),.
¢ The linear (active) operating region of a transistor lies along the load line below saturation and
above cutoff.
Section 5-2  ® Loading effects are neglected for a stiff voltage divider.
¢ The dc input resistance at the base of a BJT is approxin@ieR:.
¢ \/oltage-divider bias provides good Q-point stability with a single-polarity supply voltage. It is
the most common bias circuit.
Section 5-3  ® Emitter bias generally provides good Q-point stability but requires both positive and negative
supply voltages.
¢ The base bias circuit arrangement has poor stability because its Q-point varies widglyawith
¢ Emitter-feedback bias combines base bias with the addition of an emitter resistor.
¢ Collector-feedback bias provides good stability using negative feedback from collector to base.
KEY TERMS Key terms and other bold terms in the chapter are defined in the end-of-book glossary.

KEY FORMULAS

DC load line A straight line plot of ¢ andV¢g for a transistor circuit.

Feedback The process of returning a portion of a circuit’s output back to the input in such a way as
to oppose or aid a change in the output.

Linear region The region of operation along the load line between saturation and cutoff.

Q-point
Stiff voltage divider

The dc operating (bias) point of an amplifier specified by voltage and current values.
A voltage divider for which loading effects can be neglected.

Voltage-Divider Bias

Ry
5-1 Vg = | —— |V, for a stiff voltage divider
B <R1 + Rz) cc g
5—2 VE = VB - VBE
Ve
5-3 lc =lg =—
Re
5-4 VC = Vcc - ICRC
BocVe
5-5 Ringase) = I
Vg — V
5-6 lg = __ ‘T~ VYBE
Re + Rtu/Boc
Vg + V
5_7 lg = __'TH T VBE
Re + Rru/Boc
Viy + Ve — V,
5.8 e = TH BE EE

Re + Ryu/Boc

Emitter Bias

5-9 IE =

—Vee — VBe
Re + Rs/Boc
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Base Bias
5-10 VCE = VCC - lCRC

Vee — Vee
5-11 Ilc = Bpc (R—
B
Emitter-Feedback Bias
Vee — V
5-12 g = _‘'cec — VBE
Re + Rs/Boc
Collector-Feedback Bias
Vee =V
5-13 lc = _rYcc = VBE
Rc + Re/Boc

5-14 VCE = VCC - lCRC

TRUE/FALSE QUIZ Answers can be found at www.pearsonhighered.com/floyd.

1. DC bias establishes the dc operating point for an amplifier.
2. Q-point is the quadratic point in a bias circuit.
3. The dc load line intersects the horizontal axis of a transistor characteristic cvpge=avcc.
4. The dc load line intersects the vertical axis of a transistor characteristic cugve @t
5. The linear region of a transistor's operation lies between saturation and cutoff.
6. Voltage-divider bias is rarely used.
7. Input resistance at the base of the transistor can affect voltage-divider bias.
8. Sitiff voltage-divider bias is essentially independent of base loading.
9. Emitter bias uses one dc supply voltage.

10. Negative feedback is employed in collector-feedback bias.

11. Base bias is less stable than voltage-divider bias.

12. A pnptransistor requires bias voltage polarities opposite tgparnransistor.

CIRCUIT-ACTION QUIZ  Answers can be found at www.pearsonhighered.com/floyd.

1. If Vgg in Figure 5-7 is increased, the Q-point value of collector current will

(a) increase (b) decrease (c) not change

2. If Vg in Figure 5-7 is increased, the Q-point valu&/gé will
(a) increase (b) decrease (c) not change

3. If the value ofR; in Figure 5-Dis reduced, the base voltage will
(a) increase (b) decrease (c) not change

4. If the value ofR; in Figure 5-D is increased, the emitter current will
(a) increase (b) decrease (c) not change

5. If Rgin Figure 5-15 is decreased, the collector current will
(a) increase (b) decrease (c) not change

6. If Rg in Figure 5-18 is reduced, the base-to-emitter voltage will
(a) increase (b) decrease (c) not change

7. If Vccin Figure 5-B is increased, the base-to-emitter voltage will
(a) increase (b) decrease (c) not change

8. If Ry in Figure 5-24 opens, the collector voltage will
(a) increase (b) decrease (c) not change

9. If Ry in Figure 5-24 opens, the collector voltage will
(a) increase (b) decrease (c) not change

10. If Ry in Figure 5-24 is increased, the emitter current will
(a) increase (b) decrease (c) not change
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SELF-TEST Answers can be found at www.pearsonhighered.com/floyd.

Section 5-1 1. The maximum value of collector current in a biased transistor is
(@ Bocle  (b) Igay  (c) greaterthamg  (d) Ig — I
2. Ideally, a dc load line is a straight line drawn on the collector characteristic curves between
(a) the Q-point and cutoff  (b) the Q-point and saturation
(¢) Vee(eutofy @andlc(sar (d) Iz = Oandlg = Ic/Bpc

3. If a sinusoidal voltage is applied to the base of a binpadransistor and the resulting sinu-
soidal collector voltage is clipped near zero volts, the transistor is

(a) being driven into saturation (b) being driven into cutoff
(c) operating nonlinearly (d) answers (a) and (c)
(e) answers (b) and (c)
Section 5-2 4. The input resistance at the base of a biased transistor depends mainly on
(@ Boc () Rs () Re  (d) BpcandRe

5. In a voltage-divider biased transistor circuit such as in Figure Rl@asg) can generally be
neglected in calculations when

(@) Rnease) > R2 (b)) Ro > 10RN@ase)  (€) Rinase) > 10R, R<R
6. In a certain voltage-divider biasegntransistorVg is 2.95V. The dc emitter voltage is ap-
proximately

(a) 2.25V (b) 2.95V (c) 3.65V (d) 0.7V
7. Voltage-divider bias
(a) cannot be independent Bf,c (b) can be essentially independen{Bgjc
(c) is not widely used (d) requires fewer components than all the other methods
Section 5-3 8. Emitter bias is
(a) essentially independent 8Hc (b) very dependent ofipc
(c) provides a stable bias point (d) answers (a) and (c)
9. In an emitter bias circuiRe = 2.7kQ) andVge = 15V. The emitter current
(@) is 5.3 mA (b) is 2.7 mA
(c) is 18® mA (d) cannot be determined
10. The disadvantage of base bias is that
(a) itis very complex (b) it produces low gain
(c) itis too beta dependent (d) it produces high leakage current
11. Collector-feedback bias is
(a) based on the principle of positive feedback (b) based on beta multiplication
(c) based on the principle of negative feedback(d) not very stable

Section 5-4 12. In a voltage-divider biasetpntransistor, if the upper voltage-divider resistor (the one con-
nected tdVcc) opens,

(a) the transistor goes into cutoff (b) the transistor goes into saturation
(c) the transistor burns out (d) the supply voltage is too high

13. In a voltage-divider biasempntransistor, if the lower voltage-divider resistor (the one con-
nected to ground) opens,

(a) the transistor is not affected (b) the transistor may be driven into cutoff
(c) the transistor may be driven into saturation (d) the collector current will decrease

14. In a voltage-divider biasgahptransistor, there is no base current, but the base voltage is ap-
proximately correct. The most likely problem(s) is

(a) a bias resistor is open (b) the collector resistor is open
(c) the base-emitter junction is open (d) the emitter resistor is open
(e) answers (a) and (c) () answers (c) and (d)
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15. If Ry in Figure 5-25 is open, the base voltage is
(@) +10V (b) OV (c) 3.13Vv (d) 0.7V
16. If Ry is open, the collector current in Figure 5-25 is
(@ 5.17mA  (b) 10mA (c) 4.83mA  (d) OmA

PROBLEMS Answers to all odd-numbered problems are at the end of the book.

BASIC PROBLEMS
Section 5-1  The DC Operating Point
1. The output (collector voltage) of a biased transistor amplifier is shown in Figure 5-32. Is the
transistor biased too close to cutoff or too close to saturation?

FIGURE 5-32

wd

2. What is the Q-point for a biased transistor as in Figure 5-2lwith 150 uA, Bpc = 75,
VCC =18V, andRC = 1.0kQ?

3. What is the saturation value of collector current in Problem 2?
4. What is the cutoff value dfcgin Problem 2?

5. Determine the intercept points of the dc load line on the vertical and horizontal axes of the
collector-characteristic curves for the circuit in Figure 5-33.

FIGURE 5-33
W Multisim file circuits are identified
with a logo and are in the Problems

folder on the companion website.
Filenames correspond to figure num-
bers (e.g., F05-33).

6. Assume that you wish to bias the transistor in Figure 5-33lwith 20 uA. To what voltage
must you change thésg supply? What ari: andVcg at the Q-point, given thgpc = 50?

7. Design a biased-transistor circuit usiMgs = Vcc= 10V for a Q-point oflc = 5 mA andVcg
= 4V. AssumeBpc = 100. The design involves findiRg, Rc, and theminimumpower rating
of the transistor. (The actual power rating should be greater.) Sketch the circuit.

8. Determine whether the transistor in Figure 5-34 is biased in cutoff, saturation, or the linear
region. Remember th¢ = Bpclg is valid only in the linear region.

FIGURE 5-34 Vee
+8V
Rs
VBB: AAA (:I:: >
Boc=75
15V 10 k)
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FIGURE 5-35 lc (MA)

404 400 .UA

————— S Vo (V]
0 123450678 910 V=W

9. From the collector characteristic curves and the dc load line in Figure 5-35, determine the

following:
(a) Collector saturation current
(b) VcE at cutoff
(c) Q-point values ofg, I, andVcg

10. From Figure 5-35 determine the following:
(a) Maximum collector current for linear operation
(b) Base current at the maximum collector current
(¢) Vce at maximum collector current

Section 5-2  Voltage-Divider Bias

+15V 11. What is the minimum value @pc  in Figure 5-36 that maRggsase) = 10R,?

