Chapter 3 The Bipolar Tunction Transistot

Collector Current Since the doping concentration in the emitter is much
larger than that in the base region, the vast majority of emitter current is
due 10 the injection of electrons into the base. The number of these injected
electrons reaching the collector is the major component of collector current.

The number of electrons reaching the collector per unit time is propor-
tional to the number of clectrons injected into the base, which in turn is a
function of the B-E voltage. To a first approximation, the collector current
is proportional 1o ¢"/*T and is independent of the reverse-biased B-C voltage.
The device therefore looks like 3 constant-current souree. The collector current
is controlled by the B-E voltage; in other words, the current at one terminal
(the coltector) is controlled by the voltage across the other two terminals. This
control is the basic transistor aclion,

The collector current is proportional to the emmtter current, so we can write
the collector current as'

ic = apip = aplge™!" (32)

where ap is a constant less than 1 but very close to 1. This parameter is called
the commeon-base current gain. The reason for this name will become clearer as
we proceed through the chapter.

Base Current  Since the B-E junction is forwaird biased, holes from the base
flow across the B-E junction into the emitter. However, because these holes do
not contribute to the collector current, they are not part of the transistor
action. Instead, the flow of holes forms one component of the base current.
This component is also an exponential function of the B-E voltage, because of
the forward-biased B-E junction. We can write

ig o g8V (3.3(2))

A few electrons recombine with majority carrier holes in the base. The
holes that are lost musi be replaced through the base terrminal. The flow of
such holes is a second component of the base current. This “recombination
carrent” is directly proportional to the number of electrons being injected from
the emitter, which in turn is an exponential function of the B--E voltage. We
can write

gy o e (3.3(k))

The total base current is the sum of the two compenents from Equations
{3.3(2)) and (3.3(b)):

ig oc eV (3.4)

Figure 3.5 shows the flow of ¢lectrons and holes in an npn bipolar tran-
sistor, as well as the terminal currents.® (Reminder: the conventional carrent

'1n many cases, the multipiying constant in the collector current , ic, equation is writlen as 15, which
means that the muliiplying consiani for the emitter current wouid be I/ . The importawt point of
this disrussion is hat the currents are sn exponential functior of the B-E voltage. Which multi-
plying parameter is used in each equation is simply a mattes of preference.

1A more thorough study of the physics of the bipolar transisior shows that there are other current
components, in addition 10 the ones mentioned. However, these additional currents do not change
ihe tasic properties of the transisior and can be neglecied for our purposes,
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Figure 3.5 Electron and hole currents i an npn transistor biased in the focward-active
mode

direction is the same as the flow of positively charged holes and opposite to the
fiow of negatively charged electrons.)

If the concentration of electrons in the n-type emitter is much larger than
the concentration of holes in the p-type base, then the number of electrons
injected into the base will be much larger than the number of holes injected into
the emitter. This means that the ig, component of the base current will be much
smaller than the collector current. In addition, if the base width is small, then
the number of electrons that recombing in the base will be small, and the ig
component of the base current will also be much smaller than the collector
current.

Common-Emitter Current Gain

In the transistor, the rate of flow of electrons and the resulting collector current
are an exponential function of the B-E voltage, as is the resulting base current.
This means that the collector current and the base current are linearly related.
Therefore, we can write

= 3.5
5
or

- ﬁ—f geelVr (3.6)

The parameter f is the common-emitter current gain and is a key parameter
of the bipolar transistor. In this idealized situation, B is considered to be a
constant for any given transistor. The value of 8 is usually n the range of
50 < B < 300, but it can be smaller or larger for special devices.

Figure 3.6 shows an npn bipolar transistor in 2 circuit. Because the emitter
is the common connection, this circuit is referred to as a common-emitter con-
figuration. When the transistor is biased in the forward-active mode, the B-E
junction is forward biased and the B-C junction is reverse biased. Using the
piccewise linear model of a pn junction, we assume that the B-E voltage is
equal to ¥ pg(on), the junction turn-on voltage. Since Ve = veg +icRe, the
power supply voltage must be sufficiently large to keep the B-C junction
reverse biased. The base current is established by Vg; and Ry, and the resulting
collector current is i = Biy.
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Figure 3.6 An npn transistor circuit in the comman-amitter configuration

Il we set Vgg = 0, the B-E junction will have zero applied volts; therefore,
ig = 0, which implies that i = 0. This condition is called cutoff.
Current Relationships

If we treat the bipolar transistor as a single node, then, by Kirchhoff 's current
law, we have

i =f¢+ig (3.7}
[f the transistor is biased in the forward-active mode, then
f.{- = 'Bfg {3*8)

Substituting Equation (3.8) into (3.7}, we oblain the following relationship
between the emitter and base currents:

ip =(l + Big 3.9

Solving for /g in Equation (3.8) and substituting inte Equation (3.9), we obtain
a relationship between the collector and emitter currents, as follows:

by = (%ﬁ)‘ﬁ (3.10)
From Equation (3.2}, we had iy = atpig 50
_Fr
= g (3.11)

The parameter o is called the common-base current gain and is always
slightly less than 1. We may note that ift g = 100, then oy = 0.99, 50 ¢f is
indeed close to 1. From Equation (3.11), we can state the common-emitter
current gain in lerms of the common-base current gain:

B =1 e (3.12)
oo
Summary of Transistor Operation

We have presented a first-order model of the operation of the npn bipolar
transistor biased in the forward-active region. The forward-biased B-E voli-
age, vge, causes an exponentially related flow of electrons from the emitter inio
the base where they diffuse across the base region and are collected in the
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collector region. The collector current, i, is independent of the B-C voliage as
long as the B-C junction is reverse biased. The collector, then, behaves as an
ideal current source. The collecter current is a fraction oy of the emitter cur-
rent, and the base current is a fraction 1 /8 of the colkector current. If 8- 3 1,
then op 2 | and i = ig.

Example 3.1 Objeclive: Calculale the collector and emitter currents, given the
base current and current gain.

Assume a commen-emitter current gain of 8= 150 and a base current of
ig = 15 pA. Also assume that the transistor is biased in the forward-active mode,

Solstlon:  The relation between collector and base currents gives
ic = Big = (150){15pA) = 225mA

and the relation between emitter and base currents yields
is = (1 + By = (51)(15uA) = 227 mA

From Equation (3.11), the common-base current gain is

g 150
=_"=-"""=n.
W 9934

Comment: For reasonable vaiues of §. the collector and emitter currents are nearly
equal, and the common-base current gain is nearly 1.

Test Your Understanding
3.1 Transistors of a particular type have common-base current gains in the range of
0.980 < o < 0.995, Find the corresponding range of 8. (Ans. 4% < § < 199}

3.2 The common-emitter current gains of two transistors are f=75and g =125
Determine the common-base current gains. {Ans. « = 0.9368, « = 0.9921)

3.1.3 pnp Transisior: Forward-Active Mode Operation

We have discussed the basic operation of the npn bipolar transistor. The
complementary device is the pnp transistor. Figure 3.7 shows the flow of
holes and electrons in a pap device biased in the forward-active mode. Since
the B-E junction is forward biased. the p-type emitter is positive with respect to
the n-type base, holes flow from the emitter into the base. the holes diffuse
across the base, and they are swept inio the collectos. The collector current is a
result of this flow of holes.

Again, since the B-E junction is forward biased, the emitter current is an
exponential function of the B-E voltage. Noting the direction of emitter cur-
rent and the polanity of the foward-biased B-E voltage, we can write

ig = Ige"*VT 3.13)
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Flgure 3.7 Electron and hole currents in & pnp transistor biased in the forward-active mode

where we are again assuming the {(—1) term in the ideal diode equation is
negligible.

The collector cutrent is an exponential function of the E-B voltage. and
the dircetion is out of the collector terminal, which 15 opposite to that in the
npn device. We can now write

L Tapip = lr..-.-f_t,u’l"-"'fyr (3.14)

where oy is again the common-base current gain.

The base current in a pnp device is the sum of two components. The first
component comes from electrons flowing from the base into the emitier as a
result of the forward-biased E-B junction. The second component comes from
the Bow of electrons supplied through the base terminal to replace those lost by
recombination with holes in the base. The direction of the base current is out of
the base erminal. The base current in the pop device is aiso an exponential
function ol the E-B voltage, as follows:

o= e s (3.15)
Br  Pr

The parameter 8 is wiso the common-emitter current gain of the pnp bipolar
1ransistor

The relationships between the terminat currents of the pnp transistor are
exacily the same as those of the npn wansistor and are summarized in Table 3.1
i the next seclion. Also the relationships between Sy and ap are the same as
given in Equations (3.11) and (3.12).

3.1.4 Circuit Symbols and Conventions

The biock diagram and conventional circuit symbol of an npn bipolar trans-
sitor are shown in Figures 3.8(a) and 3.8{b}. The arrowhead in the circuit
symbol is always placed on the emitter terminal, and it indicates the direction
of the emitlter current. For the npn device. this direction is oul of the emitter.
The sunplified block diagram and conventional circuit symbol of a pnp bipolar
transistor are shown in Figures 3.9(a) and 3.9(b). Here, the arrowhead on the

10%
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Figure3.8 npn bipolar transistos: {a) simple block diagram and [b) circuit symbol
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Figura 3.9 pnp bipolar trangistor (2} simple black diagram and (b} ¢ireuit symbol

emitter terminal indicates that the direction of the emitter cursent is into the
emitter.

Referring o the circwit symbols given for the npn (Figure 3.8(b)) and pnp
(Figure 3.9(b)} transistors showing current directions and voltage polartties, we
can summarize the current—voltage relationships as given in Table 3.1

Figure 3.10(a) shows a common-emitter circuit with an npn transistor. The
figure includes the transistor currents, and the base-emitter (B-E) and collector-
emitter (C-E) voltages. Figure 3.10(b) shows a common-emitter circul with a

Table 3.1 Summary of the bipolar current-vollage refationships in the active region

npa pp

: I ] art

ip = dge e iy = Foe'esits o

i = Oplp = 45 .I'a-t"”' ! ir =gy ZO'F.,lc,‘E' e

;5:“;:“”’3‘_,'"”': ,‘8=1£L=ai'_"§‘,"rof"r
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For both transistorn

i¢ = Brig i 3
fg =1 + Bekp i+ 5
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(a) b) {c)

Figure 3.10 Commoen-smitier circuits: {a) with an npn transistor, (b) with a pnp transistor,
and (<) with a pnp transistor biased with a positive voltage souwrce

pnp bipolar transistor. Note the different current directions and veltage pola-
ritics in the twe circuits, A more usual circuit configuration using the pnp
transistor is shown in Figure 3.10(¢). This cireuit allows positive voltage sup-
plies to be used.

Test Your Understanding

3.3 An npn transistor is biased o the lorward-active mode. The base current is
Iy = 9.60 uA and the emitler current is 7 = 0.7830 mA. Determine 8, a. and f-. (Ans.
B =803 o= 09877, J- = 0.771 mA)

3.4 The emilter current in a pnp transistor biased in the forward-active mode is
I =2.13mA. The common-base current gain of the transistor is a = 0.990. Deter-
mine B fp.oond fo (Ans. § =99 fg=215pA J = 213mA)

3.1.5 Current-Voltage Characteristics

Figures 3.11(a) and 3.11(b) ar¢ commeon-base circuit configurations for an npn
and a pnp bipolar transistor, respectively. The current sources provide the
emitier current, Previously, we stated that Lhe collector current i was nearly
independent of the C-B voltage as long as the B~C junction was reverse biased.
When the B-C junction becomes forward biased. the transistor is no longer in
the forward-active mode. and the collector and emitter currents are no longer
refated by iy = agic.

Figure 3.12 shows the typical common-base current-voltage characteris-
tics. When the collector—base junction is reverse biased, then for constant
values of emitter current, the collector current is nearly equal 1o ig. These
characteristics show that the common-base device i5 nearly an ideal consfani-
CHITERT SOUTCE.

The C-B voltage can be varied by changing the ™ voltage (Figure 3.11(a))
or the ¥ voltage (Figure 3.11(b)). When the collector-base junction becomes
forward biased in the range of 0.2 and 0.3V, the collector current /- is still
essentially equal to the emitter current ig. In this case, the transistor is still
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Figure 311 Common-base circuit configuralions: {a) an npn transistor and (b} a pnp
ransistor
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Figure 3.12 Transistor current—voltage characteristics of the common-base circuit

basically biased tn the forward-active mode. Howewver, as the forward-bias C-B
voltage increases, the linear relationship between the collecior and emitter
currenls is no longer valid, and the collector current very quickly drops to zero.

The common-emitter circuit configuration provides a slightly different set
of current-voltage characteristics, as shown in Figure 3.13. For these curves,
the collector current is plotted against the collector—emitter voltage, for various
constant values of the base current. These curves are generated from the
common-emitter circuits shown in Figure 3.10. In this circuit, the Vgg source
forward biases the B--E junction and controls the base current ig. The C-E
voltage can be varied by changing ¥er.

In the npn device, in order for the transistor to be biased in the forward-
active mode, the B-C junction must be zero or reverse biased, which means
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Figura 3.13  Transislor curreni-votage charactaristics of the commor-emittes circuwit

thas ¥, must be greater thar approximately 5 5efon).? For V= Vaglon),
there 15 u fimte sfope to the curves. If, however, Vg < Vypfon), the B-€
Junction hecomes forward biased, the transistor is no longer in the forward-
active mode, and the collector current very quickly drops to zero.

Figure 3.14 shows an exaggerated view of the currenl—voltage charsacter-
istics plotted for constant values of the B-E voltage. The curves are theoseti-
cally lincar with respect to the C-E voltage in the forward-active mode. When
the curves are extrapolated 1o zero current, they meet at a point on the negative
voltage axis, at veg = —VF,. The voltage ¥, is a positive quantity called the
Early voltage. after J. M. Early, who first predicied these characienstics,
Typicat values of ¥, are in1 the range 50 = V, < 300V,

For a given value of vgg, if vep increases, the reverse-bias voltage on the
collector -base junction mereases. which means that the width of the B~C

i} .
Forward: active BE= -
mode:
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Figure 3.14 Curreni-vollage characterisics for the common-emittar circuil, showing the
Eady voliage

*Even thaugh the collecior current is essentially equal 1o the emitter current when the B-C junciion
becomos stightly forward bizsed, as was shown in Figure 3.12, the trassistor is said to be biased in
the [orward-active mode when the B-C junction is zero ot reverss biased.

19



110

Part | Semiconducior Devices and Basic Apphications

space-charge region also increases. This in turn reduces the neutral base width
W (see Figure 3.4). A decrease in the base width causes the gradient in the
minority carrier concentration to increase, which inceeases the diffusion cur-
rent through the base. The collector current then increases as the C-E voltage
iNCreases.

The Yinear dependence of i versus vo.z in the forward-active mode can be
described by

F e Y-
ic = apls(etr). (l +T‘£) (3.16)
] A
where Is and ap are assumed to be constant.
In Figure 3.14, the nonzero slope of the curves indicates that the output
resistance 7, looking into the collector is finite, This output resistance 1s deter-
mined from

L (3.17)
ro  Oveg vge==Consl,
Using Equation (3.16), we can show that
¥V
o2 - _ (3.18)
Ic

where I is the quiescent collector current when vzg is a constant and vez 1s
small compared to V.

In most cases. the dependence of i on v~z ts not critical in the de analysis
or design of transistor cirenits, However, the finite output resistance r, may
significantly affect the amptifier characteristics of such circuits. This effect is
examined more closely in Chapter 4 of this text.

Test Your Understanding
2.8 Find the oulput resistance r, of 2 bipolar ransistor for which I, =130V at
coliector currents of f-=0.1, 1.0, and t0mA. (Ans. r, = 1.5MQ 150k, 15k)

8.6 Assume that 7, = 1mA at Fep = 1V, and that ¥y, is held constant. Determine
Ioat Vep = 10V if: (a) ¥V, = TSV:and (b) ¥, = 150 V. (Ans. I = LLI2mA, 1.06mA)

3.1.6  Nonideal Transistor Leakage Currenis and
Breakdown Voltage

In discussing the current—voltage characteristics of the bipolar transistor in the
previous sections, two topics were ignored: leakage currents in the reverse-
biased pn junctions and breakdown voltage effects.

Leakage Currents

[n the common-base circuits in Figure 3.11, if we s¢t the current source fg = 0,
transistors will be cut off, but the B-C junctions will still be reverse biased. A
reverse-bias leakage current exists in these junctions, and this current corre-
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sponds 1o the reverse-bias saturation current in a diode. as described in
Chapter |. The direction of these reverse-buas leakage currents 15 the same as
that of the collector currents. The term [, -5, is the collector leakage current in
the commen-base configuration, and is the collector-base leakage current when
the emitter is an open circuit.

Another leakage current can ¢xist between the emitter and collector wilh
the base terminal an open circnt. Figure 3.15 15 a block diagram of an npn
transistor in which the base 15 an open circuit (i = ). The current component
e g 15 the normal leakage current in the reverse-biased B—C pn junction. This
current componeni causes the base potential to merease, which forward biases
the B E junction and induces the B-E current iogo. The current component
atde -y is the normal collector current resulting from the emitter current fogo.
We can writy

logon =alcvo + leso (3.19(a))
or
L
Lopo = 20 Al 50 (L1%bY
| —
venet opoo }5.// [
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Figure 3.15 Block diagram of an npn transistor in an open-base configuration

This relationship indicates that the open-base configuration produces different
characteristics than the open-emitter configuration.

When 1he transistors are biased in the forward-acuve mode, the leakage
currents still exist. The common-emitter and common-base current gain pa-
rameters, B, und ag, are d¢ parameters and can be written as 8 = I-/[5 and
ap = I, /1, . where I includes the leakage current component. In the next
chapter, we will discuss ac current gain factors. In most imstances in this
text. leakage currents will be completely negligible.