12. The bias resistdr, in Figure 5-36 is replaced byl&k()  potentiometer. What minimum re-
sistance setting causes saturation?

13. If the potentiometer described in Problem 12 is s2tkd&}, what are the valigafidVeg?
14. Determine all transistor terminal voltages with respect to ground in Figure 5-37.
15. Show the connections required to replace the transistor in Figure 5-37pmipidavice.
16. (a) DetermineVg in Figure 5-38.
(b) How is Vg affected if the transistor is replaced by one wiyga of 50?
17. Determine the following in Figure 5-38:
(@) Q-point values

(b) The minimum power rating of the transistor

FIGURE 5-36 18. Determinel, |,, andlg in Figure 5-38.

Re Re
22K} 1.8 K)
( Boc =110 Poc =150
R Re Re
15 kQ) 1.0 k) 560Q

W FIGURE 5-37 W FIGURE 5-38
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Section 5-3  Other Bias Methods

19. Analyze the circuit in Figure 5-39 to determine the correct voltages at the transistor terminals

v with respect to ground. Assunggc = 100.
+§§/ 20. To what value cafg in Figure 5-39 be reduced without the transistor going into saturation?

21. TakingVgg into account in Figure 5-39, how much wilchange with a temperature increase
from 25°Cto 100°C?TheVgg is 0.7 V at25°C and decreases 2.5 mV per degree Celsius.
K Neglect any change iipc.

22. When can the effect of a changeBpc ~ be neglected in the emitter bias circuit?

1.

o

23. Determinelc andV¢g in thepnpemitter bias circuit of Figure 5—-40. Assuiigc = 100.
10 k) 24. DetermineVg, V¢, andl¢ in Figure 5-41.

N
5

-5V

+10V
FIGURE 5-39

Re Vee
4700 +3V

1.8 K)
10 K Rs

i 5 ELT= VN

3300 ‘h.

—-10V

VCC -
FIGURE 5-40 FIGURE 5-41

25. What value oRR: can be used to decredggn Problem 24 by 25 percent?
26. What is the minimum power rating for the transistor in Problem 25?

27. A collector-feedback circuit uses apntransistor withVec = 12V, Re = 1.2k}, and
Rg = 47k(). Determine the collector current and the collector voltagi, i = 200.

. Determinelg, I, andVcg for a base-biased transistor circuit with the following values:
o) BDC = 901VCC: 12V, RB = 22kQ,andRC = 100().

29. If Bpcin Problem 28 doubles over temperature, what are the Q-point values?

VCC 28

Rg Re 30. You have two base bias circuits connected for testing. They are identical except that one is
biased with a separaigg source and the other is biased with the base resistor conne¥tgd to
% Ammeters are connected to measure collector current in each circuit. You velpe tgply
‘ voltage and observe that the collector current varies in one circuit, but not in the other. In which
circuit does the collector current change? Explain your observation.

31. The datasheet for a particular transistor specifies a minigwgn of 50 and a maggum
= of 125. What range of Q-point values can be expected if an attempt is made to mass-produce
the circuit in Figure 5—42? |s this range acceptable if the Q-point must remain in the transis-

FIGURE 5-42 tor’s linear region?

32. The base bias circuit in Figure 5-42 is subjected to a temperature variatidd° ooV 0°C.
The Bpc decreases by 50 percenda® and increases by 75 pert@tt at from its nominal
value of 110 a25°C. What are the changekiandVcg over the temperature range of
0°Cto70°C?
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Section 5-4  Troubleshooting
33. Determine the meter readings in Figure 5—-43;ifs open.

FIGURE 5-43

34. Assume the emittdsecomes shorted to ground in Figure 5-8§3a solder splash or stray wire
clipping. What do the meters read? When gorrect the prdolem, what do the meters read?

35. Determine the most pbable failures, if any, in ezh circuit of Figure 5—44based on the indi-
cated measurements.

(b)

(d)
FIGURE 5-44

36. Determine if the DMM reading® through 4 in théreadoardcircuit of Figure 5-45 areor-
rect. If they are not, isolate the folem(s). The transistor is pnpdevice with a speified dc
beta range of 35 to0D.
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1 2 3 4
Tl OO = 0 —

[ L)ty [u_. 2y [_l.i_ ly [l_l. 1y

COM VQ COM VQ COM VQ COM VQ

@ ® Vx @ @® Vx @ ® Vx @ ® V=

(2 (O bC 3 (O bC (4) (1 DC 5 (O bpC

FIGURE 5-45

37. Determine eeh meter reading in Figure 5-45 forochaof the following faults:
(a) the680() resistor open (b) the5.6kQ resistor open
(c) the1l0kQ) resistor open (d) the1.0k( resistor open
(e) a short from emitter to ground (f) an operbase-emitter juction

APPLICATION ACTIVITY PROBLEMS

38. DetermineVg, Vg, andV¢ in the temperature-to-voltagenversiorcircuit in Figure 529(@a) if
R, fails open.

39. What faults willcause the transistor in the temperature-to-voltageersioncircuit to go into
cutoff?

40. A thermistor with thecharacteristic curve shown in Figure 5-64s used in theircuit of Figure
5-29(g). Calculate the output voltage for temperaturedsiC, 48°C, and53°C. Assume a stiff
voltage divider.

41. Explain how you would identify an opewllector-base juistion in the transistor in Figure 89().

FIGURE 5-46 R (k)

2.6 \

2.4

2.2 \

2.0

L~

1.8

1.6

14

R

45 46 47 48 49 50 51 52 53 54 55

T(°C)
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DATASHEET PROBLEMS

42. Analyze the temperature-to-voltage conversion circuit in Figure 5-47 at the temperature ex-
tremes indicated on the graph in Figure 5—46 for both minimum and maximum specified
datasheet values bfg. Refer to the partial datasheet in Figure 5—-48.

43. Verify that no maximum ratings are exceeded in the temperature-to-voltage conversion circuit
in Figure 5—-47. Refer to the partial datasheet in Figure 5-48.

FIGURE 5-47 Vee

FIGURE 5-48 Absolute Maximum Ratings* TA:ZS”CunIessotherwise noted
Partial datasheet for the 2N3904 Symbol Parameter Value Units
tranflstor. Copyright Falr.chlld v Collector-Emitter Volage 70 v
Semiconductor Corporation. Vemo Collector-Base Voltage 60 ;
Used by permission. Veso Emitter-Base Voltage 6.0 v
lc Collector Current - Continuous 200 mA
T3 Tsig Operating and Storage Junction Temperature Range -55 to +150 °C

*These ratings are limiting values above which the serviceability of any semiconductor device may be impaired.

NOTES:
1) These ratings are based on a maximum junction temperature of 150 degrees C.
2) These are steady state limits. The factory should be consulted on applications involving pulsed or low duty cycle operations.

ON CHARACTERISTICS*
hee DC Current Gain Ic=0.1mA, Ve =10V 40
lc=1.0mA, Ve =1.0V 70
lc=10MA, Ve = 1.0V 100 300
lc =50 MA, Ve = 1.0V 60
Ic =100 A, Vee = 1.0V 30
Vecesan Collector-Emitter Saturation Voltage lc=10mA, Ig =1.0 mA 0.2 \
Ic =50 mA, Ig =5.0 mA 0.3 \
Veesan Base-Emitter Saturation Voltage lc=10mA, Iz =1.0 mA 0.65 0.85 \Y
Ic =50 MA, g =5.0 mA 0.95 \Y

44. Refer to the partial datasheet in Figure 5-49.

(a) What is the maximum collector current for a 2N2222A?

(b) What is the maximum reverse base-emitter voltage for a 2N2218A?
45. Determine the maximum power dissipation for a 2N2222208¢C.

46. When you increase the collector current in a 2N2219A from 1 mA to 500 mA, how much does
the minimumBpc frg) change?

ADVANCED PROBLEMS

47. Design a circuit using base bias that operates from a 15 V dc voltage and draws a maximum
current from the dc sourc(max) of 10 mA. The Q-point values are tolge= 5 mA and
Vce = 5 V. The transistor is a 2N3904. Assume a midpoint valugfer
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Maximum Ratings

2N2218 | 2N2218A
2N2219 | 2N2219A
2N2221 | 2N2221A | 2N5581

Rating Symbol | 2N2222 | 2N2222A | 2N5582 Unit
Collector-Emitter voltage Veceo 30 40 40 V.dc
Collector-Base voltage Veso 60 75 75 V.dc
Emitter-Base voltage Vego 5.0 6.0 6.0 V.dc
Collector current — continuoug ¢ 800 800 800 mA dc

2N2218,A | 2N2221,A| 2N5581
2N2219,A | 2N2222,A| 2N5582

Total device dissipation Pp
@T, =25C 0.8 0.5 0.6 Watt
Derate above 28 4.57 2.28 3.33 mW/°C
Total device dissipation Pp
@T.=25C 3.0 12 2.0 Watt
Derate above 28 17.1 6.85 11.43 mW/°C
Operating and storage junctiop T, Ty, —65 to +200 °C

Temperature range

Electrical Characteristics (T, = 25°C unless otherwise noted.)