Breakdown Voitage: Common-Base Characteristics

The cummon-base current voliage characteristics shown mn Figure 3.12 are
ideal in that breakdown is not shown, Figure 3.16 shows the same i versus
vy characteristics with the breakdown vollage.

Consider the curve for fe = 0 {the emitter terminal is effectively an open
circuit). The collector -base junction breakdown voltage is indicated as BV 4.
This is 2 simplified figure in that at shows breakdown occurring abruplly at
BI- 50 For the curves in which ig > 0, breakdown actually begins earlier. The
carriers lowing across the junction initiate the breakdown avalanche process at
somewhat lower voltages.

i
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i
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Figure 3.16 The i versus vzg common-base characleristics, showing the collector-bass
junction breakdown

Breakdown Voitage: Cornmon-Emitter Characteristics

Figure 3.17 shows the i wversus vy characteristics of an npn wransistor, [or
various constant base currents, and an ideal breakdown voltage of B¥Fgy. The
value of BV oo is less than the value of BV g, because BV gn includes the
effects of the transistor action. while B¥ gy does not. This same effect was
observed in the /- leakage current.

The breakdown voltage characterisiics for the two configurations are alsa
different. The breakdown voltage for the open-base case is given by

BV g0

B

where n7is an empirical constant usually in the range of 3 to 6.

BV opo = (3.20)

1] Vv ED I tE
BY gy

Flgure 3.17 Common-amitier characteristics showing breakdown effects
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i3

Example 3.2 objective: Calculate the breakdewn voltage of a transistor con-
nected in the epen-base configuration.

Assume that the transistor current gain is § = 100 and that the breakdown voltage
of the B--C junction 15 BV gy = 120V,

Solution: 11 we assume an empitical constant of # = 3, we have

R
A/ RN

Comment. The breakdown voitage of the epen-base configuration is substantially less
than that of the C-B junction. This tepresents a worst-case condition, which must be
considered 10 any circuit design.

Design Polnter: The designer must be aware of the breakdown voitage of the specific
trunsistors used in a cirewt, since this will be a limiting factor in the size of the dc has
voltages that can be used.

Breakdown may also occur in the B~E junction if a reverse-bias voltage is
applied 1o that junction. The junction breakdewn voltage decreases as the
doping concentrations increase. Since the emitter doping concentration 13
usually substantially larger than the doping concentration in the collector.
the B -E junction breakdown voltage is normally much smaller than that of
the B C junction. Typical B-E junction breakdown voltage values are in the
tange ol G 10 8V,

Test Your Understanding

3.7 The open-emitier breakdown voltage is BFego = 200V, the cutrent gain 1s
A = 120, and the empirical constant is n =3, Determing B o, (ANs, 40.5V)
3.8 A particolar transistor circuis reguircs a minimum open-base breakdown voltage

of Bl =30V Il g= 100 and n=3, determinc the minimum required value of
B . tAns. 139Y)

3.2 DC ANALYSIS OF TRANSISTOR CIRCUITS

We've considered the basic transistor characteristics and properties. We can
now start analyzing and designing the dc biasing of bipolar transistor circuits.
A primary purpose of the rest of the chapter is to become familiar and com-
fortable with the bipolar transistor and transistor circuits. The de biasing of
transistors. the focus of this chapter, is an important part of desigaing bipolar
amplitiers, the focus of the next chapter.

The piccewise linear model of a pn junction can be used for the de analysis
of bipolar transistor circuits. We will first analyze the common-gmitter circuil
and introduce the load line for that circuit. We will then look at the dc analysis
of other bipolar transistor circuit configurations. Since a transistor in a linear
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amplifier must be biased in the forward-active mode, we emphasize, in this
section, the analysis und design of circuits in which the ransistor is biased in
this mode. '

3.2.1 Common-Emitter Circuit

One of the basic transistor circuit configurations is called the common-emitior
circuit. Figure 3.18(a) shows one example of 4 common-emilter circuit. The
emitter terminal iz obviously at ground potential. This circuit configuration
will appear in many amplifiers that will be considered in Chapter 4.

Figure 3.18(a) shows a common-e¢mitler circuit with #n npn transistor, and
Figure 3.18(b) shows the dc equivalent circuit. We will assume that the B-E
Junciton is forward biased. so the voltage drop acruss that junction is the cut-m
or turn-on voltage Fyec(on). When the transistor is biased in the forward-active
mode, the collector current is represented as a dependent current source that is
a function of the base current. We are neglecting the reverse-biased junction
leakage current and the Early effect in this case. In the following circuits, we
wilf be considering dc¢ currents and voltages. s¢ the de notatien for these
parameters will be used,

{a) )

Figure3.18 (a) Common-emitter circuit with an npn tfransistor and (b) de equivakent cincuit,
with piecewise lingar parameters

The base carrent is

1y = 2o aan

Implicit in Equation {3.21) is that Fyg = Vgelon), which means that 7g > 0.
When Fgg < Fap(on). the transistor 13 cut ofl and Ig =10.
In the collector-emitter portion of the circuit, we can write

I = By (3.2
and

Vee = dcRe + Ve (3.23(a}}
or

Veg = Voo — IcRe (3.23(h))
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In Equation (3.23(b)}. we are also implicitly assuming that ¥V,g = ¥gg{onj,
which means that the B-C junction is reverse biased and the transistor is biased
m the lorward-active mode.

s

Example 3.3 Objeciive: Calculate the base, collector, and emitter currents and
the € E voltage for a common-emitier circuit.

For the cirewit shown in Figure 3 18a). the paramecters are. Vg =4V, Rp =
220k Re = 2K Ve = 10V, Vaglon) = 0.7V, and $ = 200. Figure 3.19(a) shows
the ¢irenil without explycitly showing the voliage sources.

Vo= 10V

l Ie=plg

=Xmh

+

Ve = 10 - {302}
= =4V

1-07 .
Vg =1 v u= 3k Vg = B-?Y
=31‘i,l-lr\ .f£=fc+fﬁ
=30l mA
(k)

Figura 3.19 Ciscuit for Exarmple 3.3

Solution: Reterring to Figure 3.19(b). the base current 15 found as

- Ry T

The collector current is
i = Aly = 200015 pA) = YmA

and the emitter current is
i ={1+8) 1= (201{15pA) = 3.02mA

From Equation {3.23bi). the colleclor-emitter volage 1s
Vg = b = Fe R = 10— (3)2) = 4V

Iy

= [5uA

Comment: Since Fgg > Fgelom and Fop > Pgelon). the transistor is indeed biased
in the torward-active mode. As a note, in an actual circuit. the voltage across a B-E
junction may not be exactly 0.7V, as we have assutned using the piecewise linear
approximation. This may lead to stight inaccuracies between the calculated currents
and voltages and the measured values, Also note that, if we take the difference between
{p and [, which is the base current, we obtain fy = 20 pA rather than 15pA. The
differcnee is the resull of roundeff error in the emitter cutrent.

Figure 3.20(a) shows a common-¢mitter ¢ircuit with a pnp bipolar transis-
tor. and Figure 3.20(b} shows the dc equivalent circuit, In this circuit, the
emitter is at ground potential, which means that the polarities of the Vyp
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sk ' L
{a) )

Figure 3.20  {a) Common-emitter circuil with & pnp teansistor and {b) de equivalent circuit
using piscewisa linear paramalers

and ¥ee power supplies must be reversed compared to those in the npn circuit.
The analysis proceeds exactly as before, and we can write

_ Vg = Figlon)

fg=——— 3.24)
a R, (

and
oo = Voo~ e Re €3.26)

We can see that Equatsons (3.24), (3.25}, and (3.26) for the pnp bipolar
transistor in the common-emitter configuration are exactly the same ay
Equations (3.21}, (3.22), and (3.23{h)} for the npn bipolar transistor in a simtfar
circuit, if we properly define the current dizections and voltage polaritics.

In many cases, the pnp bipolar transistor will be reconfigured in a circuit so
that positive vollage sources. rather than negative ones, can be used, We see
this in the lollowing example.

Example 3.4 Objective: Analyze the common-emitter ciscuit with a pnp tran-
Sistor.

For the circoit shown in Figure 3.21(4), the paramelers are: Fpy = 1.3V, Rg=
380kQ, Ver =5V, Vgglon) =06V, and # = 100. Find {p. /. /g, and R such that
Vee = ) Vee-

Selution: Wniting a KirchhofT voltage law eguaticn around the E-B loop. we find the
base current to be

o= Vec — Fgplon) — Vg  5—-06—1.5

B Ry T 55

The collector current is
ic = Blg = (10OH5pAY = 05 mA

= SpA

and the emitter current is
ig =1+ Bg = (1015 pA) = 0.505mA
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Ve =5 Y
o

l!‘E=J(~+J‘B

* =0.505mA

0.6V
Py =580k b

Vap = 41.5 ¥ 0——A N Ve =25V
;oo (5-06-1L5 l\
=

Vap =15 % 580KL fe=flg=05mA
= |3 A 5_15%
T
Re
(b)

Flgure 3.21  Circuit for Exampie 3.4

Fora (" E \r’oll'd.gc of VE(' = % V('(‘ =25V, R[' is

Fo = Vo528

T == =5k

R[ =

Comment: [n this case, the difference between Fepe and Vg is greater than the tran-
sistor turn-on vollage, of {Fee = Va) > Veplon). Also, because ¥y > Veg(on), the
prp bipolar transistor is biased in the forward-active mode.

Discussion: [n this example, we wsed an enutier-base turn-on voltage of Fgg(on) =
0.6V, whereas previously we used a value of 0.7 Y, We must keep in mind that the turn-
on volltage is an approximation and the actual base-emitter voltage will depend on the
wype ol transistor used and the current level. In most sitwations, choosing a value of
0.6Y or 0.7V will make only miner differences. However, most people tend to use the
value ol 0.7Y

The dc equivalent ctrcuits, such as those given in Figures 3.18(b) and
3.20(b), are uselul initialty in analyzing transistor circuits. From this point
on, however, we will nol explicitly draw the equivalent circuit. We will simply
analyze the circuil using the transistor arcuit symbols, as in Figures 3.19
and 321,

3.2.2 Load Line and Modes of Operation

The Joud line can help us visualize the characteristics of a transistor circuit. For
the common-emitter circuit in Figure 3.19(a), we can use a graphical technique
for both the B-E and C-E portions of the circuit. Figure 3.22(a) shows the
piecewise linear characteristics for the B-F junction and the input load line.
The input load line is obtained from Kirchhoff's voltage law equation around
the B--E loop, written as follows:

Vau Vae

Ip = R, R, (329
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(a)

fe: (A |-'—~ — Forwand-active mnde m?
ﬁ —
Saturation
5 4 3
I Azand =
o Load line o
4
) \ i
= A
| Quiescent base 4 L H
camrent und -
b & B-E voltage o
1 Al Q-point to
! I
il I fy==5
| | Alf
| 1 Cutott
i ¥
of v : on) =07V Vog=dV O r r :. 1|% 1
et =1 EE= Vg 1 3 - e

V{ ™ (]
{v)

Figure 3.22 (a) Base—emitter junction characterisiics and the inpiur lead line and
{b) common-emitter transistor ¢charactenstics and the collector—emitter load line

Both the load line and the quiescent base current change as either or both Fyy
and Rj; change. The load ling in Figure 3 22({ua) is essentially the same as the
load line characteristics for diode circuits, as shown in Chapter 1.

Fecr the C-E portion of the circuit in Figure 3.19(a), the load line is found
by writing Kirchhofl's voltage law equation around the C-E loop. We obtain

Vep = Fee ~ T Re (3.28(a))
which can be wntten in the form

W Ve
Io==f- oo f (mA) (3.28(b))

Equation (3.28(b}) is the load line equation. showing a linear relationship
between the collector current and collector-emitter voltage. Since we are ¢on-
sidering the dc analysis of the transistor circuit, this relationship represents the
dc load tine. The ac load line is prédsentad in the nexi chapter.

Figure 3.22(b) shows the transistor characteristics for the transistor in
Example 3.3, with the load line superimposed on the transistor charactenistics.
The two end points of the load line are found by setting /- = 0. yielding
Veg = Ve = 1OV, and by setting Vg =0, yielding {- = Voo /Re = 5mA,

The quiescent point. or (-point. of the transistor is given by the dc col-
lector current and the collector-emitter voltage. The Q-point is the intersection
of the load line and the 7 versus V¢ curve corresponding lo the appropriate
base current. The Q-point also represents the simultaneous solution 10 two
expressions. The load line is useful in visualizing the bias point of the transis-
tor. In the figure, the (-point shown is for the transistor in Example 3.3,

As previously slated, if the power supply voltage in the base circuit is
smaller than the turn-on voltage, then Fgg< Fyg{on) and Iy = I- =0, and
the transistor i$ in the cutoff mode. In this mode, all transistor currents are
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zero. neglecting leakage currents, and for the circuit shown in Figure 3.19(a),
Vg =Yoo = 10V,

As Fgg imereuses (Vgg = Fgeion)), the buse current { increasss and the @-
peint moves up the load line. As iz continues 1o increase, a point is reached
where the collector carrent {- can no longer increase. At this point, the tran-
sistor 1s biased in the saturation mode: that is, the transistor is said to be n
saturation. The B-C junction becomes forward biased, and the relationship
between the collector and base currenis is no longer linear. The transistor C-E
voltuge in saluration, Feglsat), is less than the B E cut-in voltage. The
lorward-biased B-C voltage is always less than the Forward-buased B-E volt-
age. s0 the C E voltage in saturation is a small positive value. Typically,
Vegisat) is in the range of 0.1 40 0.3V,

19

Example 3.5 Oblective: Calculate the currenis and voltages in a circuit when the
transistor is driven info saturation,

For the cirguit shown in Figure 3.23, the transisior parameters are: g = 100, and
Fypton) = 0.7V If the transistor is biased in saturation, assume Veglsat) = 0.2V,

Solution: Since +8V is applied 1o the input side of Rg. the base-emitter junction is
certamnky forward biased, so the transistor is tumned on. The base current s

_ Fys— Vgglon) 907

Fu Ry T 220

= 33.2pA

If we first assame that the transistor is biased in the aclive region, then the collector
current is

L= By = (1033 2pA) = 132mA
The collector-emitier voltage is then

Ve = Fee = e Ry = 10— (33204 = —3.28Y
However, the collector-emitter voliage of the npn transistor in 1the common-emitier
configuration shown in Figure 3.23{a) cannot be negative. Therefore, gur initial assump-
tion of the transistor being hiased i the forward-aclive mede is incorrect. instead, the

transistor must be hased in saturation,
As given in the "objective’™ statement., set Frglsal) = 0.2V, The collector current is

+i0W +10 Y
L= 10-02
s I-=PBig 4
Re=dd2 2 820 ma =245 ma
Rp= 220kl g~ * +
+8 ¥ Vop = 10-0332)(4) RV Vg = Veplsaly
o - =-118W - =02V
= e { fe=332 A
WY = Tou 7Y = Ao I
37 uA at l E=lctls
=Ly punsible =2.483 mA
(a) (b) (c}

Figure 3.23 Circuit lor Example 3.5
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Vee =V, _0
To = lpisaty = ~C = cefsat) 10 4('_2 = 245mA
¥ g

Assuming that the B-E volhage is stilf equal 10 Vgg(on) = 0.7V, the base current is
Iz = 332pA, as previously determined. 1If we take the ratio of collector current to base
current, then

fe _ 245

tp 00332
The emitter current 15

fp=Ilc+1; =245+0033 =248 mA

:?4*:,&

Comment. When a ransistor is driven into saturation, we use Vegisat) as another
piecewise linear parameter. In addition, when a transister is tiased in the saluration
mode, we have Iy- < 8fg. This condition is very oflen used to prove thal a transisior 15
indeed biased in the saturation made.

Problem-Solving Technique: Bipolar DC Analysis

Analyzing the dc response of a bipolar transistor circuit requires knowing the
mode of operation of the ransistor. In some cases, the mode of operation may
not be obvious, which means that we have to guess the state of the transistor.
then analyze the circuit to determine if we have a solution consistent with our
initial gusss. To do this, we ¢an:

1. Assume that the transistor is biased in the forward-active mode in which
case Fpp = Vgglon), £ >0, and I = glg.
2. Analyze the “linear’ circut with this assumption.

1. Evaluate the resulting state of the transistor. If the initial assumed pa-
rameter values and Vr > Fog(sat) are true, then the initial assumption
is correct. However, il F; < 0, then the transistor is probably cut off, and if
Vep < 0, the transistor is likely biased in saturation.

4. 1f the initial assumption 13 proven incorréct, then a new assumption must

be made and the new “linear” circuit must be analyzed. Step 3 must (hen
be repeated.

Because it is not always clear whether a transistor is biased in the forward-
active or saturation mode, we may initially have to make an educated guess as
to the state of the transistor and then verify our initial assumption. This 18
similar to the process we used for the analysis of multidiode circuits. For
instance, in Example 3.5, we assumed a forward-active mode, performed the
analysis, and showed that Vep < 0. However, a negative Vg for an npn
transistor in the common-emitter configuration is not possible. Therefore,
our initial assumption was disproved, and the tramsistor was biased in the
saguration mode. Using the results of Example 3.5, we also see that when a
transistor is in saturation, the ratio of I~ to fg is always less than 8, or

lcflg < B
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This condition is true for both the npn and the pnp transistor biased in the
saturalion mode,

Another mode of operation for a bipolar transistor is the inverse-active
mode. In this mode, the B-E junction is reverse biased and the B-C junction is
forward biased. In effect, the transistor is operating “upside down'’; that is, the
emitter 15 acung as the coliector and the collector is operating as the emitter.
We will postpone discussions on this operating mode until we discuss digital
electronic circuits later in this text.