[ Characteristic [ symbol | Min [ Max [ Unit |
Off Characteristics
Collector-Emitter breakdown voltage Viericeo Vdc
(Ic=10mAdclg =0) Non-A Suffix 30 —
A-Suffix, 2N5581, 2N5582 40 —
Collector-Base breakdown voltage Ver)ceo Vdc
(Ic =10uAdc,Ig = 0) Non-A Suffix 60 —
A-Suffix, 2N5581, 2N5582 75 —
Emitter-Base breakdown voltage V(er)EBO Vdc
(lg=10uAdc,1c =0) Non-A Suffix 5.0 —
A-Suffix, 2N5581, 2N5582 6.0 —
Collector cutoff current ) lcex 10 nAdc
(Vg = 60 V de Veg of) = 3.0vdc A-Suffix, 2N5581, 2N5582 —
Collector cutoff current leo uA dc
(Ve =50V dc,lg=0) Non-A Suffix — 0.01
(Vcg =60V dc,lg=0) A-Suffix, 2N5581, 2N5582 — 0.01
(Veg =50V dclg=0,T, = 150C) Non-A Suffix — 10
(Vg = 60 V dclg = 0,T, = 150C) A-Suffix, 2N5581, 2N5582 — 10
Emitter cutoff current leso - 10 nAdc
(Vgg =3.0Vdc)c=0) A-Suffix, 2N5581, 2N5582
Base cutoff current IgL — 20 nAdc
(Ve = 60 V de Veg(or = 3.0 V-dc) A-Suffix
On Characteristics
DC current gain heg —
(Ilc=0.1 mAdcVee =10 V dc) 2N2218,A, 2N2221,A, 2N5581(1) 20 —
2N2219,A, 2N2222 A, 2N5582(1) 35 —
(Ilc=1.0 mAdcVeg = 10V dc) 2N2218,A, 2N2221,A, 2N5581 25 —
2N2219,A, 2N2222,A, 2N5582 50 —
(Ic =10 mA dcVce = 10V dc) 2N2218,A, 2N2221,A, 2N5581(1) 35 —
2N2219,A, 2N2222,A, 2N5582(1) 75 —
(Ic=10 mAdcVeg =10V dc,T, =-58C) 2N2218,A, 2N2221,A, 2N5581 15 —
2N2219,A, 2N2222,A, 2N5582 35 —
(Ic =150 mA dcVce = 10 V dc) 2N2218,A, 2N2221,A, 2N5581 40 120
2N2219,A, 2N2222,A, 2N5582 100 300
(Ic =150 mAdcVee = 1.0V dc) 2N2218,A, 2N2221,A, 2N5581 20 —
2N2219,A, 2N2222,A, 2N5582 50 —
(Ic =500 mA dcVee = 10 V dc) 2N2218, 2N2221 20 —
2N2219, 2N2222 30 —
2N2218A, 2N2221A, 2N5581 25 —
2N2219A, 2N2222A, 2N5582 40 —
Collector-Emitter saturation voltage Vee(sat Vdc
(Ilc =150 mA dc)g = 15 mA dc) Non-A Suffix — 04
A-Suffix, 2N5581, 2N5582 — 0.3
(Ic =500 mA dcjg = 50 mA dc) Non-A Suffix — 1.6
A-Suffix, 2N5581, 2N5582 — 1.0
Base-Emitter saturation voltage VBE(sat) Vdc
(Ic =150 mA dc)g = 15 mA dc) Non-A Suffix 0.6 1.3
A-Suffix, 2N5581, 2N5582 0.6 1.2
(Ic =500 mA dc)z = 50 mA dc) Non-A Suffix _ 2.6
A-Suffix, 2N5581, 2N5582 — 2.0

FIGURE 5-49
Partial datasheet for 2N2218A—2N2222A.
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48. Design a circuit using emitter bias that operates from dc voltagelk?0¥ and—12V. The
maximumlccis to be 20 mA and the Q-point is at 10 mA and 4 V. The transistor is a 2N3904.

49. Design a circuit using voltage-divider bias for the following specificatidgg:= 9 V, lcc(max)
=5mA,lc = 1.5mA, andVcg = 3 V. The transistor is a 2N3904.

50. Design a collector-feedback circuit using a 2N2222A Wigh = 5V, Ic = 10 mA, andVcg =
15V

51. Can you replace the 2N3904 in Figure 5-47 with a 2N2222A and maintain the same range of
output voltage over a temperature range fAsCto 55°C?

52. Refer to the datasheet graph in Figure 5-50 and the partial datasheet in Figure 5-49. Determine
the minimum dc current gain for a 2N2222A-eé85°C,25°C,and175°C V= 1 V.

266 ¢ TRANSISTOR BiAs CIRCUITS

4.0 ‘ ‘ ‘ ‘ T 1 T
c 30 11 —— V=10V
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FIGURE 5-50

53. A design change is required in the valve interface circuit of the temperature-control system
shown in Figure 5-28. The new design will have a valve interface input resistaie(bf
Determine the effect this change has on the temperature-to-voltage conversion circuit.

54. Investigate the feasibility of redesigning the temperature-to-voltage conversion circuit in Figure
5-29 to operate from a dc supply voltage of 5.1 V and produce the same range of output volt-
ages determined in the Application Activity over the required thermistor temperature range
from 60°Cto 80°C.

MULTISIM TROUBLESHOOTING PROBLEMS
These file circuits are in the Troubleshooting Problems folder on the companion website.

55. Open file TSP05-55 and determine the fault.
56. Open file TSP05-56 and determine the fault.
57. Open file TSP05-57 and determine the fault.
58. Open file TSP05-58 and determine the fault.
59. Open file TSP05-59 and determine the fault.
60. Open file TSP05-60 and determine the fault.
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.-.1 GreenTech Application 5: wind Power

wind energy and convert it to electricity.

Two key elements in a wind turbine are the blades and the ac generator. In many wi
turbines, electronic circuits sense the wind direction and speed and adjust the orient
and pitch of the blades to maximithe energy collected from the wind. The generator
produces a varying ac voltage that depends on the rotational speed of the blades du
the wind. Since the frequency and amplitude of a generator output varies with wind
speed, the ac output is converted to dc and then back ta &0 With an inverter. Like a
solar power system, the energy can be stored in batteries using a charge controller f
smaller applications, or the energy can be connected directly to the grid for large-sca

applications.

GREENTECH APPLICATION 5

*

Wind energy, like solar energy, is a major renewable resource. Wind is actually a pro
of solar energy because differences in earth temperatures result in the movement of
Wind turbines harvest energy from the wind and may be used as small single units tg
supply an individual home or wind farms where tens to hundreds of large units harve

Figure GA5-1 shows a basic diagram of a fwrtal-axis wind turbine (HAWT) for

small power applications, such as home use. A typical wind turbine has three blades
is mounted on a very high support tower. Wind energy is converted to mechanical e
by the rotating blades. As shown in Figure GA5-1, the blade rotation is applied to a §
which is geared up to turn the ac generator shaft at a higher rate than the blades are
ing. The generator rotation produces an ac voltage output with a frequency that depé
on the rate of rotation. Since it is a variable frequency and amplitude output, as previ
ously mentioned, the ac is converted to dc by the ac-to-dc converter. The dc is sent t
charge controller that charges the storage batteries. The battery output is applied to
inverter where it is converted to a 120 V, 604t voltage for individual consumer use.

The wind vane and yaw bearing assembly are used on small turbines to keep the bl
pointed into the wind. An anemometer senses the wind speed in order to brake the b
when the wind reaches a specified speed. This prevents mechanical damage if the

speed is too high.

Anemometer

Rotator blaes

Control el&tronics J

FIGURE GA5-1

v
Brake H Geas AC generator AC-o-DC
corverter
Yaw bearirgs
Support pole

Wind vane

DC to «ternalchage
controller, batteris,
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Basic small HAWT system operation.
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The AC-to-DC Converter

Because of the variable frequency of the ac from the generator, it must first be converted
to dc for the charge controller. A rectifier and regulator are used for the conversion, as
illustrated in Figure GA5-2. The ac voltage from the generator varies in amplitude and
frequency as a function of wind speed. The ac-to-dc converter changes the varying ac to
a varying dc voltage, which is then applied to a voltage regulator to produce a specified
constant dc voltage, as shown.

Full-wave rectifier Voltage regulator

—
with filter To charge
controller

From ac generator

FIGURE GA5-2
AC-to-DC converter block diagram.

Large-Scale Wind Turbines

Figure GA5-3 is a harontal axis grid-tie turbine, which is the most common configura-

tion for commercial wind farm applications. The wind direction sensor sends a signal to
the control electronics so the yaw motor can keep the turbine pointing into the wind. The
wind speed sensor sends a signal to the control electronics so the pitch of the blades can
be adjusted for maximum efficiency. Also, when the wind exceeds a specified speed, the
control electronics activates the brakes to reduce or stop rotation of the blades, preventing
damage to the unit.

Wind ensors

Rotator bades
Contrd electronics
¥ 3-phase
AC-to-DC 3-phase 60 Hz ac
B H e AC generator [— ' eter [ | inverter to grid sep-
up transforner

e
Yaw motor

Tower

FIGURE GA5-3
Large horizontal-axis wind turbine (HAWT).
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For laige wind turbines (aboze 100 kW-150 kW) theoltage generatd is ustally 690 V
three-phae a. The aitput goes to a trasformerusually located in the taver or near &
base ard is steppel up to thausands of volts depering on the regiremens of the lacal
electrical grid.

Power in the Wind
The amant of paver available in thewind can becalculated usng the folloving formula:

_pAV3
2

In the formula, p is thedenrsity of the air,A isthe areawept ty the blales, ard v is the
velocity (speal) of thewind. Note that the peer is deperdent on the legth of the blales,
r, ard thecube of thewind speed, \°. Sirce A = 712, if the lergth of the blales is doubled,
the available paver in thewind will be increased by four times (22 = 4). If thewind
velocity doubles, the aailable pover in thewind is increased by eight times (2° = 8). Of
course, a tirbine cannotcorvert all of the gailablewind powver into mehanical powver to
turn thegenerator. In fet, maost practical turbines cancorvert lessthan 50% of thevind
power. Fgure GA5—4 iludrates the factors that affet the amant of paver thatcan be
extracted from thewind.

P

1 —
1 —
1 —

v=wind velocity iy~ ( xoToTooooo-
p = air density
Ilq
. N A =712 = area through which
the blades sweep

FIGURE GA5-4

Factor determining the available power in the wind.

Betz Law This law states that the theoratal limit of the amaoint of paver thatcan be
extracted from thewind is 59% if all conditions are perfet. This limiting factor was de-
velopeal by Albert Betz in 1926. In price, 20% to 40%an normaly be expeted.

Wind Power Curve

A wind power curve shows the amaint of paver thatcan be extreted over a rage of
wind speels (velocities) for specifi ¢ turbines. Wind power curves will vary from one ype
of turbine to another. fure GA5-5shows a typical curve. Thecut-in speeds thewind
speal atwhich the blaes begin to turn. Thestart-up speeds thewind speeal atwhich the
blades are meing fast enaugh to cause thegenerator to prduce eletricity. Thestart-up
speal is slightly higher than theut-in speal. Themaximum power outpis the peak
power that theurbinecan prauce. For the examplecurve, the maxiram powver autput
is approximatel 200 kW at avind speal of approximatef 28 mph.

To limit the rotationabkpeal of the blales abaze the maxiram powver autput (MPO) point in
order to preentdamaye to the mehine, a proesscalled furling isused. Ideally, thecurve is
kept & level as possble as shown by thedashed portion of thecurve in Fgure GA5-5.
However, in pratice, the pwer decreases above that point, oce the firling pracessis acti-
vated. Furling can be acomplished by charging the pith of the blales or wrning the entire
turbine avay from thewind direction dlightly under direction of thecontrol eletronics Also,
when thewind reaches a preleterminel maxinum, the trbinecan becompletey shut down.
For example, theurve shows this turbine beirg shut down at 45 mph.
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Power (W)
Maximum power output

20 e y _
180 ot Furling

160
Shut down

Wind speedriph)

VS ‘\10 5 20 % 330 35 40 &b

Cutin Start up

FIGURE GA5-5

Example of a wind power curve for a wind turbine.

Questions

Some gestions may require reseach beyond the content of ths coverage. Arswers are at
the er of the book.

1. Whatdoes HAWT stard for?

2. Why does the input voltage to the a-to-dc convertervary in ampliude ard
frequercy?

3. What are the pfsical factors thatdetermine the ammt of paver available in the
wind thatstrikes the blales of a urbine?

4. What sthe Betz limit?

5. In wind farms, haw close tagethershould the tirbines generaly be plaed?

The folloving websites are reommerted for viewing HAWTs in action.
i Many otherwelbsites are aso available.

http:/Mwww.youtube comAvatchA/=eXejxcW-XGo
http:/Mww.youtube comMvatchA=RFPj9frhKuo
http:/Avww.youtube comvatchd/=7PLvr-IpADM&NR =1
http:/Mwww.youtube comMvatcha/=7rlVMJIgPRc4
http:/Avww.youtube comivatcha/=NeVCIBaQIl_Q
http:/Avww.youtube comivatch/=PEEAI9laoly
http:/Mww.youtube comMvatch=N9_FKGxD2%
http:/Avww.youtube comivatch/=vO5MuBseBQE
http:/Avww.youtube comivatch/=hBRfboAscww
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BJT AMPLIFIERS
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CHAPTER OUTLINE APPLICATION ACTIVITY PREVIEW

6-1 Amplifier Operation The Application Activity in this chapter involves a preamplifier
6-2  Transistor AC Models circuit for a public address system. The complete system
includes the preamplifier, a power amplifier, and a dc power
supply. You will focus on the preamplifier in this chapter
and then on the power amplifier in Chapter 7.

6-3  The Common-Emitter Amplifier
6-4  The Common-Collector Amplifier
6-5  The Common-Base Amplifier
6-6  Multistage Amplifiers

6-7  The Differential Amplifier
6-8  Troubleshooting Study aids and Multisim files for this chapter are available at

http://www.pearsonhighered.com/electronics

VISIT THE COMPANION WEBSITE

Application Activity

GreenTech Application 6: Wind Power -

CHAPTER OBJECTIVES The things you learned about biasing a transistor in Chapter 5

are now applied in this chapter where bipolar junction
¢ Describe amplifier operation transistor (BJT) circuits are used as small-signal amplifiers.
¢ Discuss transistor models The term small-signal refers to the use of signals that take up

a relatively small percentage of an amplifier’s operational
range. Additionally, you will learn how to reduce an ampli-
fier to an equivalent dc and ac circuit for easier analysis, and
you will learn about multistage amplifiers. The differential
amplifier is also covered.

¢ Describe and analyze the operation of common-emitter
amplifiers

¢ Describe and analyze the operation of common-collector
amplifiers

¢ Describe and analyze the operation of common-base
amplifiers

¢ Describe and analyze the operation of multistage
amplifiers

¢ Discuss the differential amplifier and its operation

Troubleshoot amplifier circuits

MRS o e 4

KEY TERMS

¢ r parameter ¢ Emitter-follower

¢ Common-emitter ¢ Common-base

¢ acground ¢ Decibel

¢ Input resistance ¢ Differential amplifier
¢ Output resistance ¢ Common mode

¢ Attenuation ¢ CMRR (Common-mode
+ Bypass capacitor rejection ratio)

¢ Common-collector

. ud il
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6—-1 AMPLIFIER OPERATION

The biasing of a transistor is purely a dc operation. The purpose of biasing is to estab-
lish a Q-point about which variations in current and voltage can occur in response to
an ac input signal. In applications where small signal voltages must be amplified—

such as from an antenna or a microphone—variations about the Q-point are relatively
small. Amplifiers designed to handle these small ac signals are often referred to as
small-signal amplifiers.

After completing this section, you should be able to

o Describe amplifier operation

o ldentify ac quantities
+ Distinguish ac quantities from dc quantities

o Discuss the operation of a linear amplifier
+ Definephaseinversion < Graphically illustrate amplifier operation
+ Analyze ac load line operation

AC Quantities

In the previous chapters, dc quantities were identified by nonitalic uppercase (capital) sub-
scripts such ak, Ig, V¢, andVeg Lowercase italic subscripts are used to indicate ac quan-
tities of rms, peak, and peak-to-peak currents and voltages: for exdmildy, V¢, and

Ve (rms values are assumed unless otherwise stated). Instantaneous quantities are repre-
sented by both lowercase letters and subscripts sughi@sy,, andvee. Figure 6-1 illus-

trates these quantities for a specific voltage waveform.

experimented with receiving long-
distance radio signals and in 1907
patented an electronic device

named the audion, which was the FIGURE 6-1 \Y
first amplifier. De Forest’s new V., can represent rms, average, peak,
three-electrode (triode) vacuum or peak-to-peak, but rms will be

tube boos‘ted radio waves as t.hey assumed unless stated otherwise. v,

were received and made possible can be any instantaneous value on rms
what was then called “wireless the curve. avg

telephony,” which allowed the
human voice, music, or any
broadcast signal to be heard. A

In addition to currents and voltages, resistances often have different values when a cir-
cuit is analyzed from an ac viewpoint as opposed to a dc viewpoint. Lowercase subscripts
are used to identify ac resistance values. For exaiRpig the ac collector resistance, and
Rc is the dc collector resistance. You will see the need for this distinction later. Resistance
valuesinternal to the transistor use a lowercase to show it is an ac resistance. An exam-
ple is the internal ac emitter resistancgge,
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A linear amplifier provides amplification of a signal without any distortion so that the out-

put signal is an exact amplified replica of the input signal. A voltage-divider biased tran-
sistor with a sinusoidal ac source capacitively coupled to the base tiCouagll a load
capacitively coupled to the collector throughis shown in Figure 6—2. The coupling ca-
pacitors block dc and thus prevent the internal source resisRpand the load resist-
ance,R_, from changing the dc bias voltages at the base and collector. The capacitors
ideally appear as shorts to the signal voltage. The sinusoidal source voltage causes the base
voltage to vary sinusoidally above and below its dc bias I&gl, The resulting variation

in base current produces a larger variation in collector current because of the current gain
of the transistor.

The Linear Amplifier

+Vee FIGURE 6-2
bt le An amplifier with voltage-divider
Vo Ico bias driven by an ac voltage source
VBQ—QU— with an internal resistance, R.
\ o

Ry Re
I(
I\
)I Vce CZ
Rs c, Iy Veeq
gL
Vs Ry Re

As the sinusoidal collector current increases, the collector voltage decreases. The col-
lector current varies above and below its Q-point vdlig,in phase with the base current.
The sinusoidal collector-to-emitter voltage varies above and below its Q-point value,
Vceo 180° out of phase with the base voltage, as illustrated in Figure 6-2. A transistor
always produces phase inver sion between the base voltage and the collector voltage.

A Graphical Picture The operation just described can be illustrated graphically on the
ac load line, as shown in Figure 6-3. The sinusoidal voltage at the base produces a base
current that varies above and below the Q-point on the ac load line, as shown by the arrows.

I FIGURE 6-3
/ & Graphical ac load line operation of
/ A the amplifier showing the variation

of the base current, collector current,
and collector-to-emitter voltage
about their dc Q-point values. I, and
1. are on different scales.

ac load line

Vee(cutoff) Vee

Vceq
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Lines projected from the peaks of the base current, across ltg dkis, and down to the

VcE axis, indicate the peak-to-peak variations of the collector current and collector-to-
emitter voltage, as shown. The ac load line differs from the dc load line because the effec-
tive ac collector resistancef$ in parallel withR: and is less than the dc collector resist-
anceR: alone. This difference between the dc and the ac load lines is covered in Chapter 7
in relation to power amplifiers.

EXAMPLE 6-1
FIGURE 6-4
Solution
Related Problem”

The ac load line operation of a certain amplifier exterjsA above and below the
Q-point base current value 80 uA, as shown in Figure 6—4. Determine the resulting
peak-to-peak values of collector current and collector-to-emitter voltage from the
graph.

v.
&Y v
Ql
/<’9 Q‘?*
/ ®
7
7
i/
% 70uA
z 60 uA
50 uA
40 LA

\\ 30 uA
20uA
\ 10uA
T T T Vee (V)
4 CE

Projections on the graph of Figure 6—4 show the collector current varying from 6 mA
to 4 mA for a peak-to-peak value MmA and the collector-to-emitter voltage varying
from 1 V to 2 V for a peak-to-peak value b¥/.