To summarize, the four modes of operation for an npn transistor are
shown in Figure 3.24. The four possible combinations of B-E and B-C volt-
ages determine the modes of operation. If vge > 0 (forward-biased junction)
and vpe < 0 (reverse-biased junction), the transistor is biased in the forward-
active mode. If both junctions are zero or reverse biased, the transistor is in
cutoff. If both junctions are forward biased, the transistor is 1n saturation. if
the B-E junction is reverse biased and the B-C junction is forward biased. the
transistor is in the inverse-active mode.

YBC

R

YBE

Curoff

1

Inverse-active ‘ Saturation
| Forward-sctive
i
§

Figure 3.24 Bias conditions far the four modes of operation of an npn transistor

Teost Your Understanding

3.9 For the circmt shown in Figure 3.25, assume g = 50. Determine Vp, fg, and f-
for: (a} V;=90.2¥, and {b) ¥, =36V, Then. calculate the power dissipated in
the transistor for the two conditions. (Ans. A} fp=f-=0 V=35V, F=0;
(b) g = 4.53ImA, I- =109mA, P=53imW)

3.10 For the circuit shown m Figure 3,25, let 8 = 50, and determine V; such that

Ve =0 Calculate the power dissipated in the transistor. (Ans. V; = 0823V, P=
6.98 mW)

Figure3.25 Figure for
Exercises 3.9 and 3.10

323 Common Bipolar Circuits: DC Analysis

There are a number of other bipolar transistor circuit configurations in addi-
tion to the common-emitter circuits shown in Figures 3.1% and 3.21. Several
examples of such circuits are presented tn this section. BJT circuits tend 10 be
very similar in terms of dc analysis procedures, s¢ that the same basic analysis
approach will work regardless of the appearance of the circuit. We continue
our dc analysis and design of bipolar circuits to increase our proficiency and to
become more comfortable with these types of circuits,
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Example 3.6 Osjective: Calculate the characteristics of a circwil ¢ontaining an
emitler resistor.

For the circuit shown in Figure 3.26{a}, let Fggfon} =07V and 8 =75.

VC( =12Y +12Y

HV Veg =12 (5630.4)
~ ={5TN(0.6)
sz TS1gA 07V _ =632V
_ Ie=1l +ﬁ) iz
Re=0.6k0 1 = 5.71 mA

(a) {b)
Figure 3.26 Circuit lor Example 3.6

Solution:
-Point Valoes:
Writing the Kirchhoff 's voltage law equation around the B-E loop, we have

Vag = IaRp + Vgelon} + FpRg (3.29

Assuming the transistor is biased in the forward-active mode, we can write Ip =
{1+ B)y. We can then solve Equation (3.29) for the basc current:

_ VBB_ VIBE(OTI} _ 6—07
SR+t +PRg 25+ (T6X0-6)

The collector and emitter currents are
Ie = Blg = (T5475.1 pA) = 5,63 mA

and

is

= 75,1 A

Ig = (1 + B)lg = (76)(7S.1 pA) = 5.71mA
Referring to Figure 3.25(b). the collector-emitier voltage is
Vep = Vee ~ TeRe — g Rg = 12 ~ (5.63404) — (5.71)(0.6)
or
Vep =632V
SoluMon:
Load Line:

We again use KirchhofT's voliage law around the C-E loop. From the refationship
between the collector and emitter currents, we find

: 7
Vi Vops ICI:RC + (%) RE:I =12- fc[o.a + (1—2) (0.6)]

or

VCE = 12 — fc(l.ﬂl)
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The load line and the calculated Q-point are shown in Figure 3.27. A few transistor
characteristics of /- versus Ve are superimpoesed on the: figure.

i~ (MA)
% ictmax)= 12 = 11.9mA

e

LE) o

12

2=

\ Q-point
fep=563mA S & T
4 E\ o

2

1 L
: {1 12 vop (V)

.|
1 4 6
V(-_tg = '6‘32
Figure 3.27 Load bne for the circuit in Figure 3.26
Comment: Since the C-Evoliape is 6.32¥, Veg > Fyelon) and the transistor is biased

in the forward-active mode, as initially assumed. We will see, later in the chapter, the
value of including an emitter resistor in a circuit,
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Example 3.7 Objecive: Calculate the characteristics of a circuit containing both
a positive and a negative power supply voltage.

For the circuit shown in Figure 3.28, let Vge(ony=0.65V and § = 100. Even
though the base 5 at ground potential, the B-E junction is forward biased through
R and V™

Vep =5 —4=51— (4. 31005) - (4.35%])

- =150V
- 10.651 — (-5}
Re=1%@3 | o=@
=4.35 mi
Va5V V=S5V
{a) b

Figure .28 Circuil for Example 3.7
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Solution:
{-Point Valpes:
Writing the Kirchhoft's voltage law equation around the B-E loop, we have

O=Fgglon) + [z Re + V7
which yields

—V™ = Vgelon)  —(=5) - 065
"FE = RE =

=4.35mA

The base cun:rent 15

I 435
=—E 227 L 4ipA
=175 701 = #1e

and the collector current 15

8 {100 ~
Jim (m)ff = (m) (4.35) = 431 mA

Referring to Figure 3.28(b), the C-E voltage is

Vep=V* = IoRe - IeRp = V™

or
Vep =5 = (43100.5) — (4.35)(1) — (=5} = 3.50V
Solution:
Load Line:
The load line equation is
“ - 1+ 8
Vep =(V* =¥") = IC[RC + (—ﬂ*)RE} ={5-(-%) - IC[O.S + (m

or
Veg = 10 - ip(1.51)

The load line and the calculated Q-point are shown in Figure 3.29.

i (mAj
3_
\
6_
Q-point
lrg=431 mA=H
« s | fag=43.1 pA
|
|
;
2{( j
I
1
' szl L JJ_ - L -
0 2 { 4 6 8 10y, v)
VC.EQ::;-SV

Figure3.29 Load line for the cirouit in Figure 3.26

101
HOQ



Chapter 3 The Bipolar Jupction Transistor

Comment: The B-E junction is forward biased, even though Fgg 15 at ground poten-
tial. The forward-bias voltage is a resull of the negative potential V'~ applied ai the
“bottom™ of the emitter resistor Rg. The transistor is biased in the forward-active mode.

125

Test Your Understanding

{Note: In the following exercises, assume the B-E cut-in voltage is 0.7 V for both the
apn and pop trapsistoss. Alkso assume thas the C-E sataration voltage is 0.2V for cach
type of transisier.)

RD3.11 Redesign the crcait shown 1a Figure 3.30 such. that Jog = 1.5mA and
Ve=44V. Assume 8 = 100, (Ans. R = 4%k, Rg = 6.14kQ)

3.12 For the circuit shown in Figure 331, the measured value of Vo is Vo=
+6.34V. Determine fa, fp. foo Fep, B, and o (Aps, J- =0915mA, [ =0930mA,
o= 09839, 1= 15.00A, =61, Fpop = 7.04V)

3.13 Determine /g, . g, and ¥g ., assuming 8 = 50 for the cireuit shown in Figure
332 1AnRs. [y = LI6mA, 5 = 22.7uA. [ = L.14mA, Vie = 6.14V)

+ 0¥ 10V +1oV

Rp =8k
Vg
.Rc- = 4 iﬁ
-1y —10Y -1V
Figure 3.30 Figure for Flgure 3.21 Figure for Figure 3.32  Figure for
Exercise 311 Exercise 3.12 Exarcise 3.13

Design Example 3.8 Ovjective: Design a pop bipolar transistor cireut.
For the circuit shown in Figure 3.33(a), let Veglon) = 0.6V and g = 50. Design the
circuit such that Ve =23V,

Soluflon:
Q-Point Values:
Writing the Kirchhofi s voltage law equation around the E-C loop, we obtain

V' = IeRe + Ve
or
S=I 2+ 125
which vields Jr = 1.25mA. The collector current i3
Te = [BA(L + B = [(60)/61)(1.25) = 1.23 mA
The base current is
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LR
V=5V
= = 5-25
RE=2I::Q%1!E Re=2M02 ¢ =25
b =125 mA
+ +

Veg 06y |,

Rﬂ + RB= 190 k '_
. o gl -1V Vge =13V
Vaas -1V o—'qu——-l:tgc o—':*\_m—li &

Ip= =S pA
e 8 Jre- ()
& A =1l3mA

{a) ®)

Figure 3.33  Circuit for Example 3.8

Iy = Ig/(1 + B) = 1.25/61 = 0.0205 mA

Writing the Kirchhoff 's voltage law equation around the E-B loop. we find
V' = IgRp + Viglony+ IgRs + Vg

or
5={1.25)2) + 0.6 + (0.0205}R; + (-1}

which yields Ry = 190 k2.

Solution:
Load Line:
The load hne equation 15

I
Vec=V*—ighp = V¥ - fc(—;’-s)gf

or

FEC =5- {C(g—:})(l) =5- I.;-{203)

The load line and calculated @-point are shown in Figure 3.34.

!‘c {mA)

ic(max)= 2 = 246 mA

2.5

20

1.5

Iep=123mA-
(o

.fw =205 pA

0 1 z 3 4 5 vec (V)
VECQS 25

Figure 3.34 Load line for the circuit in Figwe 3.33

|
i
!
|
05 |
!
!
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Comment: Even though there 13 no collector resistor, there 1s still a collector current.
Also, the transistor is biased in the forward-active mode.

Computer Simulation; It is often desirable to verify a transister circiit design with a
computer simulation. This verification becomes more important as the complexity of the
circuit increases and as the complexity of the transistor model increases.

As an introduction 1o computer simulation, a PSpice analysis of the circuit design
shown in Figure 3.33(b} was performed. Figure 3.35 shows the PSpice circuil schematic.
A standard 2N3906 transistor from the circuit library was used. Shown below are the
schematic's netlist that was created; a partial listing of the transistor parameters, and the

resulting Q-point values.
28
Ry 251 0
AN
:L 190 k02 N6
1y = ¢
—:I: & 2 2102
=10 + I,I

SvT
=0

Figure .35 PSpice circuit schematic for Example 3.8

*Schematics Netlist*
Q0. Q1 O S$N_000! $N_0002 Q2N3206
V_V2 O SN_0003 O -2V
V_V1 SN_0004 § 5V
R_R3 SN_0003 SN_000L 190K
E_R1 $N_0004 3SN_0002 2K

O2N3I%06 #+#+% BTPOLAR JUNCTION TRANSISTORS
FNP

15 1.410000E-15

BF 180.7 NAME Q_01

NF 1 HODEL 02N3I006
VAF 18.7 IB -1.15E-05
IKF .08 IC -2.04E-03
ER  4.977 VBE -7.25E-01
NR 1 VBC 1.77E-01
RB 10 VCE ~9.01E~01
RBN 10 BETADC 1. 78E+02
RC 2.5

We see that the corrent gain B, of the 2N3906 is approximately |80 compared lo
the assumed value of 60 used in the design calculatiens. This myporiant difference
ptoduces an emitter—collector voltage of Ve =0.901V compared to the desired
value of 2.5V. Using the value of g; = 180, a new value of Ry would need to be
determined 10 produce the desired Vge value,

Discussion: This example illusirates one extremely important point. In order for the
compuier simulation 1o accurately predict the circuil response, the transistor parameters
must be known. In the above design, if the circuit is to actuzlly lunction properly with
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Br = 60, then the transistor in the PSpice analysis would need to be changed and a
different transistor with the proper paramsters would need (o be used. However, for a
given device model, PSpice can determing the value of fig depending on operating point
and temperature.

Example 3.9 Objective: Calculate the characteristics of an npn bipolar circuit
with a load resistance. The Ioad resistance can represent a second transistor stage con-
nected to the outpul of a transislor circuii. '

For the circuit shown in Figure 3.36(2), the transistor parameters are: Vpg{on) =
0.7V.and f= 104

Vr=+]2V

.,
Make Thevenin ~
equivalent circuil
[or Toad [ine

Ry = 10 kS

V o=-5V
(a
2V
K = 54k bt e
=163 mA
) I."O =319 Y
N 1
102 g l R, =5KQ ptz_fu?:o.?szma
= 0535 mA &
Rg=10kQ ¥
VC} =47V
— e

+
= =83SHA o,

11

. f£=l_] +ﬁ] fB
={.843 mA

RE=_=1kn

5V
{b) {c)
Figure3.36 Circuil for Example a9
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Solution:
O-Point Valoes:
Kirchhoff s voltupe law equation around the B-E loop yields

Fafp + Vgpe(lon) + R+ V7 =1
Again assuming fr = (1 4+ fifg, we find

VT + Vgelon)) _ —(~540.7)
TRy + 1+ AR 10+ (101(5)

- 835pA

The collector and emitier currents are

fo = By = (J00)B.35 pA) = (LE35mA
and

fo = (1 + By = (101 NB.35 pA) = 0.843 mA
At the collector node, we can wrile

r-¥Fe Vo
Re R,

lo=h—1 =
ar

0835 =

12—+, Fo
5 5

Solving lor Fa. we get Vo = 391V, The currents are then /| = 1.62mA and [; =
(L7822 mA_ Relerring to Figure 3.36{b). the collector-emitier voltage is

U= Fo— leRp —(=5)=391 = (03403 —(=5) = 4.70¥

Solution;

Load Line:

The load line equation for this cizcuit is not as straightforward as for previous circuifs.
The casicst approach to linding the load line is to make a “Thevenin equivalent circuit”
ol Ry. Re-. and 1, as indicated in Figure 3.36{a). (Thevenin equivalent circuts are also
covered later in this chapter, in Section 3.4.) The Thevenin equivalent resistance is

Ry =Rl R = 5[5 =25k

and the Thevenin equivalent voliage is

. By U i d
L A e T I =6V
b (R;_+R<-~) (5+5) e

The equivalent circuit is shown in Figure 3.36{(c}. The Kirchhoff voltage law equation
around the C-E lnop is

19!
Fop =06 =4=50) —fcRpy — IgRp = 11— 12.5) - IC(T'U) {5

or
Fep = 1= 1(1.55)
The load line and the calculated G-point values are shown in Figure 3.37,

Comment: Remember that the collector current, determined from fo = fil, is the
current into the collector tetminal of the transistor; it is not necessarily the current in
ihe collector resistor Re.
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i (A

[l q\

10 ol

fep= 0835 ma —

fgp = RIS pA
1.5

Vg AV

Vg =470V

Figure 3.37 Load line for the circuit in Figure 3.36(a)

Test Your Understanding

RD3.14 For the transistor shown in the arewit of Figure .38, the common-base
current gain is o = 09920, Determine R; such that the emitter current is limited 1o
fe = L.OmA. Also determing fy, /. and Fgoo (Ans. R = 33kQ [ = 0992mA,
fy=8.0pA, Fgo =401 V)

Ry Ko= Lk

Figure3.38 Figure for Exercise 3.14

3,185 For the circuit shown in Figure 3.39, determine fy, Ig, {eand Ve, if g = 75
(Ans. £y = 151 pA. [ = | 13mA. [; = LISmA. Ve = 6.03 V)

Re= | ks R,-=15ki

Vap=2V — = V=8V

+ &y = 10LQ -|- -

+

Figure3.39 Figure for Exercise 3.15

RD3.16 Let ¢ = 100 for the citcuit shown in Figure 340, Determine fp such that

3.17 For the circuit shown in Figure 3.4, assume g = 50 and delermine Vg such
that .Iff = 2.2mA. Then‘ find I(‘ and FE{'- (Am f'(_' = llémA‘. VQB =506 V,, VE(' =
28VY)
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N

Rp = I KSY

e Ry
Figure 3.40 Figure for Figure 3.41  Figure for
Exercise 3.16 Exercise 317
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3.3 BASICTRANSISTOR APPLICATIONS

Transistors can be used to: switch currents, voltages. and power; perform
digital logic functions; and amplify time-varying sigrals. In this section, we
consider the switching properties of the bipolar transistor, analyze a simple
transistor digital logic circuit, and then show how the bipolar transistor is used
to amplify tme-varying signals.

331 Switch

Figure 3.42 shows a bipolar cirenit called an inverter. in which the transistor in
the circuit 15 switched between cutoff and saturation. The load. for example.
could be a motor, a light-emitling diode isee Exercise 3.21). or some other
electrical device, 16 vy < Fgplon), then iz = i- = 0 and the tranststor is cut
off. Since i = 4, the vaollage drop across Re- is zero. so the output voltage 1s
v = oo Also, since the currents in the transistor are zero, the power dis-
sipation in the transistor is zero. If the load were a molor, the motor would be
off with zero currend. Likewise, if the load were a light-emitting diode. the hght
output would be zero with zero current.

.rl Load
—0 ¥
Ry +
] e L -
—
‘s Vag

Figure 3,42  An npn bipolar inverier circuil used as a switch

Il we ket v; = e and if the ratio of Rp to R, where Re s the effective
resistance of the load, is less than g, then the transistor 18 usually driven inlo
saturation, which means that
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3 E___.__v'f L VBE{E!E_)

Ia Rs (3.30}
’ Ve — Veplsnt
ic = I(sat) = JL-—R—(‘L-—) (3.31)
e
and

In this case, a collector current is induced that would turn on the motor or the
LED, depending on the type of load,

Equation (3,30} assumes that the B- E vollage can be approximated by the
turn-on voltage. This approximation will be medified slightly when we discuss
bipolar digital logic circuits.

Example 310 oObjective: Calculate the currends. outpul voltage, and power dis-
sipation in the transisior for the bipolar inverter shown in Figure 3.42.