What are the Q-point values lef andVcg in Figure 6—47?

*Answers can be found at www.pear sonhighered.com/floyd.

1. When I, is at its positive peak, /. is at its peak, and V is at its peak.
2. What is the difference between Vg and V,,?

3. |What is the difference between R, and r;?
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6—2 TRANSISTOR AC MODELS

To visualize the operation of a transistor in an amplifier circuit, it is often useful to
represent the device by a model circuit. A transistor model circuit uses various internal
transistor parameters to represent its operation. Transistor models are described in this
section based on resistance parameters. Another system of parameters, chlled
parameters, is briefly described.

After completing this section, you should be able to

Discusstransistor models

List and define the parameters

Describe the-parameter transistor model
Determiner using a formula

Compare ac beta and dc beta

List and define thé parameters

[ R R R ]

r Parameters

The fiver parameters commonly used for BJTs are given in Table 6—1. The italic lowercase
letterr with a prime denotes resistances internal to the transistor.

TABLE 6-1
r parameters.

r PARAMETER DESCRIPTION
Qac ac alphalg/lg)
Bac ac betal(/1p)
I ac emitter resistance
Iy ac base resistance
I ac collector resistance

r-Parameter Transistor Model

An r-parameter model for a BJT is shown in Figure 6-5(a). For most general analysis
work, it can be simplified as follows: The effect of the ac base resisfaj)ce is usually
small enough to neglect, so it can be replaced by a short. The ac collector regi§tance is
usually several hundred kilohms and can be replaced by an open. The resulting simplified
r-parameter equivalent circuit is shown in Figure 6-5(b).

The interpretation of this model circuit in terms of a transistor’s ac operation is as
follows: A resistancdry) appears between the emitter and base terminals. This is the
resistance “seen” looking into the emitter of a forward-biased transistor. The collector

effectively acts as a dependent current souraeg,df or, equivalggdly, represented
by the diamond-shaped symbol. These factors are shown with a transistor symbol in
Figure 6-6.

Determining r, by a Formula

For amplifier analysis, the ac emitter resistamge,  is the most importantrgbdneame-
ters. To calculate the approximate valuegf  you can use Equation 6-1, which is derived
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T acle S e oacle=Paclp

E E
(a) Generalized-parameter model for a BJT  (b) Simplifiedr-parameter model for a BJT

FIGURE 6-5

r-parameter transistor model.

FIGURE 6-6 C C
)
Relation of transistor symbol to
r-parameter model. Bacln T lc=Baclp
B B o—@é)
-y—
, Ib
re
o
E E

assuming an abrupt junction betweenritandp regions. It is also temperature dependent
and is based on an ambient temperature of 20°C.

25mV
le

Equation 6-1 re e

The numerator will be slightly larger for higher temperatures or transistors with a grad-
ual (instead of an abrupt) junction. Although these cases will yield slightly different
results, most designs are not critically dependent on the vahge of  and you will gener-
ally obtain excellent agreement with actual circuits using the equation as given. The
derivation for Equation 6—1 can be found in “Derivations of Selected Equations” at
www.pearsonhighered.com/floyd.

EXAMPLE 6-2 Determine theg of a transistor that is operating with a dc emitter current of 2 mA.
25mv. 25mV
Solution Y= = ——=1250
le 2mA

Related Problem What islgif re = 8 )?
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Comparison of the AC Beta (8, to the DC Beta (Bp()

For a typical transistor, a graphlgfversuslg is nonlinear, as shown in Figure 6-7(a). If

you pick a Q-point on the curve and cause the base current to vary an agunt then the
collector current will vary an amoudtlc  as shown in part (b). At different points on the
nonlinear curve, the ratidlc/Alg  will be different, and it may also differ from ¢igs

ratio at the Q-point. Sing@pc = Ic/lgandBa = Alc/Alg, the values of these two quan-
tities can differ slightly.

FIGURE 6-7

________ Ic-versus-Ig curve illustrates the dif-
legb——---- AIC{ Qglllg.1c) ference between Bpc = I¢/Igand
——————— |
Bac = Alc/Alg.

0 lso 0 Nt

(@) Bpc =I¢/lg at Q-point (b) Boc =Alc/AlR

h Parameters

A manufacturer’s datasheet typically specifighybrid) parameterd, h, hs, andh,) be-
cause they are relatively easy to measure.

The four basic abh parameters and their descriptions are given in Table 6-2. Each of the
four h parameters carries a second subscript letter to designate the common-enitter (
common-basehj, or common-collectorc] amplifier configuration, as listed in Table 6-3.

The termcommon refers to one of the three terminals (E, B, or C) that is referenced to ac
ground for both input and output signals. The characteristics of each of these three BJT
amplifier configurations are covered later in this chapter.

h PARAMETER  DESCRIPTION CONDITION TABLE 6-2
) ) Basic ac h parameters.
h; Input impedance (resistance) Output shorted
h, \oltage feedback ratio Input open
hg Forward current gain Output shorted
ho Output admittance (conductance)  Input open

TABLE 6-3

CONFIGURATION h PARAMETERS
Subscripts of h parameters for each

Common-Emitter Nie: Pre: fre: oe of the three amplifier configurations.
Common-Base hip, hrb, P, Do
Common-Collector hic: hre, Nite, Noc

Relationships of h Parameters and r Parameters

The ac current ratiosi,candB,., convert directly frérparameters as follows:

aac = hrp

Bac = Nte
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Because datasheets often provide only common-enhifp@rameters, the following
formulas show how to convert themrtparameters. We will useparameters throughout
the text because they are easier to apply and more practical.
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o %
L=
Noe
, he+ 1
re=——
Noe

, Pre
rh = hie — hi(l + hee)
oe

SECTION 6-2 1. Define each of the parameters: ., Bac, re, I, and r;.

I 2. 'Which h parameter is equivalent to B8,

3. If [¢ = 15 mA, what is the approximate value of r}?

6—3 THE COMMON-EMITTER AMPLIFIER

As you have learned, a BJT can be represented in an ac model circuit. Three amplifier
configurations are the common-emitter, the common-base, and the common-collector.
The common-emitter (CE) configuration has the emitter as the common terminal, or
ground, to an ac signal. CE amplifiers exhibit high voltage gain and high current gain.
The common-collector and common-base configurations are covered in the sections
6—4 and 6-5.

After completing this section, you should be able to

2 Describe and analyze the operation of common-emitter amplifiers
Discuss a common-emitter amplifier with voltage-divider bias
+ Show input and output signals» Discuss phase inversion
2 Perform a dc analysis
+ Represent the amplifier by its dc equivalent circuit
2 Perform an ac analysis
+ Represent the amplifier by its ac equivalent circuit Defineac ground
+ Discuss the voltage at the base Discuss the input resistance at the base and
the output resistance
2 Analyze the amplifier for voltage gain
+ Defineattenuation < Definebypass capacitor ¢ Describe the effect of
an emitter bypass capacitor on voltage gatnDiscuss voltage gain without a
bypass capacitor¢ Explain the effect of a load on voltage gain
2 Discuss the stability of the voltage gain
+ Definestability < Explain the purpose of swampingand the effect on input
resistance
o Determine current gain and power gain

Figure 6—8 shows eommon-emitter amplifier with voltage-divider bias and coupling
capacitors€C; andC3 on the input and output and a bypass capadcitgrfrom emitter to
ground. The input signa¥;,, is capacitively coupled to the base terminal, the output sig-
nal, Vo, is capacitively coupled from the collector to the load. The amplified output is
180° out of phase with the input. Because the ac signal is applied to the base terminal as
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8.20 Vhe

LN )

FIGURE 6-8

A common-emitter amplifier.

the input and taken from the collector terminal as the output, the emitter is common to both
the input and output signals. There is no signal at the emitter because the bypass capacitor
effectively shorts the emitter to ground at the signal frequency. All amplifiers have a com-
bination of both ac and dc operation, which must be considered, but keep in mind that the
common-emitter designation refers to the ac operation.

Phase Inversion The output signal i480°  out of phase with the input signal. As the
input signal voltage changes, it causes the ac base current to change, resulting in a change
in the collector current from its Q-point value. If the base current increases, the collector
current increases above its Q-point value, causing an increase in the voltage drop across
Rc. This increase in the voltage acrégsmeans that the voltage at the collector decreases
from its Q-point. So, any change in input signal voltage results in an opposite change in
collector signal voltage, which is a phase inversion.

DC Analysis Vee
+12V

To analyze the amplifier in Figure 6—8, the dc bias values must first be determined. To do
this, a dc equivalent circuit is developed by removing the coupling and bypass capacitors
because they appear open as far as the dc bias is concerned. This also removes the lo
resistor and signal source. The dc equivalent circuit is shown in Figure 6-9.

Theveninizing the bias circuit and applying Kirchhoff’s voltage law to the base-emitter
circuit,

5P
5

) Boc = 150
RIR;  (6.8k0)(22kQ)

Rry = = = 5.19k()

™7 R +R  6.8kQ + 22kQ Re

Ry 6.8kQ 560 ()

Vih=|=o—= Vec= | soo7i——---~ )12V = 2.83V

™ (Rl + R2> ce (6.8kQ n 22kQ) 1 1

Vin — Vee 2.83V — 0.7V = =

le = = = 3.58mA

E” Re + Rry/Boc 5600 + 34.6Q m FIGURE 6-9

lc = |Ig = 3.58mA DC equivalent circuit for the ampli-

Ve = IgRe = (3.58mA)(560Q) = 2V fier in Figure 6-8.
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Vg = Vg + 0.7V = 2.7V
Ve = Vee — IcRe = 12V — (3.58mA)(1.0kQ) = 8.42V
Vee = Ve — Vg = 8.42V — 2V = 6.42V

AC Analysis

To analyze the ac signal operation of an amplifier, an ac equivalent circuit is developed as
follows:

1. The capacitor€,, C,, andCs; are replaced by effective shorts because their values
are selected so th&t is negligible at the signal frequency and can be considered
to be0 Q.

2. The dc source is replaced by ground.

A dc voltage source has an internal resistance ofthQar because it holds a constant volt-
age independent of the load (within limits); no ac voltage can be developed across it so it
appears as an ac short. This is why a dc source is caliadzaaund.

The ac equivalent circuit for the common-emitter amplifier in Figure 6-8 is shown in
Figure 6—10(a). Notice that bo andR, have one end connected to ac ground (red) be-
cause, in the actual circuit, they are connectéd-towhich is, in effect, ac ground.

FIGURE 6-10 ac source

AC equivalent circuit for the ampli-
fier in Figure 6—8.

(a) Withaut an input signal voltage (b) With an inpit signal voltage
(AC ground isshown in rel.)

In ac analysis, the ac ground and the actual ground are treated as the same point electri-
cally. The amplifier in Figure 6-8 is called a common-emitter amplifier because the bypass
capacitorC, keeps the emitter at ac ground. Ground is the common point in the circuit.

Signal (AC) Voltage at the Base An ac voltage sourcéd/s, is shown connected to the

input in Figure 6-10(b). If the internal resistance of the ac sou@€ljs then all of the
source voltage appears at the base terminal. If, however, the ac source has a nonzero inter-
nal resistance, then three factors must be taken into account in determining the actual sig-
nal voltage at the base. These aresthece resistance (Ry), thebias resistance (R; | Ry),

and theac input resistance at the base of the transist@ase).  This is illustrated in
Figure 6-11(a) and is simplified by combiniRg, Ry, andRiypase) in parallel to get the
totalinput resistance, Ry, Which is the resistance “seen” by an ac source connected to
the input, as shown in Figure 6-11(b). A high value of input resistance is desirable so that
the amplifier will not excessively load the signal source. This is opposite to the require-
ment for a stable Q-point, which requires smaller resistors. The conflicting requirement for
high input resistance and stable biasing is but one of the many trade-offs that must be con-
sidered when choosing components for a circuit. The total input resistance is expressed by
the following formula:

Equation 6-2 Rinttoy = Rul Rz[ Ringoase
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FIGURE 6-11

AC equivalent of the base circuit.

As you can see in the figure, the source voltageis divided down byRg (source resist-
ance) andR o) SO that the signal voltage at the base of the transistor is found by the volt-

age-divider formula as follows:

Vb _ < Rin(tot) )Vs

Rs + Rin('(ot)
If Rs << Rintor), thenVy, = Vs wherevy, is the input voltagey,, to the amplifier.
Input Resistance at the Base To develop an expression for the ac input resistance look- +Vee
ing in at the base, use the simplifiegparameter model of the transistor. Figure 6-12
shows the transistor model connected to the external collector reRstarhe input Re
resistance looking in at the base is c
Vin _ Wb -
Rin(base) =T = Baclp =1¢
Iin Ib
The base voltage is S, B
Vi = lerg fe
. Vi I E
and sincdg = I, ’ eT
I =
b=, =L —
Bac - -
Substituting fovy, andly, FIGURE 6-12
vV I/ r-parameter transistor model (inside
Rin(base) = b _ _ee shaded block) connected to external
b le/Bac circuit.

Cancellinglg,

Rin(base) = Bale

Equation 6-3

Output Resistance Theoutput resistance of the common-emitter amplifier is the re-
sistance looking in at the collector and is approximately equal to the collector resistor.

Rout = RC

Equation 6-4

Actually, Ry,: = Re | re, but since the internal ac collector resistance of the transjstor,  is

typically much larger thaRc, the approximation is usually valid.

EXAMPLE 6-3

Determine the signal voltage at the base of the transistor in Figure 6—13. This circuit is

the ac equivalent of the amplifier in Figure 6—8 with a 10 mV 8682 signal
sourcelg was previously found to be 3.80 mA.
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FIGURE 6-13

Solution  First, determine the ac emitter resistance.

__25mVv. _ 25mV

= = = 6.580
e 3.80mA

e
Then,
Rinbasy) = Bace = 160(6.5802) = 1.05kQ)
Next, determine the total input resistance viewed from the source.

1
Rintoy = Rl Ro | Rinoase) = a i = 8730

22kQ) i 6.8k i 1.05kQ)

The source voltage is divided down RyandR;q), SO the signal voltage at the
base is the voltage acrdsq).

Rin(tot) > < 8730) >
Val=lSS™ S Ve = 10mV = 7.44mV
: (Rs+ k)5 T T m

As you can see, there is significant attenuation (reduction) of the source voltage due
to the source resistance and amplifier’s input resistance combining to act as a voltage
divider.

Related Problem  Determine the signal voltage at the base of Figure 6—13 if the source resisi#nQe is
and another transistor with an ac beta of 200 is used.

Voltage Gain

The ac voltage gain expression for the common-emitter amplifier is developed using the
model circuit in Figure 6—14. The gain is the ratio of ac output voltage at the col\égtor (
to ac input voltage at the badg).

p, = You _ Ve
Vin VW
Notice in the figure tha¥, = a,lRc = IcRcandVy, = Iae.  Therefore,
A = 'fR?
ele
FIGURE 6-14 Thelterms cancel, so
Model circuit for obtaining ac voltage
dain. R
Equation 6-5 A, = —f:
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Equation 6-5 is the voltage gain from base to collector. To get the overall gain of the
amplifier from the source voltage to collector, the attenuation of the input circuit must be
included.

Attenuation is the reduction in signal voltage as it passes through a circuit and corre-
sponds to a gain of less than 1. For example, if the signal amplitude is reduced by half, the
attenuation is 2, which can be expressed as a gain of 0.5 because gain is the reciprocal of
attenuation. Suppose a source produces a 10 mV input signal and the source resistance
combined with the load resistance results in a 2 mV output signal. In this case, the attenu-
ation is 10 my 2 m\&= 5. That is, the input signal is reduced by a factor of 5. This can be
expressed in terms of gain g5 E5.2.

Assume that the amplifier in Figure 6—15 has a voltage gain from base to collestor of
and the attenuation from the source to the ba¥g/\4, This attenuation is produced by
the source resistance and total input resistance of the amplifier acting as a voltage divider
and can be expressed as

V. + R
Attenuation= —> = Rs + Ringto
Vb Rin(tot)

The overall voltage gain of the amplifi&, s the voltage gain from base to colggidy,
times the reciprocal of the attenuatidf/ Vs

,_(\/c>(Vb)_\/c
AW/ W) T

Overall
<«—Vvoltage gain———»
VIV, «—\oltage—
gain
base-to-
collector
VIV, Ve

<—— Attenuation——»
Ve /Vy

FIGURE 6-15

Base circuit attenuation and overall voltage gain.

Effect of the Emitter Bypass Capacitor on Voltage Gain The emittebypass capac-

itor, which isC, in Figure 6—8, provides an effective short to the ac signal around the
emitter resistor, thus keeping the emitter at ac ground, as you have seen. With the bypass
capacitor, the gain of a given amplifier is maximum and equa}fo.

The value of the bypass capacitor must be large enough so that its reactance over the
frequency range of the amplifier is very small (idedll}. ) compare@:tcA good
rule-of-thumb is that the capacitive reactangg, of the bypass capacitor should be at
least 10 times smaller tha®x at the minimum frequency for which the amplifier must
operate.

10Xc = Re
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EXAMPLE 6-4 Select a minimum value for the emitter bypass capa€lfpin Figure 6-16 if the
amplifier must operate over a frequency range from 200 Hz to 10 kHz.

284 ¢ BJT AMPLIFIERS

FIGURE 6-16

Solution  TheXc of the bypass capacitd,, should be at least ten times less tRan

_ Re 5600
Y i T

Determine the capacitance value at the minimum frequency of 200 Hz as follows:

1 1
-~ 2nfXe,  2m(200Hz)(569)

This is the minimum value for the bypass capacitor for this circuit. You can always use
a larger value, although cost and physical size may impose limitations.

G

= 14.2uF

Related Problem  If the minimum frequency is reduced to 100 Hz, what value of bypass capacitor must
you use?

Voltage Gain Without the Bypass Capacitor To see how the bypass capacitor affects

ac voltage gain, let's remove it from the circuit in Figure 6-16 and compare voltage gains.
Without the bypass capacitor, the emitter is no longer at ac ground. Irigtéadeen

by the ac signal between the emitter and ground and effectively adds to  in the voltage

gain formula.
Equation 6-6 — _Re
Y ori+ Re
The effect ofRg is to decrease the ac voltage gain.
EXAMPLE 6-5 Calculate the base-to-collector voltage gain of the amplifier in Figure 6—16 both with-

out and with an emitter bypass capacitor if there is no load resistor.

Solution  From Example 6-3,¢ = 6.58() for this same amplifier. WithGyt the gain is

Re  1.0kQ

= =17
.+ Re 5670 g

ol =
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With C,, the gain is

Rc  1.0kQ
. 6.58Q

As you can see, the bypass capacitor makes quite a difference.

A, = = 152

Related Problem  Determine the base-to-collector voltage gain in Figure 6—16Ryithypassed, for the
following circuit valuesR: = 1.8k}, Rz = 1.0k, R; = 33k(}, andR, = 6.8k().