Assure the circuit and transisior parametersare: Ry = 2408, Ve = 12V, Vagfon)
=07V, Veelsat)= 0.1V, and g=75. Assume the load is a moter with an effective
resistance ol R =52,

Solytion:  For v; = 0, the transistor is cut off, /g = i =L vy = Ve = 12V, and the
powert dissipated in the transistor is zero. For vy = 12V,

. oy =Fgdony 11-0.7

= = - 47 mA

L Ry 240
Assuming the teansisior is in saturation. we find that
Vee = Feglsat) 12 ~10.1

o= - = LRA

If we take the ratio of collector current 1o base currenl. we have
e 238
— o — 'r!_
i D047 Hibsx

Since i~/iy = p. the transistor is indeed in saturation. as we initially assumed. Alsc,
since the trapsistor s in saturation, the output voltage is

rg = Feetsan =001 ¥
The power dissipated in the transistor is

P =icver + igvge = (2.38)0.1) + (0.0471)(0.7)
or

P=0271W

Comment: With a collector current of 2.38 A, the transistor would have (o be a power
trapsistor. However, from the results we see that we can “switch™ a relatively larpe
collector current {ie = 2.38 A) using only a relatively small base current (ig = 47 mA.

Design Pointer: Motors lend o be inductive, so 1hat during stast-up and shutdown a
relatively large diydr voltage could be induced in the circuit. This voltage. especially
duting shutdown, could cause the transistor (o go into breakdown and be damaged.
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When a transistor 1s biased in saturation, the relationship between the
collector and base currents is no longer hinear. Conseguently, this mode of
operation cannot be used for linear amplifiers. On the other hand, switching
a transistor between cutoff and saturation produces the greatest change in
output voltage, which is especially useful in digital logic circuits, as we will
see in the nexl section.

3.3.2 Digital Logic

In the simple transistor inverter circuit shown in Figure 3.43(a), il the input is
approximasely zero volis, the transistor is in cutoff and the ourput is high and
equal 10 V. If, on the other hand, the inpus 18 high and equat to Ve, the
transistor is driven into saturation, and the output is low and egual to
Veglsat).

b Repmo
RC RC :;IFR
1
0y < F-D
! |4
RB RB 'J CE ' R.E £ i)
i O—W/V—‘I: g & ¥y Q2
B ) —
Ig g
{a) {b}

Figure3.43 A bipolar (a) inverter ciréuit and (b} NOR logic gate

Now consider the case when a second transistor is connected in parallel, as
shown in Figure 3.43(b). When the two inputs are zero, both transistors {0, and
O, arein cutoll, and Vy = 5V. When ¥, = 5V and F; =0, transistor {; can
be driven into saturation, and > remains in cutoff. With ¢, in saturation, the
outpul vollage is Vy = Feglsaty = 0.2V, If we reverse the input voltages so
that I, = 0 and V5 = 5V, then @, is in cutoff, (J; can be driven into satura-
tion. and Vp = Veu(sat) = 0.2V, If both inputs are high, meaning ¥; =
V, =3V, then both transistors can be driven into saturation, and Yy
= Fo{saty = 0.2V,

Table 3.2 shows these various conditions for the circuit in Figure 3.43(b).
In a positive logic system, meaning that the larger voltage is a logic 1 and the
lower voltage is a logic 0, this circuit performs the NOR logic function. The
areuit of Figure 3.43(b) is then a two-input bipolar NOR logic circuit.
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Table3.2 The bipolar NOR
legic circuit response

vy By Fe V)
0 0 5

3 0 02

0 5 02

3 5 02

Example 3.11 Obieciive: Determine the curreats and voltages in the circuit
shown in Figure 3.43({b).

Assume the transistor parameters are: § =50, Vaelon) = 0.7V, and Feelsat) =
02V, Let Re = 1 k€ and Ry = 20k$. Determine the curtents and output voltage for
various input conditions.
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Solution: The following table indicates the cquations and resulls for this example.

Condition V;; ‘l Q| Q:
Ky =10, 5V 1] fgg =0 = { fp =1lpa= i}
Fa=10

o= A 2 5--0.2 -7 s
:.' iV, N2V 302 L igma 19.::5—_-?-=n.3|3mﬁ. hp=i=0

2= )] | 0

; III::"R = 48 mA

Iy =10, 02y 43 mA fgp =g =1l fp = 0.215mA
V= 5V foa=d = 480mA
Fo=5V., 02V 38 ma fay == 215 mA fe =215 mA
B I

Fy=3¥ fey = E = 24mA By f{‘ = 24mA

Commaent: In this example. we see that whenever a transistor is conducting, the ratio
of eollector current Lo base current is always less than 8. This shows thas the trunsistor is
in saturation, which cccuss when either Fpoor Fas 5V,

This example and the accompanying discussion illustrate that bipolar tran-
sistor circuits can be configured to perform loge functions. In Chapter 17, we
will see that this cir¢uit can experience loading ckfects when load circuits or
other digital logic circuits are connected to the cutpul. Therefore, logic circuits
must be designed to minimize or eliminate such loading effects.

3.33  Amplifier

The bipolar inverter circuit shown in Figure 3.43(a) can also be used as an
amplifier. We will initially develop the voltage transfer characteristics of a
specific inverter ¢circuit and then superimpose « tme-varying signal on a dc
input voltage.

Example 3.12 oObjective; Determne the de voltage transfer charactenstics and
then the amplification factor of the circuil shewn in Figure 3.44(4).

Assume the transistor parameters are Sp = 100, F =00, Fyton} =07V, and
Veplsat)y = 0.2V.
DC Solution: Fory <07V. Qiscutoffand v, = 5V, For vy > 07V, Q turrs on and
is biased in the aclive region, so that

— L B ‘.’BE[O_B_) _ L5 iy 0.7

BETTR, T T m0ke
The output vollage is

vo= V" =icR =17 - BrigRe
of
|"j ard ﬂ?

Ve = 5- “(m}[m

]m kQy = T8 - 4y,

This equation is valid for vy = 0.7V and vy = ¥glsat) = (.2 V. The input voltage for
vo = 0.2V is found 10 be v; = 1.9YV. Now, for v; > 1.9V, the transistor is biased in
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v vy | Cuteft
E

Forward-active
muode

G2p by
0 01 19 5 vV}
k)

Flgure 3.44 (a) A bipolar inverter used as an amplifier; {b) the Inverder voltage fransier
characteristics

saturatien and the output vollage is constanl at 0.2V, The vollage wransfer character-
istics ure shawn i Figure 3.44(b).

AC Sclution:  Now hias the transistor in the center of the active region with an input
voltage of 4y = Fyy = L3 V. Also include a second input voltage source, denoted as Ay
in Figure 3454} The de oviput voltage i 2.6V, which is the Q-point ot the transistor.

Ver —=
SR

{t)

) Time

Figure 3.45 {a) The inverter circuit with both a dc and an ac input signal; (b} the de voltage
transfer charactenstics, Q-point, and sinusoidst input and output signats; (c) the fransfer
characterstics showing improper de biasing

13%
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From Figure 3.45(a), we see that the base current is

" Vig+ &v - Vggion) (1.3 -0.7) =+ Ay
4 Ry - 100k

where the B-E voltage is assumed to be constant at 0.7 V. The output voltage is
¥ = V+ - I-C'R(- e V+ —ﬁFJ-BRC
which can be written as

0.6+ Ary

](4;:9) = 2.6 —4Av)

The changein the output voltage due to the change in the input voltage can be written as
&Pﬂ = —4(&1'[}
The change in output voltage per change in input voltage is the amplification. or

Avy

L &l']—

Comment: As the input vollage changes, we move along the voltage transfer charac-
teristics as shown in Figure 3.35(b). The negative sign occurs because of the inverting
properiy of the circuit.

Discussion: In this example, we have biased the (ransistor in the center of the active
region. If the input signal Av is a sinusoidal function as shown in Figure 3.45(b). then
the output signal Ay, is also a sinusoidal signal, which is the desired response for an
analog circuit. (This assumes the magnitude of the sinusoidal input signal is pot teo
large.) If the Q-point, or dc biasing, of the transistor wereat vy = L9V and vp = 0.2V,
as in Figure 3.45(c). the output response changes. Shown in the figure is a symmetrical
sinusoidal input signal. When the input sinusoidal signal is on its positive cycle, the
transistor remnains biased in saturation and the output voltage does not change. During

* the negative half of 1he inpua signal, the transistor becomes biased in the active region.

s0 a half sinuscidal outpu! response is produced. The output signal is obviously not a
replication of the input signal,

This discussion emphasizes the importance of properly biasing the transistor for
analog or amplifier applications. The primary objective of this chapier, as stated pre-
viously, is 1o help readers become familiar with transistor circuits, but it is also to enable
them to design the dc biasing of transistor circuits that are 10 be used in analog
applications.

Test Your Understanding

[Note: In the following exercises, assume the B-E cut-in voltage is 0.7 ¥ for both the npn
and pnp transistors. Also assume the C-E saturation voltage is 0.2V for both types of
transislor.}

*3.18 Consider the circuit in Figure 3.46. Determine {y, Ir, Ig, and Vg for = 30,
{Ans. J; =0402mA, I = 0880mA, Tp = 1.28mA, Fee =0.2V)

3.19 For the circuit in Figure 347, assume §=50 and delermine ¥y such
that {o/f5= 2. Determine the values of [y, Ic, and Vge (Ans. Vg =02V, ic =
0.48mA, Iy = 024 mA, ¥ = -55V)
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Y
5%
Re=4kg
Rp =10k Re= 1H kO
Vop = 46V
sa =t Ra= 20k
v?
Re=1kit
Figure 3.4T  Figure for Figure 3.48 Figure for
Figure 3.46 Figure for Exercise 3,48 Exercise 3.19 Exercise 2.20

*8.20 For the circuit in Figure 1.48, let 8 = 75, and determine 7-, /g, and ¥ for:
() V= =45V ib) Vi==35V,and (&) V; =435V, (Ans. () Ig=l={p =0,
Ve = 1OV, () fy=255pA, I-=0.191mA, [, =0.194mA, V=884V,
Cpdy = 0L12mA, f- = 1.56mA, [; = L6TmA, Frp = 0.2V)

D3.21 The transistor in the ciceult in Figure 3.49 is used to turn the LED on and off.
Assume Hp = 50 for the ransistor and V', = 1.5V for the LED. Determine the value of
R 1o i the diode current 0 13mA when the transistor is driven into saturation.

Determine Ry such that fy-/{p = 20 when the (ransistor is driven into saturation for
1{ = S\‘I.

Figure 3.49 Figure for Exercise 3.21

3,22 The (ransistor parameters in the circuit in Figure 3.43(b) are: f =40,
Vylon) =907V, and Feglsat) = 0.2V, Let R =600 and Rp = 950£2. Determine
the currenls and output voltage for: (a) ¥y =¥, =0; (B) ¥, =58V, F.=0; and
(e} Vy=V:=5V, (Ans. (a) The currents are zero, Vo =5V (b) im=1~=0,
Iy = 453mA, ey =iz =8mA, V=02V, (¢l fg) = Ipn =453mA, I =In=
dmA = g2 by = 0.2V)

03.23 Consider the inverier amplifier shown in Figure 3.45(a). Redesign the circuit
such that the vollage amplification is Avg/Av; = —5. Determine the Q-point values so
that the transistor is biased in the center of the active region,
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3.4 BIPOLAR TRANSISTOR BIASING

As mentioned in the previous section, in order to create 4 linear amplifier, we
must keep the wransistor in the forward-active mode, establish a Q-point near
the center of the load line, and couple the time-varying input signal io the base.
The circuit in Figure 3.45(a) is impractical for iwo reasons: (1) the signal source
is not connecled (o ground, and (2) the de base current flows through the signal
source. In this section, we will examine several alternative biasing schemes.
These basic biasing circuits itlustrate some desirable and some undesirable
biasing characteristics. More sophisticated biasing circuits that use additional
transistors and that are used in integrated circuits are discussed in Chapter .

341 Single Base Resistor Biasing

The circuit shown in Figure 3.50(a) is one of the simplest transistor gircuits.
There is a single dc power supply, and the quiescent base current is established
through the resistor Rz, The coupling capacitor O acts as an open circuit to de.
isolating the signal source [rom the dc base current. If the frequency of the
inpul signal is large enough and C, is targe enough. the signal can be coupled
through Cr to the base with little atteauation. Figure 3.50(b) is the dc equiva-
lent circuit; the (-point values are indicaled by the additional subscript Q.

Vi
V(-(- it

Figure 3.50 (3) Common-emitter circuit with a single bias resistor in the base ard (b) dc
equivalent circuit

Design Example 3.13 Otjective: Design the circuit shown in Figure 3.50(h) 10
yield a given Iop and Veyy.

Assume that ¥« = 12V, = 100, and Fgglon} = 0.7V The Q-point values are 1o
be J(Q = 1mA and I’Q'_A_‘Q =6V,

Solution: The collector resistance can be Tound rom

Feo — Veep _1-¢

=6kQ
fep 1

R(_' -

The base current must then be

I(Q lmA
= = — OpA
Ipo ] 100"4'] K



Chapicr 3 The Bipolar Junction Transistor

and the base resistance is determined 1o be

P = Paelon) 1207

A e = = L13M@
. Lo 10pA

Comment: Although a value of L13M lor Ry will establish the required base cur-
renl, this resistance is 100 farge te be used in an integrated cirpuit.

Figure 3.51(a) shows the transisior characteristics and load line for the
circuit in Example 3.13. Although we assumed a current gain of g = 100, a
given (ransistor type may exhibit a range of values for 8 as a result of slight
varfations in the fabrication process. For example, @ second circuit with the
same configuration as Figure 3.50(a) could be fubricated using u transistor with

- tmAy i tmA)

e 5 0 2

Crpainl (= 100
rad

|| v e o oo 2

!

fBL, =1} [iLY

e

Qepuint F = M)

e e 5

Ipg= 10 A

2 e 1V i ]

{a) (b}

Figure 3.61 Transistor characteristics and load ling for the circuit in Exermple 3.13 when
{a} # = 100 and (b) f =50

a current gain of § = 50. Using the R~ and Ry values previously determined,
we would find new quiescent values. as follows:

Ve — Vaglon)

fop = —R_B_-_ = 10 pA (unchanged) (3.3
and
VE'J'.’Q - V{‘(‘ - ]r(_‘Q R(_‘ = I:’. — (05}(6} — 9\; {3.35]‘

Figure 3.51¢h} shows the new transistor characteristics, load line, and Q-point.
We can sce that the Q-point has shifted substantially. In this circuit, then, the
Q-point is not stabilized against variations in B as B changes, the Q-point
varies sipnilicantly,. We noted in Example 312 that the position of the -
point Is sigrificant in a cireuit design,

The -point is also influenced by varations in resistance values.
Tolerances in discrete resistance and integrated circuil resistance values result
from process variations and material property variations. For example. if a

12 v
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discrete resistor has a £5 percent tolerance. a 6 kQ resistor may actually have a
value between 5.7 and 6.3 k2; similarly, a 1.13 M£2 resistor may actually be
between 1.07 and |.19MQ.

Assuming A = 100, as i the last exampie, a £5 percent variation in Rp
means that the base current may be in the range of 9.5 10 10.6 pA. The collector
current would then be in the range of 0.95 to 1.06 mA. The variation in col-
lector current, in conjunction with a 5 percent tolerance in R, means that the
C-E voltage may range from 5,32 to 6.39 V. Qur design, then, may specify a
value of Veg = 6V, but the actual value of Fop may vary considerably.

+5V

K= 2 kS

Figure 3.52 Figure for
Exercises 3.24 and 3.25

Test Your Understanding

[Note: In the following exercises, assume the B-E ¢ut-in voltage is 0.7V for both the npn
and pnp transistors. Also assume the C-E saturation voliage is 0.2V for both types of
Lransisior.|

3.24 Consider the circuit shown in Figure 3.52. (a) If 8 = 100, determine Ry such
that ¥Fege = 2.5V (b) Determine the minimum #nd maxinumm allowed values of g 1f
the quiescent collector—emitter voltage is 1o be in the range t < Vegp <4V, (Ans.
{a) Ry =344k (b) 40 < § = 160)

*‘D3.28 For the circuit shown in Figure 3.52, let 8; =800 k. If the range of g is
between 15 and §50. determine a new value of R¢ such that the @-paint will always be in
the range | < Vegp <4V, What will be the actual range of Vg for the new valuz of
R (Ans. For Vegg = 23V, Re = 414Kk (0) 1.66 < Frgg < 3.33V)

3.4.2 Vollage Divider Biasing and Bias Stability

The circuit in Figure 3.53(a) is a classic example of discrete transistor biasing.
The single bias resistor Ry in the previous circuit is replaced by a pair of

Voo

{a) {b)

Figurs 353 (3) A common-emitier citcuil with an emitter res:stor and voltage divider bias
circuit in the base; (b) the dc dircuit with a Thevenin aquivalent base circuit
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resistors R, and R,, and an emitter sesistor Rz is added. The ac signal is still
coupled 1o the base of the transistor through the coupling capacitor Ce.

The circuit is most easily analyzed by forming a Thevenin equivalent circuit
for the base circuit. The coupling capacitor acts as an open circuit to dc. The
equivalent Thevenin voltage is

Ve = [Rof(R) = RV
and the equivalent Thevenin resistance is
Ry = R [IR>

where the symbot || indicates the parallel combination of resistors. Figure
3.53(b) shows the equivalent dc circuit. As we can see, this circuit is similar
to those we have previously considered.

Applying Kirchhoff's law around the B-E loop. we obtain

Vg = lggRyy + Vpplon) + {go Ry {3.30)
Il the transistor is bjased in the forward-active mode, then

Tep = (1 + BM g
and the base current, {Tom Equation {3.36), is

g~ Vg tom)

I i3.37
T Ry + 1+ BIR,
The collector current is then
(Vry — Vgelon)
Iop = Plgy = ki BE {3.38)

Rey+(14 BRy

141

Example 3.14 Objective: Analyze a circuit using a voltage divider bias arcunt.
and determine the change in the Q-point with a variation in g when the circuit contains
an cmitter resisier.