Effect of a Load on the Voltage Gain A load is the amount of current drawn from the
output of an amplifier or other circuit through a load resistance. When a rdgistsrcon-
nected to the output through the coupling capa€ltpas shown in Figure 6—-17(a), it cre-
ates a load on the circuit. The collector resistance at the signal frequency is eff&gively
in parallel withR_. Remember, the upper endR{f is effectively at ac ground. The ac
equivalent circuit is shown in Figure 6—17(b). The total ac collector resistance is

RcR.
Re + R
ReplacingRc with R. in the voltage gain expression gives
A, = Re Equation 6-7

le

RC:

WhenR. < R: because d® , the voltage gain is reduced. HowevelRif > R, then
R:. = R and the load has very little effect on the gain.

+Vee

RIIR
T
(a) Canplete anplifier (b) AC equivalent (Xcq = Xco = Xc3=0)
FIGURE 6-17
A common-emitter amplifier with an ac (capacitively) coupled load.
EXAMPLE 6-6 Calculate the base-to-collector voltage gain of the amplifier in Figure 6—-16 when a
load resistance &¥k() is connected to the output. The emitter is effectively bypassed

andrg = 6.58().

Solution  The ac collector resistance is

ReR. (1.0kQ)(5kQ)
Re+ R 6kQ

R = — 8330
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Therefore,

R, 8330
re  6.580

The unloaded gain was found to be 152 in Example 6-5.

A = = 127

Related Problem  Determine the base-to-collector voltage gain in Figure 6-16 whék 8 load resist-
ance is connected from collector to ground. Change the resistance values as follows:
Rc = 1.8kQ), Re = 1.0kQ, R; = 33k}, andR, = 6.8 k). The emitter resistor is
effectively bypassed armg = 18.50).

Stability of the Voltage Gain

Stability is a measure of how well an amplifier maintains its design values over changes in
temperature or for a transistor with a differ@nt  Although bypadirdpes produce the
maximum voltage gain, there is a stability problem because the ac voltage gain is depend-
ent onrgsinceA, = Rc/re. Alsore depends de and on temperature. This causes the
gain to be unstable over changes in temperature because gvhen increases, the gain de-
creases and vice versa.

With no bypass capacitor, the gain is decreased be&®uisenow in the ac circuit
(A, = Rc/(re + Rg)). However, withRe unbypassed, the gain is much less dependerit on
If Re >> r¢, the gain is essentially independentrpf  because

A=
Re
Swamping r, to Stabilize the Voltage Gain S~vamping is a method used to minimize
the effect ofre without reducing the voltage gain to its minimum value. This method
“swamps” out the effect afy  on the voltage gain. Swamping is, in effect, a compromise
between having a bypass capacitor acResand having no bypass capacitor at all.

In a swamped amplifieRg is partially bypassed so that a reasonable gain can be
achieved, and the effect of on the gain is greatly reduced or eliminated. The total
external emitter resistancBg, is formed with two separate emitter resistéts; and
Reo, as indicated in Figure 6—18. One of the resistRgs, is bypassed and the other

is not.
Both resistorsRe; + Rgp) affect the dc bias while onlgg, affects the ac voltage gain.
Re
A=
re + REl
FIGURE 6-18

A swamped amplifier uses a partially
bypassed emitter resistance to mini-
mize the effect of r; on the gain in
order to achieve gain stability.
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If Rgqis at least ten times larger thely  then the effeatof is minimized and the
approximate voltage gain for the swamped amplifier is

Rc .
A = — Equation 6-8
Re1
EXAMPLE 6-7 Determine the voltage gain of the swamped amplifier in Figure 6—19. Assume that the

bypass capacitor has a negligible reactance for the frequency at which the amplifier is
operated. Assumg = 20().

FIGURE 6-19

Solution  Repis bypassed b@,. Reqis more than ten timeg  so the approximate voltage gain is

Re  3.3kQ

T R T EE

10

Related Problem  What would be the voltage gain withdtg? What would be the voltage gain with
bypassing botlRz; andRg5?

The Effect of Swamping on the Amplifier’s Input Resistance The ac input resist-

ance, looking in at the base of a common-emitter amplifier Rdgtbompletely bypassed,

is Rin = Bacfe- When the emitter resistance is partially bypassed, the portion of the resist-
ance that is unbypassed is seen by the ac signal and results in an increase in the ac input
resistance by appearing in series with  The formula is

Rinase) = Bac(re + Re1) Equation 6-9

EXAMPLE 6-8 For the amplifier in Figure 6-20,
(a) Determine the dc collector voltage.
(b) Determine the ac collector voltage.

(c) Draw the total collector voltage waveform and the total output voltage waveform.
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Solution

FIGURE 6-21

(a) Determine the dc bias values using the dc equivalent circuit in Figure 6—-21.

DC equivalent for the circuit in

Figure 6-20.

Apply Thevenin’s theorem and Kirchhoff’s voltage law to the base-emitter circuit in

Figure 6-21.

Rru

Vs
Ve

= = = 8.25kQ)
Ri+ R, 47kQ + 10kQ
R, 10kQ
a (Rl + R2>VCC 1 <47kQ + 10kQ>10V = e
Vg — V, 75V — 0.
_ Vi Vee 175V -07V oo
Re + RTH/BDC 940() + 550
= |g = 1.06mA

Vee
+10V
O

RIR,  (47kQ)(10kQ)

lg(Re1 + Rep) = (1.06mA)(9400)) = 1V
=Vg+ 0.7V =1V — 0.7V = 0.3V
= Vee — IcRe = 10V — (1.06mA)(4.7kQ) = 5.02V
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(b) The ac analysis is based on the ac equivalent circuit in Figure 6—22.

FIGURE 6-22
AC equivalent for the circuit in A
Figure 6-20.
R
600()
VS
10mv

The first thing to do in the ac analysis is calcufate
oo 25mV _ 25mV
T Ig 1.06mA

Next, determine the attenuation in the base circuit. Looking fror8G€)
source, the totdR, is

= 23.6()

Rintot) = Ri | Ro | Ringpase)
Rinase) = Baclre + Rep) = 175(494()) = 86.5k()
Therefore,
Rintoy = 47kQ | 10kQ | 86.5 k2 = 7.53kQ
The attenuation from source to base is

. Vs Rs+ Ringoy 6000 + 7.53k)
Attenuation = — = = = 1.08
Vp Rin(tot) 7.53kQ)
BeforeA, can be determined, you must know the ac collector resisince

ReR. (4.7kQ)(47kQ)

Rc+ R 4.7kQ + 47kQ

The voltage gain from base to collector is
R.  4.27kQ

A==
Re; 4700

The overall voltage gain is the reciprocal of the attenuation times the amplifier
voltage gain.

= 4.27kQ)

Rcz

= 9.09

Vb
A, = (\/)AV = (0.93)(9.09)= 8.45

The source produces 10 mV rms, so the rms voltage at the collector is
Ve = AVs = (8.45)(10mV) = 84.5mV
(c) The total collector voltage is the signal voltage of 84.5 mV rms riding on a dc
level of 4.74 V, as shown in Figure 6—23(a), where approximate peak values are
determined as follows:
Max Ve = Ve + 1414V, = 4.74V + (84.5mV)(1.414)= 4.86V
Min Ve(p = Ve — 1.414V, = 4.74V — (84.5mV)(1.414) = 4.62V

The coupling capacitof, keeps the dc level from getting to the output\gg,is equal
to the ac component of the collector voltagg(, = (84.5 mV)(1.414)= 119 mV),
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FIGURE 6-23

4.86V-———
Voltages for Figure 6-20. /\ /\
4B2V-—mm—m 2N

(a) Totalcollector voltage

VOUt

+119mV - —--—

(b) Saurce ard output ac voltages

as indicated in Figure 6—23(b). The source voltageis shown to emphasize the
phase inversion.

Related Problem  What isA, in Figure 6—20 witlR_removed?

Open the Multisim file E06-08 in the Examples folder on the companion websijte
Measure the dc and the ac values of the collector voltage and compare with the
calculated values.

Current Gain

The current gain from base to collectol 4y, or Bc. However, the overall current gain of
the common-emitter amplifier is

|
Equation 6-10 A = =<

Is
Isis the total signal input current produced by the source, part of whjdk base cur-
rent and part of whichl,s) goes through the bias circR; | Ry), as shown in Figure
6-24. The source “sees” a total resistancBof Riyor).- The total current produced by
the source is
Vs
lg= ——7
Rs + Rin(tot)

FIGURE 6-24

Ri n(tot)

-

Signal currents (directions shown are
for the positive half-cycle of V;).
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The overall power gain is the product of the overall voltage @€)n and the overall cur-
rent gain A).

Power Gain

Ap = AVA Equation 6-11
whereA, = V./Vs.

IH{“I'“' “ 1. In the dc equivalent circuit of an amplifier, how are the capacitors treated?

2. 'When the emitter resistor is bypassed with a capacitor, how is the gain of the amplifier
affected?

3. Explain swamping.

4. List the elements included in the total input resistance of a common-emitter
amplifier.

5. What elements determine the overall voltage gain of a common-emitter amplifier?

6. 'When a load resistor is capacitively coupled to the collector of a CE amplifier, is the
voltage gain increased or decreased?

7. 'What is the phase relationship of the input and output voltages of a CE amplifier?

6-4 THE COMMON-COLLECTOR AMPLIFIER

The common-collector (CC) amplifier is usually referred to as an emitter-follower
(EF). The input is applied to the base through a coupling capacitor, and the output is at
the emitter. The voltage gain of a CC amplifier is approximately 1, and its main advan-
tages are its high input resistance and current gain.

After completing this section, you should be able to

o Describe and analyze the operation of common-collector amplifiers
o Discuss the emitter-follower amplifier with voltage-divider bias
o Analyze the amplifier for voltage gain

+ Explain the ternemitter-follower

Discuss and calculate input resistance

Determine output resistance

Determine current gain

Determine power gain

Describe the Darlington pair

+ Discuss an application

o Discuss the Sziklai pair

0 0o oo

An emitter-follower circuit with voltage-divider bias is shown in Figure 6—25. Notice
that the input signal is capacitively coupled to the base, the output signal is capacitively
coupled from the emitter, and the collector is at ac ground. There is no phase inversion, and
the output is approximately the same amplitude as the input.
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FIGURE 6-25

Emitter-follower with voltage-divider
bias.

Equation 6-12
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Voltage Gain

As in all amplifiers, the voltage gain &, = Vo/Vin. The capacitive reactances are as-
sumed to be negligible at the frequency of operation. For the emitter-follower, as shown in
the ac model in Figure 6-26,

Vout = leRe
and
Vin = le(re + Re)
Therefore, the voltage gain is

N
le(re + Re)
Thel current terms cancel, and the base-to-emitter voltage gain expression simplifies to
Re
A=
re t Re

whereR; is the parallel combination & andR, . If there is no load, theR, = Rg. Notice
that the gain is always less than 1RI>> ry, then a good approximation is

A =1

Since the output voltage is at the emitter, it is in phase with the base voltage, so there is no
inversion from input to output. Because there is no inversion and because the voltage gain
is approximately 1, the output voltage closely follows the input voltage in both phase and
amplitude; thus the teremitter-follower.

FIGURE 6-26

Emitter-follower model for voltage
gain derivation.

Ol .
ace Transistor

e equivaler

Vin = le(re + R
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The emitter-follower is characterized by a high input resistance; this is what makes it a
useful circuit. Because of the high input resistance, it can be used as a buffer to minimize
loading effects when a circuit is driving a low-resistance load. The derivation of the input
resistance, looking in at the base of the common-collector amplifier, is similar to that for
the common-emitter amplifier. In a common-collector circuit, however, the emitter resistor
is never bypassed because the output is taken a&gsghich isRg in parallel withR, .

Vin _ ﬁ _ le(re + Re)

Rinbase) = T I

Input Resistance

Sincelg = I = Baclps

_ Baclp(re + Re)

Rin(base) = Iy

Thely, terms cancel; therefore,
Rin(base) = .Bac(ré + Re)
If Re => r¢, then the input resistance at the base is simplified to
Rin(base) = BacRe Equation 6-13

The bias resistors in Figure 6—25 appear in parallel Ryjifhase), l00king from the input
source; and just as in the common-emitter circuit, the total input resistance is

Rintoty = Rl R || Ringoase)

Output Resistance

With the load removed, the output resistance, looking into the emitter of the emitter-follower,
is approximated as follows:

R
Rout = <—s> I Re Equation 6-14
BaC

Rs is the resistance of the input source. The derivation of Equation 6-14, found in
“Derivations of Selected Equations” at www.pearsonhighered.com/floyd, is relatively
involved and several assumptions hagen made. The output resistance is very low, making
the emitter-follower useful for driving low-resistance loads.

Current Gain

The current gain for the emitter-follower in Figure 6-25 is
A = — Equation 6-15
whereli, = Vin/Ringot)-

Power Gain

The common-collector power gain is the product of the voltage gain and the current gain.
For the emitter-follower, the power gain is approximately equal to the current gain because
the voltage gain is approximately 1.

Ao = AA
SinceA, = 1,the power gain is
Ap = A Equation 6-16
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EXAMPLE 6-9 Detemmine the total input regstance of the emitter-foll ower in Figure 6—27. Also find
thevoltage gain, current gain, and power gain in terms of power ddivered to the load,
R.. Asuume B, = 175 and that the capacitive reactancesare nedigible at the fre-
quency of operation.

294 ¢ BJT AMPLIFIERS

FIGURE 6-27

Solution  The ac emitter regstance external to the transistor is
Re=Re|R. =470Q 4700 = 2350
The approximate resistance, looking in at the base is
Rinbase) = BacRe = (175)(235 (1) = 41.1kQ
The total input resstance is
Rinot) = R1ll Ro || Rinpase) = 18k [ 51k [ 41.1kQ = 10.1kQ

The voltage gain is A, = 1. By using r¢, you candetermine a more precisevalue of
A, if necessary.

Ve /= <R2>v — Vg = (E’lkﬂ)lov — 07V
E R + R,/ ¢ "BE " \18kQ + 51kQ '
= (0.739)(10V) — 0.7V = 6.69V

Therefore,
Ve 669V
= —=——=142mA
E " Re 4700
and
25mV 25mV
o = = =176 Q)
o= 1. T 1a2ma 17
$l
Re 235 Q)
= - = 0.992
A .+ R 2370 R

The small difference in A, as aresult of considering r¢ isinsignificant in most cases
The currert gain isA; = l¢/lin. The calculations are as follows:

_ Ve AV _ (0992)3V) _ 298V

L= e _ = = = 127mA
°* R R 2350 235 Q)
Vin 3V
lin = = = 207 uA
" Ry 10.1kQ -
le  12.7mA
A== _ g8

Clin 297 uA
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The power gain is

ApzAi=42.8

SinceR_ = Rg, one-half of the power is dissipatedRaand one-half irR_. Therefore,
in terms of power to the load, the power gain is

Ao 4238

= - ="0=214
Ao(oad) > 5

Related Problem If R_in Figure 6—27 is decreased in value, does power gain to the load increase or
decrease?

Open the Multisim file E06-09 in the Examples folder on the companion websjte
Measure the voltage gain and compare with the calculated value.

HISTORY NOTE
The Darlington Pair

As you have seerB,. is a major factor in determining the input resistance of an a
The B4 of the transistor limits the maximum achievable input resistance you can get
a given emitter-follower circuit. [ fransistor col
One way to boost input resistance is to uBadington pair, as shown in Figure 6-28. i
The collectors of two transistors are connected, and the emitter of the first drives th >
of the second. This configuration achiey&g multiplication as shown in the follow and rocket guidance. In 1945, he
steps. The emitter current of the first transistor is was awarded the Presidential Medal
of Freedom and in 1975, he received
IEEE’s Edison Medal “for basic
This emitter current becomes the base current for the second transistor, producing contributions to network theory and
ond emitter current of for important inventions in radar
systems and electronic circuits” and
the IEEE Medal of Honor in 1981
Therefore, the effective current gain of the Darlington pair is “for fundamental contributions to

filtering and signal processin,
Bac = Bac1Bac2 g gna’p ¢

leading to chirp radar.”
Neglectingre by assuming that it is much smaller tRanthe input resistance is

Rin = Bac1Bac2Re Equation 6-17

ler = Bacilor

leo = Bacoler = BaciBac2lb1

FIGURE 6-28

A Darlington pair multiplies ;.

An Application The emitter-follower is often used as an interface between a circuit with
a high output resistance and a low-resistance load. In such an application, the emitter-
follower is called auffer.
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known as acomplementary Darlington or acompound transistor. The current gain is
about the same as in the Darlington pair, as illustrated. The difference is tQatithse
current is theQq collector current instead of emitter current, as in the Darlington
arrangement.

An advantage of the Sziklai pair, compared to the Darlington, is that it takes less
voltage to turn it on because only one barrier potential has to be overcome. A Sziklai
pair is sometimes used in conjunction with a Darlington pair as the output stage of
power amplifiers. In this case, the output power transistors are both the same type (two
npn or two pnp transistors). This makes it easier to obtain exact matches of the output
transistors, resulting in improved thermal stability and better sound quality in audio
applications.

|

1. IWhat is a common-collector amplifier called?
2. What is the ideal maximum voltage gain of a common-collector amplifier?
3. 'What characteristic of the common-collector amplifier makes it a useful circuit?

6-5 THE COMMON-BASE AMPLIFIER

because noninverting amps have
better frequency response.

The common-base (CB) amplifier provides high voltage gain with a maximum

current gain of 1. Since it has a low input resistance, the CB amplifier is the most appro-
priatetype for certain applications where sources tend to have very low-resistance
outputs.

After completing this section, you should be able to

o Describe and analyze the operation of common-base amplifiers
o Determine the voltage gain
+ Explain why there is no phase inversion
o Discuss and calculate input resistance
o Determine output resistance
o Determine current gain
o Determine power gain

A typical common-base amplifier is shown in Figure 6-31. The base is the common
terminal and is at ac ground because of capa€ijoiThe input signal is capacitively
coupled to the emitter. The output is capacitively coupled from the collector to a load
resistor.

Voltage Gain
The voltage gain from emitter to collector is developed as fol{®)s= Ve, Vour = Vo).

/_\/:@:&: R leRe
Vin Ve lrelRe)  lerellRe)
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R.=Rc IR

_/ 7 iRZ iRE =

(a) Complete circuit with load (b) AC equivalent model

FIGURE 6-31

Common-base amplifier with voltage-divider bias.

If Re >> r{, then

Ay

In

Rc .
— Equation 6-18
le

whereR; = R | R.. Notice that the gain expression is the same as for the common-emitter
amplifier. However, there is no phase inversion from emitter to collector.

Input Resistance

The resistance, looking in at the emitter, is

_ Vin _ Ve ldrellRe)
I:\)in(emitter) - I - | = |
n e e
If Re >> rg, then
Rin(emitter) = Te Equation 6-19

Re is typically much greater thand, so the assumption thet|| Rz = rg is usually valid.
The input resistance can be set to a desired value by using a swamping resistor.

Output Resistance

Looking into the collector, the ac collector resistamgeappears in parallel witR:. As
you have previously seen in connection with the CE amplifier, is typically much larger
thanRc, so a good approximation for the output resistance is

Rout = Rc Equation 6-20

Current Gain

The current gain is the output current divided by the input cuikeistthe ac output cur-
rent, and, is the ac input current. Sintg = I, the current gain is approximately 1.

Ai=1 Equation 6-21

Power Gain

Since the current gain is approximately 1 for the common-base amplifiég,andd, A;,
the power gain is approximately equal to the voltage gain.

Ap = A, Equation 6-22
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