For the circuit given in Figurz 3.53{a) let &) = 56k K = 12.2kQ. By = 2k
R = (04kQ. ¥y = L0V, ¥peton) =07V, and 8 = [0D.
Solutlon: Using the Thevenin equivalent circuit in Figure 3.33(b), we hgvc

and

e (R ):-’ off S )nen—nw
= \gar) Yoo = (i)™ ="

Writing the Kirchhoff valtage law equation around the B-E loop. we abtain

Fry — Vgglon) 17907

= = 21.6 uA
g Ry + 1 + BIR, 1%+{I0'l)l0.4)::' =

The cotloetor current is
fop = Blgp = (10021 6pA) = 216mA
and the emilter current is
feg = 1 + Mgy = (10IH21.6pA) = 2.18mA
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The quiescznt C-E voltage is then
V(-EQ =Fee — f(-@R{- - fﬁ_-(,- Ry = 10— (2.16)(2) = (2.1804) = 481V

These results show that the transistor is biased in the active region,
Il the current gain of the transistor were to decrease 10 S = 53¢ or increase to
B = 130, we obtuin the following resules:

& T5p(pA) TrglmA)  FpoimA) FepplY)
S0 359 1 .50 | 83 567

14} 214 216 28 .81

150 15.5 22 23 4.0

Fora 3: 1 ratio in Ar. the collector current and collector-emmitler voltage change by only
& 1.29 : | ratio.

Comment: The voliage divider circuit of B, and &; ¢an bias the transistor in its active
region using resistor values in the Jow kilohm range. In contrast, single resistor biasing
requires a resistor in the megehm range. In addition, the change In £y and Fego with a
change in B; has been substanuadly reduced compared to the change shewn i Figure
3.51. Including an emitter cesislor R has lended to stabilize the 9-point. This means
that including the emitter resistor helps 1o stabilize the Q-poimt with respect (¢ vana-
tions in .

The design requirement for bias stabihty 18 Ry « (14 BIR;. Con-
sequently, the collector current. from Equation (3.38). becomes approximately

BV g~ Vigglon)) 3
o 1319
fee = (T ik, =

Normally, g 1; therefore, /11 + )= 1, and

(Y — Vgelonh
Iep = R (3.40)

Now the quiescent collector curreat is essentially a function of ouly the dc
vollages and the emitter resistance. and the @-point is stabilized against g
variations. However, if Ry is too small. then R, and Ry are small, and excess-
ive power is dissipated in thes¢ resistors, The general rule is that a circuit is
considered bias stable when

Rryp = 0.H1 + AR (3.41)

Design Example 3.15 Objeciive:  Design a hias-stable circuit.

Consider the cucui shown in Figure 3.53(a). Let Fye =35V, Re = LKL,
Vaglon) =07 V. and 8= 120, Choase Ry and determine R, and R, such that the
circwit is bias stable and that Fego =3 V.

Design Pointer: Typicatly. the voltage across Ry should be on the same order of
magnitude as Fgglon). Larger voltage drops may mean the supply voltage Ve has
¢ be increased in order to get the tequired voltuge across the collector-emilier and
across Ry,



Chapier 3 The Bipolar Junction Transistor 143

Solution: With 8 = 120, /iy = Ig;. Then, choosing a standard value of 0.51 k2 for
Ry, we find

Fee = Vogg _ 53

it = = =13 L

S i, T aaT

The voltage drop across Ry 15 now (E3I2ZH0.51) = 0673V, which is approxinately the
desired value, The base current is found to be

g = ’—}’Iﬁ =-'|‘2‘,i5 = |1.OpA
Using the Thevenin eguivalent circuil in Figure 3.53(b), we find
et U ai (0N,
Ry +{1+B)Rg
For a hias-stable circuit, Ry = 001+ A)R,. or
Ry = (G DN12ZDH10.51) = 6.1 Tk

Then.

Vo =0

=110pA e
foe = 1L0HA = o o5

which yickds
Vo = 0747 +0.70 = 145V
Now
R- R
oy = —— 1), = - = |.45¥
fil (R; + Rz) = (Ri + 33)5 43
or

R + R,
Also
Ry = E?% =06.05k2 =R, (leﬁ) = R(0-238)
which yields
R =21kQ
and
Ry = K35k

From Appendix [, we can choose standard resistor valwes of R, = 20k&Q and
R, =82k

Comment: Thc Q-point in this example is now considered stabilized aguinsi variations
in A and the voltage divider resistors R, and R have reasonable values in the kilohm
range.

Computer Simulation:  Figure 3.54 shows the PSpice circuit schematic with the stn-
dard resistor vilues and with a standard 2N2222 iransistor from the PSpice library lfor
the circuit designed in this example. A dc analysis was performed and the resulting
transisier Q-point values are shown, The collector-emitter voltage is Vg = 2.50,
which is close 1o the design value of 3V. One reason for the difference is that the
standard-valued resistors are not exactly equal to the design values. Ancther reason
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=1

Figure 3.54 PSpice circuit schamalic for Example 3,15

for the slight difference is that the effective gy of the 2N2222 i3 |57 compared 10 the
assumed value of 120,

¥xk*x BIPOLAR JUNCTION TEANSISTORS

NAME Q_01
MODEL Q2ZN2222
IB 8 .25E-06
IC 1.45E=03
VBE 6.55E~01
VBC -2, 15E+00
VCE 2.80E+00
BETADC 1.578402

Another advantage of including an emitter resistor is that it stabilizes the
Q-point with respect to temperature. To explain, we noted in Figure 1.18 that
the current in a pn junction increases with increasing temperature, for a con-
stant junction voltage, We then expect the transistor current to increase s the
temperature increases. I the current in a junction increases, the junctien lem-
perature increases (because of FRrR heating), which in turn causes the current to
increase, thereby further increasing the junction temperature. This phenom-
enon can lead io thermal runaway and 10 device destruction. However, from
Figure 3.53(b), we see that as the current increases, the vollage drop across Ry
increases. The Thevenin equivalent voltage and resistance are assumed to be
essentially independent of temperature, and the temperature-induced change in
the voltage drop across Ry will be small. The net result i5 that the increased
voltage drop across Ry reduces the B-E junction vollage, which then tends to
stabilize the transistor current against increases in temperature.

Test Your Understanding

3.26 For the circuit shawn in Figure 3.5)a), let Voo =35, Ry = 9k, Ry = 2.25482,
R_E = 2009, R( =1 kﬂ, and ﬁ: | 54). (a) Determine RTH and VTH' (b_] Find fﬂ@. ff'o.
and Fcgp. (c) Repeat part (b) if § changes to B=75. (Ans. (a) Ryy = .8k,
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Vig = L0V (b) Tap = 938A, foo = LAIMA, Viegg = 331V; (o) lgp = 17.6pA_
Icp = L32mA. Vegy = 341 V)

*3.27 [nthe circuit shown in Figure 3.53(a), let Ve =35V, Rp = 02kQ, R = 1k,
and 8 = 150 If Ry + Ry = 11.25k$2, determine R, and R> such that the -pointis in the
center of the load line. (Ans. B = 8.67kSY, £y = 258k

D3.28 Consider the circuit shown in Figure 3.35. Let f =150, Ry =02k, and
R = | k82. Design a de bias-stable circuit such that the quicscent output voltage is zero.
(Ans. R, =167k, R, = 1.68k02)

D3.29 In the circuit shown in Figure 3.55, assume f= 120, R, = .2k$2, and

fp =0.3kQ. Design a bias-stable circuit such that Vegp = 5V. (Ans, R, = 20.1 kL,
Ry = 4.44Kk2)

V=45V

V-=-5V

Figure 3.55 Figure for Exercises 3.28 and 3,29
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34.3 Integrated Circuit Blasing

The resistor biasing of transistor circuits considered up to this point is primar-
ily applied o discrete circuits. For integrated circuits, we would like to elim-
inate as many tesistors as possible since. in general, they require a larger
surface irca than {ransistors.

A bipolar transistor can be biased by using a constant-current source Jp, as
shown in Figure 3.56. The advantages of this circuit are that the emmitter current
is independent of g and R, and the collector current and C-E voltage are
essentially independent of transistor current gain, for reasonable values of 8.
The value of Ry can be increased. thus increasing the input resistance at the
base, without jeopardizing the bias stability.

The constant-current source can be implemented by using transistors, as
shown in Figure 3.57. Transistors ¢, and @ and resistor R, form the constant-
current source. Even though transistor Q) is connected as a diode, it operales
as a transistor in the active region.

Current [, is called the reference curremt and is found by writing
Kirchholf s voltage law equation around the R,—Q, loap, as follows:

0=HR + Vgelon}+ V™~ (3.42(2))

Ve

Rp

Figure 3.586 Bipolar
fransislor biasod with a
constant-current source
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Vro 4l Yy
Re
L)
hl Ry Ry
= lch"o
fﬂl
o — &
I5) 15z
Vo=-5V

Figure 3,57 Constant-current souce biasing

which vields

_ =¥+ Vyglon)}
R

fi (3.42(b))

Summing the currents at the collector of @, gives
h=log+in+in (343)

Since the B—E voltages of 0, and @, are equal, if @, and O, are identical
transistors and are held at the same temperawure, then fg, = fg>and - = f.
Equation (3.43) can then be written as

2f 2 :
I =1 +2f32=;C2+TC2=IC'2(I+E) (344}
Solving for I, we find

/)

I =ilgsr—0as
1+3)
(1+3

This current biases the transistor Oy, in the active region.

(3.45)

Example 3.16 Objective: Determine the currenis in a (wo-transister current
SOUTCE,

For the circuit in Figure 3.57. the circuit and transistor parameters are: R, = 10k%,
B = 50, and Vygion) = 0.7V.

Salution: The reference curtent is

- —(F" 4 Vagelon)) _ —({(—5)+0.T)

4 R 10

=043ImA
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From Equation (3.45), the bias current 1 is

H 0.43
Iy =lp= - = ———=7 = 0413mA
1+ =
( +ﬁ) (' * so)
The hase carrems are then
feo 0413
ey ]' y I ee—— .2 A
Im ® =g LS = 8.26p

Comment; For relatively large values of current gain . the bias current fp is essen:
tially the same as the relerence currenl fy.

147

As mentioned. constant-current biasing is wsed almost exclusively m inte-
grated circuits. As we will see in Part L1 of the text, circuits in integrated circuits
use & mindmum number of resistors, and transistors are often used to replace
these resistors. Transistors take up much less area than resistors on an 1C chip.
50 it's advantageous to minimize the number of resistors.

Test Your Understanding

*3.30 () l'or the circuit in Figure 3.56, the parameters are! Jp = LmA, F7 = [0V,
' = 10V, Ry = S0Kk§% and R, =5kQ For the wransistor, f= 100, and 1y =
1% 16 M A, Dotermine the de voltage at the base and Vg, (h) Repeat part (a) il
£ =50, (Ans. () g = <0495V, Ve = 0.18V. (B) by = 03BN Vegp = 671 V)
3.31  The circuit shown in Figure 3.58 is biased with a constant-curtent source fo.
For the transistor, 8 = 120, and the E-B turn-on voltage is Fgglon) = 0.7V Determine
£y such hat Fyep = IV (Ans. Jp =0.710mA)

Ry= 2045

Vo=-5¥

Figure 3.58 Figure for
Exercise 3.31

3.5 MULTISTAGE CIRCUITS

Mosl Lransislor circuits contain more than one transistor. We can analyze and
design these multistage circuits in much the same way as we studied sigle-
Lransistor circuits, As an example, Figure 3.59 shows an npn transistor, {. and
a pnp bipolar transistor, @5, in the same ¢ircuit.
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Rea=15kR

-3V

Figure3.59 A multistage transistor Gircuit

Example 3.17 oObjective: Calculate the de voltages at cach node and the de cur-
rents through the elements in a muliistage ¢ircuit.

For the circuit in Figure 3.59, assume the B-E turn-on veltage is 0.7 Vand 8 = 100
for each transistor.

Solution: The Thevenin equivaient circuit of the base circuit of Q) 1s shown 10 Figure
3.60. The various currents and nodal voltages are defined as shown. The Thevenin
resistance and voltage are

Rrg = RiiiRy = 10050 = 35.3kD

and

'4 s Rz 5 - ﬂ —
Vg = (',€1 ! Rl){l()}— 5= (m){[o)— 5= —i67V

Kirchhoff 's voltage law equation around the B-E loop of @, is
Vew = I Ryy + Vaeton) + 1 Rgy - ©

Figure 3.60 Multisiage transistor cirouit with a Thevenin equivalent circuit in the base of G,
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Noting that iz, = (1 + f)f5, we have
167 +5-07

{gy =m=> 11.2pA
Therefore,
loy = 1.12mA
and
Iey = L13mA
Summing Lhe currents at the collector of {7,, we obtain
T+ = 1
which can be written as
d ;:“’ g =l (3.45)

Then. the base current fp; can be wntten in terms of the emitter current fp, as
follows:

Iy 5V  5—(Vaq+07)

148" (L+BRp~ (L +PRe
Substituting Equation (3.47) into (3.46), we obtain

§=Va 5-(Fa+07
Ry (1 + BRe ¢ i

which can be solved for oy lo yield
".(‘| = —0432 V
Then,

(3.47)

Iy =

f,”=5_15~%w=|.mma

To find Fgz, we have
Fgr = Vg + Veglon) = ~0.482 +0.7=0.218V

The emittez currend fgq 15
_5=0218

Then
8 100
L — — | T/ F, = & ?mA
iy (1 +ﬁ)1u (wi)(z 9) =23
and
e = 24 = 23.7 A

=T o1
The remaining nodal veltages are

Ve =g R =5=(11)Q2Q) -5 = Vg = -2 HV
and

Ver = fRen = 5 =Q23T(.5) =5 = Vep = =145V
We then find that

Veg) = 0482 — (=174} = 2.26 V

149
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and that

Ve = 0218 —(—1.45) = 1.67V

Comment: These results show thal both & and (- are biased in the forwand-active
mode, as onginally assumed. However, when we consider the a¢ operation of this circuit
as an amplifier in the next chapter. we will see that a better design would increuse \he
vaive of Fgey.

Test Your Understanding

[Note: In the following exercises. assume the B-E cut-in voliage 18 0.7V and that g =
100 for both the npo and pnp transistors,)

*AD3.32 In the circvit shown in Figure .59, determine new values of R, | and R,
sueh that Fegay = 325V and Veegy = L5V (Ans. Ry = 408kQ, Ry = 197k
*3.33 For the vircuit shown in Figure 1.59, change the +5V bias to +12V and the
—5V bias to ground potential. Determine all new currents and node voltages. (Ans.
T = HA0pA, foy = L dDmA Jy = 1 42mA, Vg = 353V, Ve = 283V, Vi = Vs
=505V, Fer =585V fi = J8mA, £- =304 mA, {5 = 0dpA, Vo =450V)

3.6 SUMMARY

# In this chapter. we considered the basic characienstics und properties of (he bipolar
transistor, which is a three-terminal device that has three separately doped semicon-
ductor regions and two pn junctions. The three termindls are culled the base (B).
grnitter (E). and collector (C). Both npn and pnp complementary bipolar transistors
can be formed. The defining transistor actien is that the voltage across iweo terminals ¢
(base and emitter} contreds the current in the third terminat (collector),

® The modes of operation of 4 bipolar transistor are determinzd by the biases applied
the two junctions. The four modes are: forward active, eutoff, saturaton, and inverse
active, In the lforward-active mode, the B-F junciion is forward biased angd the B ('
Jjunction 1s reverse biased. and the collector and base currents are rclated by the
common-ermitter current gain g, The relatienship is the same for both npr and pnp
transistors, as long as the conventional current direclions are maimtzined. When a
teansistor is cut off, 21l currents are zero. In the saturatzon mode, the collecior current
is 1o longer & function of base cugrent.

# The dc analysis and the design of dc biasing of bipolar transistor circuils were
emphasized in this chapler., We continued (o use the piecewise linear model of 1the
pn junction in these analyses and desigas. Techniques to design a transisior circuit
with a stable Q-point were developed.

# Basic applications of the transistor were discussed. These include swilchamg currents
and voltages, performing digital logic functions. and amplifying time-varying signals,
The amplifying characteristics witl be considered in detail in the next chapter.
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CHECKPOINT

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

& Understand and describe the general current—voltage characteristics for both the npn
and pop bipolar transistors. (Section 3.1)

¢ Define the four modes of operation of a bipolar transistor. (Section 1.1}

v Apply the piecewise linsar model to the dc analysis and design of various bipolar
transistor circuits, including the understanding of the load line. (Section 3.2)

+ Qualitatively understand how a transistor circuit can be used to switch currents and
voltages, to perform digital logic functions. and 1o amplify time-varying signals.
(Section 3.3)

¥ Design the dc biasing of a transistor circuit to achieve specified dc currents and
voltages, and to stabilize the {-point against transistor parameter variations.
(Seclion 1.4)

¢ Apply the dc analysis and design techniques to multistage transistor circuits. {Section
3.5)

REVIEW QUESTIONS

1. What are the bias voltages that need to be upplied to an npn bipelar (ransistor
such that the transistor is biased in the forward-active mode?

2. Define the conditions for cutofl, forward-active mode, and saturatien mode for a
pnp hipolar transistor.
3. Define common-base current gain and commen-emitter current gain.

Describe the current components that contribute to the collector current and to the
base curreni.

Define Early voltage and collector output resistance.
Describe a simple common-emitter circwit with an npn bipolar transistor and
discuss the relation between collector—emitter voltage and input base current.
7. Define Q-point.
8 Describe the parameters Lhat define a load line.
9. What are the sieps used to analyze the dc response of a bipolar iransistor circual?
0. Describe how an npn transistor can be used to switch an LED diode on and off.
t1. Describe a bipolar transistor NOR logic circuit.
{2, Describe how a transistor can be used to amplify a time-varying voltage.
13, Discuss the advantages of using resistor voltage divider biasing compared to a
single base resistor,
14, How can the Q-point be stabilized against variations in transistor parameters?
5. What is the pnincipal difference between biasing techniques used in discrete tran-
sistor circuits and integrated circutts?

PROBLEMS

[Note: In the following problems, ket ¥ze(on) = 0.7V and Veg(sat) = 0.2V for npn
transistors, and let ¥gglon) = 0.7 V-and ¥o(sat) = 0.2V for pap transistors.]

151
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Section3.1  Basic Bipolar Junction Transistor

3.1 (a)In abipolar transistor biased in the forward-active mode, the base curtent is iy =
6.0pA and the collector currentis i = 310 pA. Determine g, ur, and ig. (b) Repeat part
(a)if ig = S0pA and 1 = 265 mA. ;

3.2 (a) The range of 8 for a particular type of transistor is 110 = # < 180. Determine
the corresponding range of &r. (b) If the base current is 50pA, determing the range of
collector current.

3.3 An npn transistor with @ = 0,982 is connected in a common-base configuration,
The collector is connected to ground through a 5V source and a 2k resistor. The
emitter is driven with a constant-current source. Determine the matimuim emitier cur-
rent such that Vg = 1.0V,

3.4 An npr bipolar transistos with S = 120 is connected in the same circuit config:
uration described in Problem 3.3, The coliector-emitter voltage 15 vor = 2 V. Determine
EC‘: J"g, and jf.

3.5 A pop transistor with B = 60 is connected in a common-base configuration and is
biased in the forward-active mode. The collector current is /- = 0.85 mA. Determine o
fE, and ‘rﬂ'

3.6 An npn transistor has a reverse-saturation cusrent of fg = 1077 A and a current
gain of Sc = 90. The transistor is biased at vge = 0.683 V. Determine /. -, and 1.

3.7 Two pnp transistors, fabricated with the same technology, have different junction
areas. Both transistors are biased with an emitier-base voltage of vg; = 6650V and
have emitter currents of (.50 and 12.2mA. Find /5 for each device, What are the relative
junction areas?

38 A BJT has an Early voltage of 250V. What is the output resistance for
{a) fo = lmA and {bj J- =0.10mA.
3.9 The open-emitter breakdown voltage of a B-C junction is BVrge =80V. [f B =

L0} and the empirical constant is # = 3, determine the C-E breakdown voltage in the
open-base configuration. .

3.10 Ina particular circuit application, the minimum required breakdown voltages are
BV cpp =220V and BV cpp = 30V, [En = 3, determine the maximwm allowed value of 8.

3.11 A particular transistor circuit design requires 4 minimum open-base breakdown
voliage of BVepo =50V, Il B= 50 and n = 3, determine the minimurm required value
of BVCBO

Section3.2  DC Analysis of Transistor Circuits

3.12 For all the transistors in Figure P12, 8 = 75. The results of some measurements
are indicated on the figures. Find the values of the other labeled currents and voltages.

3,13 The collector resistor values in the circuits shewa i Figures P3.12(c) and (d) may
vary by £5 percent from the given value. Determine the range of calculuted parameters.

RD3.14 For the circuit shown in Figure 3.20(a), Vsp = 2.5V, ¥ = 5V, and 8 = 70
Redesign the circuit such that Jpp = 15pA and Veep = 2.5V,
3.95 In the circuits shown in Figure P3.15, the values of measured parameters are

shown. Determine B, @, and the other labeled currents and voltages. Skatch the de load
line and plot the Q-point.
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-2V
(a) (b)

(c) Gl
Flgure P3.12
+HV
Ry =2k
Ry = 100 kS} Vp=+4V
Rp =48k Rr=819)
-5V

(&)
Flgure P3.15

3.18 For the wransistor in the circuit shown in Figure P3.16, § = 200. Determine [
and ¥ for: (a) Fp=0,(b) Fg=1V,and {) ¥V =2V.
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B =10k

— —_— —

Figure P3.16 Figure P3.17

3.17  {a)The current gain of the transistor in Figure P3.171s £ =75 Determine V', for:
i) Fgg =0, 08) Fyp = 1V, and {{iiy Fgg =2 V. (b) Verify the results of part (a) with a
computer simulation.

318 (4) The transistor shown in Figure P3.18 has §p = 100. Determine V7, for
iy = 0 1mA (i) £y, = 0.3mA, and (it) /o = 2mA. (b) Determine the percent change
in Vg for the ¢conditions in part {a} if the current gain increases 10 e = 150

+HiY

Ry = 10 k2

vy

Re= 10K

-1V

Figure P3.18 Figure P3.21 Figure P3.22

319 For the circuit in Figure P16, determine ¥y and f¢ such that Vg = F-. Assome
B = 50.

3.20 For the circuit shown in Figure P18, determine the value of [y such that
Vg = 05V, Assume fp = 100

3.1 Consider the circuit shewn in Figure P3.21. The measured value of the emitter
voltage is My = 2V. Determme fg. ;. p. o, and ¥ g~ Skeich the de load line and plol
the {-point.

3.22 The trapsistor in the circuit shown in Figure P3.22 is biased with a constant
current in the emitter. If Jp = 1 mA, determine ¥ and ¥, Assume §= 30,
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in the circull i Figure P322, the constant currest @5 £ =0.5mA. I 4= 50,

determine the power dissipated in the transistor and the power supplied by the

CONKIANL-CUTIC SOUTCE,

32

() Por the cireunt shown in Figare P3.22, caleulate and plot the power dissipated

in the transistor for £ =0, 0.5 1.0, L5 20, 25 and 30mA. Assume g, = 50
(h) Yenity the resuits of part (ad with a computer simulation,

+iV

Y

Figure P3.25

3.25 Forthe circuit shown in Figure P3.25

() l‘;{] b f'l_':~ wl IY{'E. and ld} I"l'l-

Bos= kS

FigureP3.26

f = 200 for cach transistor, deteminge

D3.26 (a) For the circuit shown in Figure P3.26, the @-point is fop = 2mA and

I('.l".'[} =

12V when # = 60 Determine the values of Ry and Ry (b1 I the transistor

is replaced by a gew one with 8= 100, find the new values of Jp and 1oy, () Sketch
the load line und O-point for both parts (a) and (b).

R!: =1y

— V=Y

Figure P3.27

Veos 12V

%n@:z kG
v

Figure P3.28

R = 15502
V| o——AAWy

k.= 100 KED

o
T

#y= 10 kL2

AV

Figure P3.29

3.27  Consider the common-base circuit shown in Figure P3.27. Assume the ransistor
alpha 15 o = 0.9920 Determine fg, Ie, and Vg,

3.28 For the transistor in Figure P3.28, 8= 30. Determine Fy such that Vo = 6V,

3.29

let B = 25 for the transistor in the circwit shown in Figure P3.29. Determine the

range of ¥y such that 1.0 < Ve < 4.5V, Sketch the load fine and show the range of the

¢-point values.




Part 1 Semiconducior Devices and Basic Applicanons

Section 3.4  Bipolar Transistor Blasing

330 For the transisior m the circuit shown in Figure P3.30, § = 50. Determine I
and VCEQ‘

Vee=18V

Figure P3.30 Figure P3.32

*RD3.31 For the circuit shown in Figure P3.30, let ¥ = 1BV, Ry = 1k, and
Br = 80. Redesign the circuit such that Jop = 1.2mA and Vegp =9V, Let Ry =
50 kS, Correlate the design with a computer simuiation,

3.32 The cufrent gain of the transistor shown in the circuit of Figure P3.32 13 8 = 100.
Determine ¥y and fzg.

3.33  For the circuit shows in Figure P3.33, fet =125, () Find Jop and Fegg. (B IT
each resistor can vary by &5 percent, determine the range in fog and Vegp.

3.34 Consider the circuit shown in Figure P3.34. Determine [y, lcg. and Vg for
(&) A =75, and (b} 8= 150.

Voc=24V Vee=MV

Figure P3.23 Figure P3.34

RD3.35 (a) Redesign the circuit shown in Figure P3.30 using Ve = 9V such that the
vollage drop across Re is (§)¥¢c and the volage drop across Rp is Ve Assume
Br = 100. The quiescent collector current is to be lop = 04mA, and the curren
through R, and R, should be approximately 0.21o. {(b) Replace each resistor in par
(a) with the closest standard value (Appendix D). What is the value of fp and what are
the voltage drops across R, and Rg? (¢) Verify the design with a computer simulation.
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336 For the circuit shown in Figure P3.36, let 8 = 100. {a} Find Rpy and Vyy for the
base circuit, (b) Determine fop and Fegp. (¢) Draw the load line for the circuit. (d) If
each resislor can vary by &5 percent, determine the range in log and Figp.

=2V

Rc=5ks}

Figure P3.36 Figure P3.37

D3.397 In the circuit shown in Figute P3.37, find R such that the Q-point is in the
center of the load line. Lat § =75, What are the values of iy and Veep?

D3.38 (2) For the circuit shown in Figure P3.38, design a bias-stable circuit such that
leg =08mAand Vegp = 5V, Let 8 = 100. (b} Using the results of part (a), determine
the perceutage change in frp if B is in the range 75 < f = 150. (c) Repeat parts {a)
and (b if Ry = Lkil.

Vo= 10V
LI w6y
Re=2ki}
Rl ¢
e
It
L]
vI
k2 Rp=2000
6V
Figura P3.38 Flgure P3.40

'D3.39 Design a bias-stable circuit in the form of Figure P3.38 with 8 = [20 such tha
Tep =08mA, Vegg =3V, and the voltage across Re is approximately 0.7V. The
current 1hrough the bias resistors R, and R; should be ne larger than (.imA.

D3.40 Using the circuit in Figure P3.40, design a bias-stable amphfier such that the ¢-
point is in the center of the load line. Let 8 = 125. Determing f¢p, Vergs Ry, and Ry,

D3.41 For the circuit shown in Figure P40, the quizscent collector current is to be
Ieg = ImA. (@) Design a bias-stable circuit for 8 = 80. Determine Vegg, R, and R,.
(b) If cach resistor can vary by 5 percent, determine the range in fco and Vigp-
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*D3.42 A bias-stable circuil with the configuration shown in Figure P340 is to he
designed such that [y, =(3£0.1)mA and Vegp = 3V using a transistor with 75 <
B < 150, Verify the design with 4 computer simulation.

3.43 {a) For the circuit shown in Figure P3.43, assume £=75. Determtine fyg, Iep).
and Vgrg. (b) Determine the values of {p;. {ro. and Fepp il =100,

F{‘(_'=2u W

Figure P3.42

D3.44 The d¢ load line and Q-point of the circuit in Figure P3.44{a) are shown in
Figure P3.44(b). For the transistor, # = 120_Find Ry, R\ aod R; such that the circwt 15
bias stable,

Vo= IR Y

|
|
|
|
|
i} & 18 v”i\h

ok

a) )

Figure P3.44

*D3.45 The range of g for the transistor in the circuit in Figure P3.45is 50 < fi < 90,
Design a bias-stable circuit such that the nominal Q-paint is fop = 2mA and Fegy =
L0V, The value of f- must fall in the range 1.75 < [- = 223 mA.

*D3.46 The nominal Q-point of the circuit in Figure P3.46 is Ipo = ImA and
Verg = 5Y, for g=160. The current gain of the transistor is in the range 45 <
8 < 75. Design a bias-stable circuit such that I does not vary by more than 10 percent
from its nominal value.
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Vo=V a
e Ver= 15 ¥

Re= S8
I." R: RE
= -2¥ SV
Figure P1.45 Figure P3.46 Figure £3.48

RD3.47 () For the circuit in Figure P2.46. the value of ¥ is changed to 3V. Lel
Ri-=3R; and fiy =120, Redesign a bias-stable circuit such that fop = 100 pA and
Fegp = 1.4V, {b) Using the resulis of part (a). determinc the dc power dissipation in o
the circuit, (¢} Yerify the design with a computer simulation. B

D3.48 [or the circuat in Figure P3.48, [t 8 = 100 and Ry = 3kQ. Design a bias-stabie

circuit such that bp =0, HY wY
3.4% For the circuit in Figure P3.49, let R, =22k Rp =2kR. R =10kQ, R- = Ky 4 _
MEQ. and § =60, (a) Find Ry and Fry for the basc circuit, (b} Determine iy, 7o, &, _ : * )
"_;..'\ ill’id ["_(-. L'f-. =
‘D3SO Design the circuit in Figure P3.49 to be bias stubie and to provide nominal - fia
point values of f;(, =0.5mA and Vg = 8 V. The maximum current in £ and R s to "
be limited to 40 pA. ® R
351 Inthecircuit in Figure P51, 8 = 75, (a) Find ¥, und Rpyp for the base circuil. - By
{b} Determine /e, and Vg, {c) If each resistor can vary by +5 pervent, determine the s B
range in fyp and Vegy. Figure P3.49
3.52 For the vircuit in Figure P3.52, let 8 = 100, (a) Find Frpy and By Tor the base T
circuil. (k) Deierming Iy and Vegp. i
3.53 bind I and Fogy for the cireuil in Figure PR35 0 £ = 100, :
+15Y
A2V HOV )
S0%EE

R{" =08 1]

R) =35 ki

5k
Rp=05%0

iV oV

Figure P3.51 Figure P3.52
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Section3.5 Multistage Circuits

*3.54 For cach transistor in the circuit in Figure P3.54, § = 120 and the B-E tutn-on
voltage is 0.7 V. Determine the quiescent base, collector, and emitter currents in ¢, and
(. Also determine VC.EQ1 and VCEQP

*3.55 The parameters for each transistor in the cirewit in Figure P3.55 are 8 = 80 and
Vaglon) = 0.7V. Determine the quiescent values of base, collector, and emitier currents
m Q; and ;.

3.58 Consider the circuit used in Example 3.16. Determine the power supplied by the
+5V source and by the —5V source.

*3.57 (a) For the transistors in the circuit shown in Figure P1.57, the parameters are;
B =100 and Fgelon) = 0.7V, Determine R, Rg, Rea. and Rg; such that /o =
Iy =08mA, Vg = 3.3V, and Veggy = 40V, {b) Corretate the results ol pazt (a)
with a computer simulation.

+I0¥
o
+I0V
R = 100kn S for = 3K
L]
Ly o
e
¥s Ry = 40k} Rey = 1 KO —0 vy
T I
= R§2=5kn
=10V
Figure P3.53 Figure P3.54
s, ' ; COMPUTER ANALYSIS PROBLEMS

3.58 Generate the i versus vz characteristics for an npn silicon bipolar transistor at
T =300°K, using a saturation current of Js = 107" A, Limit the characteristics to
vep(max) = 10V and i-(max) = [0mA. Plot curves for: (a) g = 100, Iy = oo (default
value); (b) B = 50. V', = co; and (c) B = 100, P, =50V,

359 Correlate the resnits of Example 3.4 with a computer simulation.

3.60 The circuit shown it Figure P3.18 is driven by a constant-current source. Using a
computer simulation, investigate the B-E and C-E voltages as the transistor is dnven
into saturation.

381 For Exercise 3.28, use a computer simulation to obtain a plot of the (-point
values versus temnperature over the range 0°C = T = 125°C.

3.62 For Excrcise 3.28, use a computer simulation to oblain a plot of the Q-point
values versus § over the range 50 < 8 < 200,
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e kb

DESIGN PROBLEMS

[Note: Each design should be correlated with a computer simulation ]

*D3.63 Consider a common-emitier circuit with the configuration shown in Figure
1.53(a). The circuit parameters are: Vee = 10V, Ry = 0.5k, and Re =4k, The
transistor B-E turn-on voltage is 0.7V and the current gain is in the range
80 < B < 120. Design the circuit such that the nominal G-point is in the center of the
load line and the Q-point parameters do not deviate from the nominal value by more
than =10 percent. In addition, the de currents in R, and Ry should be at least a factor of
ten larger than the quiescent base current.

*D3.64 (a) For the transistors in the circuit shown in Figure 3.57, the parameters are:
Vpglon) = 0.7V, and § = 80. If Ry = 10kQ and Re = 2k, design the circuit such that
the quiescent collector—emitier vollage of Qo i Vegp(Qo) = 3V. (b) If the three tran-
sistors have the same value of 8, but the value is in the range 60 < 8 < 100, determine
the maximum 1olerance in R, such that the C-E voltage of 0y remains in the range
172 Vegg €33V

*'D3.65 Design a discrete circuit using the configuration shown in Figure P3.65, given
that ¥* = ISV, V™ = =15V, Vg 2 8V, and I 2 SmA. The transistor parameters
are: ¥pplon) =07V, and 100 < A < 400. Select standard 5 percent tolerance tesistance
values,

ye ye
R
Rg
Re Re
1 V-
5V v
Figure P3.57 Figure P3.65 Figure P3.68

D3.66 Design a discrete emitter—{ollower with the configuration shown in Figure
P3.66, given that V" =10V, V™ ==10V, Frgp = (GHF* —¥7), and Tz = 100mA.
The transistor parameters are; Vgelon) =07V, and 30 < B = 160. Select standard 5
percent tolerance resistance values,

*D3.67 Redesign the multistage circuit shown in Figure 3.59 such that Feg = 3¥ and
Vicy 2 5 V. Assume transistor turn-on voltages of 0.7V and nominal transistor gains of
8 = 100,

161 3







Basic BJIT Amplifiers

4.0 PREVIEW

In the last chapter, we described the operation of the bipolar junction transis-
tor, snd analyzed and designed the dc response of gircuits containing these
devices. In this chapter, we emphasize the usz of the bipolar transistor in linear
amplifier applications.

Linear amplifiers imply that we are dealing with analog signals. The mag-
nitude of an analog signal may have any value and may vary continuously with
respect to time. A linear amplifier then means that the ¢utput signal is equal to
the input signal multiphed by a constant. where the magnitude of the constant
of proportionality is, in general, greater than unity. A linear amplifier is ca-
pable of producing signal power gain; that is, the power in the output signul is
greater (han the power in the input signal. We will investigate the source of this
Texinl’” power.

We examine the properties of three basic single-stage, or single-transistor,
amplifier circuits. These circuits are the common-emitter, emitter-follower, and
common-base configurations. These configurations form the building blocks
for more complex amplifiers, so gaining a good understanding of thesc three
amplifier circuits is an important goal of this chapter.

We introduce a few of the many possible multistage configurations in
which multiple amplifiers are connected in series, or cascade, to increase the
overatt small-signal voltage gain or to provide a particular combination of
voltage gain and output resistance. Our discussion includes the method of
analysis required for these types of circuits and 2 synapsis of their propetties.

41  ANALOG SIGNALS AND LINEAR AMPLIFIERS

In this chapter, we will be considering signals, analog circuits, and amplifiers. A
signal contains some type of information. For example, sound waves produced
by a speaking human contain the information the person is conveying to
another person. Our physical senses, such as hearing, vision, and touch, are
naturally analog. Analog signals can represent parameters such as terperature,
pressure, and wind velocity. Here, we are interested in electrical signals, such as
the output signal from a compact disc, a signal from a microphene, or a signal
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from a heart rate monitor. The electrical signals are in the form of time-varying
currents and voltages,

The magnitude of an analog signal can take on any value and may vary
continucusly with time. Electronic circuits that process analog signals are
called analog circuits. One example of an analog circuit is a linear amphifier.
A linear amplifier magnifies an input signal and produces an output signal that
is larger and directly proportional to the input signal.

Time-varying signals from a particular source very often need to be ampli-
fied before the signal is capable of being “useful.” For example, Figure 4.1
shows a signat source that is the output of a compact disc system. That signal
consists of a small time-varying voltage and current, which means the signal
power is relatively small. The power required to drive the speakers is larger
than the output signal from the compact disc, so the compaci disc signal must
be amplified before it is capable of driving the speakers in order that sound can
be heard. Other examples of signals that must be amplified before they are
capable of driving loads include the output of a microphone, voice signals
received on earth from an orbiting manned shuttle, and video signals from
an orbiting weather satellite.

Also shown in Figuge 4.1 is a dc voltage source connected to the ampli-
fier. The amplifier contains (ransistors that must be biased in the forward-
active region so that the transisiors can act as amplilying devices. We want
the output signal to be lincatly proportional to the input signal 50 that the
output of the speakers is an exact (as much as possible) reproduction of the
signal generated from the compact disc. Therefore, we want the amplifier to
be a linear amplifier.

{3
voboage
SO
DC power
i
iy Low High
COplyer  gignal signal Speakers
power power

Figure 41 Block diagram of a compact disc player sysiem

Figure 4.1 suggests that there are two types of analyses of the amphfier that
we must consider. The first 16 a dc analysis because of the applied dc voltage
source, and the second is a time-varying ot ac analysis because of the time-
varying signal source. A linear amplifier means that the superposition principle
applies. The principle of superposition states: The response of u linear circuit
excited by multiple independent input signals is the sum of the responses of the
circuit o each of the inpui signals alone. For the linear amplifier, then, the de
analysis can be performed with the ac source set 1o zero, the ac analysts can be
performed with the dc source set to zero, and the total responsc is the sum of
the two individual responses.
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4.2 THEBIPOLAR LINEAR AMPLIFIER

The transistor 18 the heart of an amplifier. In this chapter, we will consider
bipolar transistor amplifiers. Bipolar transistors have traditionatly been used in
linear amplifier circuits because of their retatively high gain. In Chapter 6, we
wil] consider the field-effect transistor amplifier, and will compare those resulis
with the bipolar amplifier characteristics developed in this chapter.

We begin our discussion by considering the same bipolar circuit that was
discussed in the last chapter. Figure 4.2(a) shows the circuit and Figure 4.2(b)
shows the voltage transfer characteristics that were developed in Chapter 3. To
use the circuit as an amplifier, the transistor needs to be biased with a de
voltage at a quiescent point (Q-peoint), as shown in the figure, such that the
transistor is biased in the forward-active region. This dc analysis or design of
the circuit was the focus of our attention in Chapter 3. If a time-varying (e.g.,
sinusoidal) signal is superimposed on the dec input voltage, Vg, the output
voltage will change along the transfer curve producing a time-varying output
voltage. If the time-varving output voltage is directly propertional to and
larger than the time-varying input voltage, then the circuit is a hnear amplifier.
From this figure, we see that if the transistor is not biased in the active region
(biased either in cutoff or saturation), the output voltage does not change with
a change in the input voltage. Thus, we no longer have an amplifier.

Vio

vl

¥erp

R

Fep(sath

{a) ()

T

Figure 4.2 {a) Bipolar transistor inverier civcuit; (b) inverier transter characieristics

In this chapter, we are interested 1n the ac analysis and design of bipolar
transistor amplifiers, which means that we must determine the relationships
between the time-varying output and input signals. We will iniuially consider a
graphical technigue that can provide an intuitive insight into the basic opeta-
tion of the circuit. We will then develop a small-signal equivalent circuit that
will be used in the mathematical analysis of the ac signals. In general, we will be
considering a steady-state, sinusoidal analysis of circuits. We will assume that
any time-varying signal can be written as a sum of sinusoidal signals of differ-
ent frequencies and amplitudes (Fourier series), so that a sinusoidai analysis
is appropriate.

We will be dealing with time-varying as well as dc currents and voltages in
this chapter. Table 4.1 gives a summary of notatien that will be used. This
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Figure 4.3 A common-amifier circuit with a
time-varying signal source in series with the

base dc source
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Table 4.1 Summary of notation

Varisble Meaning

ipo Ve Total instantaneous values
lty. [’"3}_‘ DC values

ine Yh, Instantanecus ac values
Iy K Phasor values

notation was discussed in the Prologue, but is repeated here for convenience. A
lowercase letter with an uppercase subscripl, such as iz Or vy, indicates toral
instantaneous values. An uppercase letier with an uppercase subscript, such as
Ig or Vg, indicates de quantities. A lowercase letter with a lowercase subscript,
such as i, or v, indicates instantaneous values of ac signafs. Finally. an upper-
case letter with a lowercase subscript, such as J, ar V., indicates phasor quan-
tities. The phasor notation. which was reviewed in the Prologue becomes
especially important in Chapter 7 during the discussion of (requency response.
However, the phasor notation will be generally used in this chapter in order to
be consistent with the overall ac analysis.

4.21  Graphical Analysis and AC Equivalent Circuit

Figure 4.3 shows the same basic bipolar inverter circuit that has been discussed.
but now includes a sinusoidal signal source in serics with the dc source. (This
circuit is not practical and should not be built in the Jab since a de current flows
through the sinusoidal signal source. However, the circuit can be used to
conveniently illustrate the basic circuit operation and the mechanism of
amplification.) :

o — " T

Time
. ¥
e
fegH =
ic [ ==
-
Verg Yoo v
lTime:
: B
YE YCE

Figure 4.4 Common-amitter ransistor charactesistics, de load ne,
and sinusoidal variation in base cument, collecter cument, and
collecior—amitier voltage
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Figure 4.4 shows the transistor charactenstics, the dc load ling, and the Q-
point. The sinusoidal signal source, v., will produce a time-varying or ac base
current superimposed on the quiescent base current as shown in the figure. The
time-varying base current will induce an ac collector current superimposed on
the quiescent collector current. The ac collector current then produces a time-
varying voltage across R, which induces an ac collector-emitter voltage as
shown in the figure. The ac collector-emitter voliage, or output voltage, in
general, will be larger than the sinusoidal inpul signal, so that the circuit has
produced signal amplification—that ts, the circwt is an amplifier,

We need to develop a mathematical method or model for determining the
relationships between the sinusoidal variations in currents and voltages in the
circuit. As already mentioned, a linear amplifier implies that superposilion
applies so that the de and ac analyses can be performed separately. To obtain
a linear amplifier, the time-varying or ac currents and voltages must be small
enough t¢ ensure a linear relation between the ac signals. To meet this objec-
tive, the ime-varying signals are assumed to be smaff signals, which means that
the amplitudes of the ac signals are small enough to yield linear relations. The
concept of “small enough,” or small signal, witl be discussed further as we
develop the small-signal equivalent circuits.

A time-varying signal source, v,, in the base ol the circuit in Figure 4.3
generates a time-varying component of base current, which implies there is also
a time-varying component of base-emitter voltage. Figure 4.5 shows the expo-
nential relationship between base-current and base—emitter voltage. Il the mag-
nitudes of the time-varying signals that are superimposed on the dc quiescent
point are small. then we can develop a linear relationship between the ac base—
emitter voltage and ac base current. This relationship corresponds to the slope
of the curve at the Q-point.

fg
i Slope=!
" Ty
IBQ _________ Time
|
|
|
L
g
1
I
: ¥
1 BE)
(e 2
¥
VEE
‘Tim:

Flgure 4.5 Bass curent versus base—emitier voliage characteristic with superimposed
sinusoldal signals
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Using Figure 4.5, we can now determine one quantitative definition of
small signal. From the discussion in Chapter 3, the relation between base—
emitter voltage and base current ¢an be written as

: Is YgE

ig= - EAp| —

57 4 Br p(i"r @D
If vgg is composed of a dc term with 2 sinusoidal component superimposed,
ie., vpp = VBEQ + v, then

) Is Vagg + "’?x-) Is (VBEQ Ve

ig= «EX I . i = o ;

A "( V7 48 o7 Vr) ""(Vr) 2
where Vgep is normally referred to as the base-emitter turn.-on vollage,

Vgg(on). The term (£5/(1 + Bl - exp(¥pep/ V1) 18 the quicscent base current,
50 we can write

. ¥
ig=1Ipp - exp (V—*":_) 4.3)

The base current, given in this form, cannot be written as an ac current super-
imposed on a dc quiescent value. However, if vy, < V7, then we can expand
the exponential term in a Taylor series, keeping only the linear term. This
approximation is what is meant by small signal. We then have

0 { .
fﬂ%[ﬂg(l‘l‘ﬁ)‘—_IBQ—“%"’}MZJIBQ‘P% (44(3)}
T 1
where i, is the time-varying (sinusoidal) base current given by
I
o (ﬁ) " (4.4M)
Yr,

The sinusoidal base current, iy, i1s lincarly related to the sinusoidal base-emiiter
voltage, vy, In this case, the term small-signal refers to the condition in which
vs, i sufficiently small for the linear relationships between £, and v,, given by
Equation {4.4(b)) to be valid. As a general rule, if v, is less than 10 mV, then
the exponential relation given by Equation (4.3) and its linear expansion in
Equation (4.4(a)) agree within approximately 5 percent.

From the concept of small signal, all the time-varying signals shown in
Figure 4.4 will be linearly related and are superimposed on dc values. We can
write (refer to notation given in Table 4.1)

iy =1Iag + b - (@5a)

ic =1lco + i, (4.5(b))

vee = ¥Veep t Ve {4.5(c))
and

voe = Vogg + Vee (4.5(d))

If the signal source, v, is zero, then the base—emitter and collector-emitter
loop equations are.,

Vﬂg = l’ﬂg Rg + VBEQ ' (.4'6{‘})
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and
Veo = fogRe + Vg (4.6(b))

Taking into account the time-varying signals, we find the base-emitier
l0op equation 15

Fag v, =igRg+ var (4.7(a))
or

Vg + 0. =g + ) Rg + (Fpgp + tp) (4.7b))
Rearranging terms, we find

Vg — {soBa— Vaeg = hLRg + v — 7, (4.7(¢h)

From Equation (4.6(a)}, the feft side of Equation (4.7(c)) is zero. Equation
(4.7(c)} can then be written as

b= i Ra 1y, (48)
which is the base-emitter loop equation with all dc terms set equal to zero.

Taking into account the time-varying signals, the collector-emitter loop
equation js

Veo =icRe tver = Uep + LR+ (Fegp + vie) {(4.9(2))
Rearranging terms, we find

Ve = togRe = Vegg =1 Re +¥e - (4.9(b})
From Equation (4.6{b)), the left side of Equation (4.9(b)} is zero. Equation
{4.9(b)) can be written as

PR+, =0 (4.16)
which is the collector-emitter loop equation with all de terms set equal to zero.

Equations (4.8) and (4.10) relate the ac parameters in the circuit. These

equations can be obtained directly by seiting all dc currents and voltages equal
1o zero, so the dc voltage sources become short circuits and any de current

sources would become open circuits. These results are a direct consequerice of

applving superposition 1o a linear circuit. The resulting BJT circuit, shown
in Figure 4.6, is called the ac equivaleni circuit, and all currents and voltages
shown are lime-varying signals. We should stress that this circuit is an

Figura 46 The as equivalent circuil of the common-emitier circuit with an npn transistor
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Figure4.T The BJT as a
small-signal, wo-port network
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equivalent circuit. We are implicilly assuming that the transistor is still biased
in the forward-active region with the appropriate d¢ voltages and currents,

Another way of looking at the ac equivalent circuit is as follows. In the
circuit in Figure 4.3, the base and collector currents are composed of ac signals
superimposed on dc values. These currents flow through the Vg and Ve
voltage sources, respectively. Since the voltages across these sources are
assumed 0 remain constant, the sinusoidal currents do not produce any sinu-
soidal voltages across these elements. Then. since the sinusoidal voltages are
zero, the equivalent ac impedances are 7ero. or short circuits. In other words,
the d¢ voltage sources are ac short circuits in an equivalent ac circuit. We say
that the node connecting Ry and Vee 15 at signal ground.

4.2.2  Small-Signal Hybrid-n Equivalent Circuit of the

Blpolar Transistor

We developed the ac equivalent circuit shown in Figure 4.6. We now need o
develop a small-signal equivalent circuit for the transistor. One such cireuil
is the hybrid-n model, which is closely related 1o the physics of the transistor.
This effect will become more apparent in Chapter 7 when a more detailed
hybrid-n model is developed to wake into account the frequency response of
the transistor.

We can treat the bipolar transistor as a two-port network as shown in
Figure 4.7. One element of the hybrid-m model has already been described.
Figure 4.5 showed the base current versus base—emilter voltage characteristic,
with small time-varying signals superimposed at lthe Q-point. Since the sinu-
soidal signals are small, we can treat the slope al the @-point as a constant,
which has units of conductance, The inverse of this conductance is the small-
signal resistance defined as rp,. We can then relate the small-signal input base

current to the small-signal input voltage by
{4.E1)

Vo = bty

where | /r, 15 equal to the slope of the ig—¥gr curve, as shown in Figure 4.5 We
then find r, from

I aiy i [ fy (I‘BF)]
S = — — - exp| — {4.12{a))
vy Ovar|, o v [1+ 8 ¥ b ey

or
o [ I ("-'HF)] Iy
L A A . c}ip 7— o {4]2“)}}
re Vr [1+8 G |

Then
—131‘- =y o .E—'r = Brbr 413
In ) fep

The tesistance r, is called the diffusion resisiance or base—emitler inpul resis-
tance. We note that r, is a function of the Q-poinl parameters.

We can consider the output terminal characteristics of the bipolar transis-
tor. If we initially consider the-case in which the output collector current is
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independent of the collector-emitter voltage, then the collector current is a
function only of the base-emitter voliage. as discussed in Chapter 3. We can
then write

e
Big=g——| - Avg (4.14a))
MHE N ap
or
-
o =a— " Vhe (4.14(b})
Nprio-n

From Chapter 3, we had written
o a!gexp(%) ©(@.15)
-
Then

i

't)lﬁf_

| ¥ I
G rafsexp(—ﬂg—)! Ttg- (4.16)
G-pt T /gy VT

The lerm ofsexp (vpe/ V) evaluated at the Q-point 15 just the quiescent col-
lector current. The term f/Vr is a conductance, Since this conductance
relates a current in the collector to a voltage in the B-E circuit, the parameter
is called a transconductance and is writien

—
L

£

(4.17)

L =

|

—
-

The small-signal transconductance is also a function of the Q-point parameters
and is directly proportional to the dc bias current.

Using these new parameters, we can develop a simplified small-signal
hybnd-m equivalent circuit for the npn bipolar transistor, as shown in Figure
48. The phasor componenis are given it parentheses. This circuit can be
inserted into the ac equivalent circuit previously shown in Figure 4.6

We can develop a slightly different form for the output of the equivalent
circuit. We can relate the small-signal collector current to the small-signal base
current. We can write

) dig: ]
Kb ‘Alg (4.18(n))
l"'fH G'P‘
th (i) i 1)
T T ©
rr Bre Vhe
he [-Vbr| (2 Vb’) Voo [Vr(]
l i U

®

Figure 4.3 A simplified smal-signal hybrid-r aquivalent circuit for the npn transistor
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or
i
S ty (4.18(b))
HIB O-pf
where
i
el = 4.18
Big | gope 2 { {c)

and is called an incremental or ac common-emitter current gain. We can then
wrile

i = Bip (4.19)

The small-signal equivalent circuit of the bipolar transistor in Figure 4.9 uses
this parameter. The parameters in this figure are also given as phasors. This
circuit can also be inserted in the ac equivalent circuit given in Figure 4.6.
Either equivalent circuit, Figure 4.8 or 4.9, may be used We wilk use both
circuits in the examples that follow in this chapter.

iy () i AL
e p—

®3

Py
EBI'LJ v"_.‘“_-’“)

l il

Figure 4.9 BJT small-signal equivalent circuit using common-emitier current gain

Relation between f and §

At this point, we need to pause and discuss the relationship between S and 8.
The difference between the two terms is illustrated in' Figure 4.10. The term 8¢
is the ratio of dc collector ¢urrent to dc base current. These currents include
any leakage currents that might exist. As just mentioned, the term §1s the ratio
of the incremental change in collector current 10 the incremental change in base
curreat. In an ideal BJT. these terms are identical.

In the derivation of r, and g,, the ideal exponential relation between
cutrent and base-emitter voltage was assumed. This implies that leakage cur-
rents are negligible. If we multiply r, and g,,. we find

¥ !
— (”' i "') - (—‘"‘?) - B (4.20)
icp Fr

Since leakage currents were neglected, and assuming g is independent of
collector current, the By term is actually equivalent to the ac 8. In general,
we will assume that 8 and B are equivalent throughout the remainder of the
lext. However, we must keep in mind that g may vary from one device to
another and thai § does vary with collector current. This variation with f,
will be specified on data sheets for specific transistors.
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feimA) ¥ Forward-active mode

ip = 3004
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Fipure 4.10  Transistor characterstics showing dadinitions of 8- and 7

Continuing our discussion of equivalent circuits, we may now irsert the
bipelar equivalent circuit in Figure 4.8, for example, info the ac equivalent
cirewit i Figure 4.6, The result is shown in Figure 4.11. Note that we are using
the phasor rotation.

figured t1  The smali-signal equivalent circuit of tha common-erritier ciccuit Lsing the Rpn
Lansistor hybric-» modst

The small-signal voltage gain, 4, = I,/ ¥, of the circuil is defined as the
ratio of outpni signal voltage to input signal voltage. The dependent current
2 Vs flows through Rp, producing a negative collector-emitter voltage, or
I'I e l’u' G *(gm !h:*’R(‘ ‘\“21}

1

and. from the input portion of the circuit, we find

DA
[y o=z b s B 2
S v A

The small-signal voltage gais is then

K, i ) e
4= = ko) () (423
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Example 4.1 Objective: Calculate the small-signal voltage gain of the bipolar
transistor circuit shown in Figure 4.3

Assume the transistor and circuit parameters are: 8 =100, For = 12V, Ve =
0.7V, R =6k, Ry =50k, and Vg =12V,

DC Solution:  'We first do the dc analysis 1o find the Q-point values, We obtain
Vg — Fgelon) o 1.2-07

Iy = Ry 0 = 0pA
50 that

Yoo = Blap = (HOONIDNA) = 1TmA
Then,

Vegp = Vee = fopRe = 12— {161 =6V
Therelore, the transistor is biased in the forward-active mode.

AC Sotution: The small-signal hybrid-x parameters are
_BVr {100H0.026)

= 26kQ
e ]
and
WP, O 5 mA/Y
S T A

The small-signal voltage gain is determined using the small-signal equivalent circuit
shown in Figure 4.11. From Equation (4.23), we find

V# T
=3 = -tk ()
or
; 2.6

Comment: We see that the magnitude of the sinusoidal output voliage is 11.4 times ihe
magnitude of the sinusoidal inpul voltage. We will see that cther circuit configuralions
resull in even larger small-signal voltage gains.

Discussion: We may consider # specific sinusoidal input voltage. Lel
vo = 0.2535iner V
The sinusoidal base current is given by
. ¥y 0.25 sin a
"Ry +r, 50+16
The sinusoidal collector current is
i = Bi, = (100){4.75sin w) — 0.475sinwt mA
and the sinuscidal collector-emitter voltage is
Ve = —i R = —(0AT3M0)Sinewt = —2B3sinet ¥V

— 4.75unaf pA

Figure 4.12 shows the various currents and voltages in the circuit. These include the
sinusoidal signals superimposed on the d¢ values, Figure 4.12(a) shows the sinusoidal
input voliage, and Figure 4.E 2{b} shows the sinusotdal base current supermposed on the
quiescent valug. The sinusoidal collector current superimposed on the de quiescent value
is shown in Figure 4.1 %ic). Note that, as the base current increases, the collector current
increases.
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vy (V) jB[pAJ
n2s iy
14.75 i

L

(0
\\/ Time 525k T

125
Time
(a) {b)
i (M) vep VD
V4I5S " AR5}
1% Vo N\
1.0 v 6.0
{La25 s} Vee
Tima Time

{c) (d)

Figure4.12 The common-emitter citcuil: (a} input voltage, {b) nput base cumen, {c) cutput
collector current, and id) output collector—amiter vollage

Figure 4.12(d} shows the sinucsidal component of the C-E voltage superimposad
on the gquiescent valuc. As the collector current increases. the voliage drop across Re
increases so that the C-E voltage decreases. Consequently, the sinusoidal component of
the oniput voltage is 180 degrees out of phase with respect to the input signal voltage.
The minus sign in the voltage gain expression represents this 180-degree phase shift,

Analysis Method: To summiarize, the analysis of a2 BIT amplifier proceeds as shown in
the hox “Probler Solving Method: Bipolar AC Analysis.”
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Problem-Solving Technique: Bipolar AC Analysis

Since we are dealing with linear amplifier circuits, superposition applies, which
means that we can perform the d¢ and ac analyses separately. The analysis of
the BJT amplificr proceeds as follows:

1. Analyze the circuit with only the dc sources present. This solution is the de
or quiescent solution, which uses the de signal models for the elements, as
listed in Table 4.2, The transistor must be biased in the forward-active
region in order to produce a linear amplifier.

2. Replace each clement in the circuit with its small-signal model, as shown in
Table 4.2. The small-signal hybrid-r model applies to the transistor
altheugh it is not specifically listed in the table.

3. Analyze the small-signal equivalent circuit, setting the d¢ source compo-
nents equal to zero, to produce the response of the circuit to the time-
varying input signals only.

In Table 4.2, the de model of the resistor is a resistor, the capacitor model
is an open circuit, and the inductor model is a short circuit. The forward-biased
diode model includes the cut-in voltage ¥, and the forward resistance 7.
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Table4.2 Transformation of elements indc and smali-signal analysis

Element I-V relationship DC mode! AC model
] I
Resistor Ir=% R R
Capacilor Iy =5CV Open C
_o o_

o P Short ;
nductor T ——— L
Diade fp=Tue™'T = 1) +F, —r re= Yok

—AAAN—
Independent ) + ¥ — Short
voliage source Fy = constant _“"_ o
Independent Is Open

f; = conslant

curreni source C —_t O

Table suggested by Richard Hester o’ lowa State Universily.

The small-signal models of R, L. and C remain the same. However, if the
signal frequency is sufficiently high, the impedance of a capacitor can be
approximated by 4 short circuit. The small-signal, low-lrequency model of
the diode becomes the diode diffusion resistance r,. Also, the mdependent dc
voltage source becomes a short circuit, and the independent de current source
becomes an open circuil,

4.2.3 Hybrid-r Equivalent Circuit, Including the Early Effect

So far in the small-signal equivalent circuit, we have assumed that the collector
current is independent of the collector-emitter voltage. We discussed the Early
effect in the last chapter in which the collector current does vary with collector-
emitter voltage. Equation (3.16) in the previous chapter gives the relation

i afg[exp(vyi:)] ; (1 T %'f] (3.16)

where V4 is the Early voltage. The equivalent circuits m Figures 4.3 and 4.9 can
be expanded 10 take into account the Early voliage.
The output resistance r, 18 defined as

r, = a‘ﬁ {4.24)
dic oo

Using Equations (3.16) and {4.24), we can wrile

3 = ;:_f = Eva {cds [cxp(:%) (l + 355)” (4.25(a))
Fa CEfpp © CE T 4 0-pt
or
YEE 1 ch
—_= ﬂfs exp ? ) _';"' v (425('1)}
a T A O-pt A
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Then

K,

= 4.26
Y (4.26)

r!)

and is called the small-signal transistor output resistance.

This resistance can be thought of as an equivalent Norton resistance,
which means that r, 13 in parallel with the dependent current sources. Figure
4.13(a) and (h) show the modified bipolar equivalent circuits including Lhe
oulpul resistance r,,.

I f £
o — p— —
® °o{0)
v+ +
Voe V2 272 £m Yz To Ve ¥pe
@ (&)

Figure4.13 Expanded small-signal model of the BJT, including the Early effect, jor the case
when the circuit conlains the {a) franscenduciance and (b) the cuirent gain parameters
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Example 4.2 Objective: Determing the small-signal voliage gain, including the
eflect of the Lransisior output resistance r,.

Reconsider the circuit shown in Figure 4.1, with the paramelers given in Example
4.1, In addition. asswme the Early voltage is V', = 50V

Solution:  The smull-signal output resistance r,, is determined to be

b, 5
= ilin o= ——— A kG2
g T TmA

Using the small-signal equvialent circuit in Figure 4.11, we see thal the output resistance
v, 1s in parallel with R, The small-signal voltage gain is therefore

5 r
i == R l
I"‘ gnr{ ¢ Iru}(rl RB)

e
13

, (26
~(38S)ERS0) W) _ =103

Comment; Comparing this result to that of Example 4.1, we see that r, reduces the
magmitede of the small-signal voltage gain. In many cases, the tragnitude of #, is much
larger than that of Ry, which means that the effect of r, is negligible.

Test Your Understanding

4.1 ABIT with g = 120 and ¥ = 150V is biased such that fop = 0.25mA, Deter-
MINE 2. ¥y, a0d r,. (ARs. g, = 9.62mMA/V, r, = 125k, r, = 600k}
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4.2 The Early voltage of a BIT is V', = 75V Determine the minimum required coll-
coter current such that the oulpul resistance 15 al least r, = 200kE2. (Ans. fry
=0.375mA)

The hybrid-r model derives its name, in part, from the hybrid nature of the
parameter units. The four parameters of the equivalent circwits shown in
Figures 4.13(a} and 4.13(b) are: input resistance r, (ohms), current gain g
(dimensionless), output resistance r, {ohms), and transconductance g, (mhos).

Up to this point, we have considered only arcuits with npa bipolar tran-
sistors. However, the same basic analysis and equivalent circut also applies to
the pnp transistor, Figure 4.14(a) shows a circuit containing a pnp transister.
Here again. we see the change of current directions and voltage polarities
compared to the circuit containing the npn transistor. Figure 4.14(b} 15 the
a¢ equivalenl circuit, with the de voltage sources replaced by an ac short circuit,
and all current and voltages shown are only the sinuseidal components.

(a) (b)

Figured.1d (a} A common-emitter circuit with a pnp transistor and (b) the corresponding ac
equivalent Circit

The transistor in Figure 4.14(b) can now be replaced by either of the
hybrid-w equivalent circuits shown in Figure 4.15. The hybrid-z equivalent
circuit of the pnp tranststor is the same as that of the apn device, except
that again all current directions and voltage polarities are reversed. The
hybrid-rr parameters are determined by using exactly the same equalions as

In
S —(C)
Vo VS PRUZE. S
¢ 2| ® .
(a} ’

Figure 4.15 The hybrid-n model of the prp transistor with {a) the transconductance
parametar and {b) the cutrent gan parameter

)
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for the npn device: that is, Equation {(4.13) for r,, Equation (4.17) for g,.. and
Equation (4.26) for r.,.

We can note that, in the small-signal equivalent circuits in Figure 4.15, if
we define currents of opposite direction and voltages of opposite polarity. the
equivalent circuit model is exactly the same as that of the npn bipolar transis-
tor. However, the author prefers 1o use the models shown in Figure 4.15
because the current directions and voltage polarities are consistent with the
pnp device,

Combining the hybrid-r model of the pnp transistor (Figure 4.15(a)) with
the ac equivalent circuit (Figure 4. 14(b)). we obtain the small-signal equivalent
circuit shown in Figure 4.16. The output vollage is given by

"In = {‘fm ll'_?f ]{rr)“ RC] (42?"

The control voltage V. can be expressed in terms of the input signal voltage V;
using a voltage divider equation. Taking into account the polarity, we find

Forg

i g S
Ry‘l‘r"ﬁ

n (4.28)
Combining Equations (4.27) and (4.28). we obtain the small-signal voltage
gain:
1-" —&m''n '»3
A, = = i R.)=
Y P,\ RB + Ty {r || (} RB Y,

{r,1R ) (4.29)

The expression for the small-signal voltage gain of the circuit containing a
pnp transistor is exactly the same as that for the npn transistor circuit. Taking
into account the reversed current directions and voltage polarites, the voltage
gain still contains 2 negative sign indicating a |80-degree phase shift between
the inpul and outgsut signals.

Figure 4.16 The small-signal equivalent circuit of the common-emitter circuit with a pnp
transistor
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Test Your Understanding

4.3 For the circuit in Figure 4.3 let =130, ¥, = 200V, Prp == T35V, Fglon) =
0.7V, R = |5k, Rg= 100k, and Vs = 092V_ (a) Determine the small-signal
hybrid-m paramelers ry. gy and r,. (b) Find the small-signal voliage gain A, =
FoF (Ans (ah g, = 12.TmAY, r, = LRk, 7, = 606kS2 (b} 4, = ~19.6}

4.4 For the circuit in Figute 4.14(a). let £#=90. 1V, =120V, Fe =5V, Frglon} =
0.7V, R, = 25kQ. Ry =50k and Vyy = 1,145V, (1) Determine the small-signal
hybrid-7 patameiers r,, g, and r,. (b} Find the small-signal voltage gain A, =
E V. (ANS. (a) g = 0BMASY, r, = 2.92kQ, r, = 150k2(b) A, =~4.1T)
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424 Expanded Hybrid-n Equivalent Circuit

Figure 4.17 shows an expanded hybrid-mr equivalent circuit, which includes two
additional resistances, r, and r,,.

The parameter r; is the series resistance of the semiconductor material
between the external base terminal B and an idealized internal base region
B'. Typically, 7, is a few tens of ohms and is usually much smalier than r,:
therefore, r, is normally negligible at low frequencies. However, at high Ffre-
guencies, r; may not be negligible, since the input impedance becomes capaci-
tive, as we will see in Chapter 7.

n @'p r'F

)t o —o(©)

Ve Dry B ¥a ks

‘®

Flgure 4.17 Expanded hybrid-n equivalent circuit

The parameter r, is the reverse-biased diffusion resistance of the base-
collector junction. This resistance is typically on the order of megohms and
can normally be neglected (an open circuit). However, the resistance does
provide some feedback between the output and mput, meaning thut the base
current is a slight function of the collector-—emitter voltage.

In this text, when we use the hybrid-7 equivalent circuit model, we will
negiect both ry, and r,, unless they are specificalty included.

425 Other Small-Signal Parameters and Equivalent Circuits

Other small-signal parameters can be developed 1o model the bipolar transistor
or other transistors described in the [ollowing chapters.

One common equivalent ¢ircuit model for bipolar transistor uses the &
parameters, which relate the small-signal lerminal currents and voltages of a
two-port network. These parameters are normally given m bipolar transistor
data sheets, and are convenient 10 determine experimentally at low frequency.

Figure 4.18(a) shows the small-signal terminal current and voltage phasors
(or a common-emitter transistor. Il we assume the transistor is biased at a (-

Figured.18 (a) Common-emitter npn fransisior and (b) the h-parameter model of the
ocommon-emitier bipolar transisiof
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point in the forward-active region, the linear relationships between the small-
signal terminal currents and voltages can be written as

1'},,. = h;(-"r.i? -+ .‘T“. V“ [13.0{3})

!c = rliI.fl"rlh + h'h' I"’-te' {430(’3)]

These are the defining equations of the common—emilter A-parameters, where
the subscripts are: § for input, r for reverse, f for forward, o for output, and ¢
for common emitter.

These equations can be used to gencrate the small-signal A-parameier
equivalent circuit. as shown in Figure 4.18(b). Equation (4.30(a)) represents
a Kirchhoff voliage law equation at the input, and the resistance i, is in series
with a dependent voltage source equal to &, V... Equation (4.30(b}) represents
a Kirchhofl current Jaw equation at the cutput, and the conductance £, is in
parallel with a dependent current source equal to Al

Since both the hybrid-m and h-parameters can be used to model the char-

acteristics of the same transistor, these parameters are not independent. We can
relate the hybrid-7 and h-parameters using the equivalent circuit shown in
Figure 4.17. The small-signal input resistance %, from Equation (4.30(a)),
can he writien us
.

h 4.31)

& "}' | P 1]

where the small-signal C-E voliage is held zero. With the C-E voliage equal to
zero, the circuit in Figure 4.17 18 transformed to the one shown in Figure 4.19.
From this ligure, we see that

B = ri + rollr, (4.32)

In the limit of a very small r, and a very large v, ft, = r,.
The parameter 4, is the smatl-signal current gain. From Equation (4.30{b)).
this parameter ¢an be written as

by = (433)
Iy -

Since the collector emitier volage is again zero, we can us¢ Figute 4.19, for
which the short-circurt collector current 15

L=g,V, {4.34)
If we again consider the limit of a very small r, and a very large +,,, then

Vo= lrq

Figure 4.19 Expanded hybrid-n equivalent circuit with the output short-circuited
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and

= Emty = B (4.35)

|“=IF

Consequently, at low frequency. the siall-signal current gain A, is essentially
equal 10 B 10 most situations,

The parameter A, is called the voltage feedback ratie, which. from
Equation {4.30ia}}. can be written as

_ P

h

(4.36)

=4

Since the input signal base current is zero, the circuit in Figure 4.17 is trans-
formed to that shown in Figure 4.20, from which we can see that

Voo = V, = ( i ) v, ' (4.37(2))
Fo + Fle
and
Vb‘. Iy
hr(J — T}"T ; :u—‘ re 3 3 [437{")}

Smice ¥, « r,,. this can be appioximated as
b, = L 4.38)

i

=

-

Since ry is normally in the kilohm range and r, is in the megohm range, the
value of k, is very small and can usnally be neglected.

The fourth A-parameter is the small-signal output admittance A, . From
Equation (4.30{b}). we can write

i
h,, = (4.39)
r I([l' A=l
Since the tnput signal base current is again set ¢qual to zero, the circuit in
Figure 4.20 is applicable, and a Kirchhoff current law equation at the output
node produces
V

) &
B V ol it 4.4"
!l Sm¥at ¥, + T ( )

where V, is given by Equation {4.37(2)). For r, <« r,,. Equation (4.40) becomes

| 1
= 2 wd 8 +— (4.41}
o I

o =t rii o

In the ideal case, r, 13 infinite, which means that fi,. = 1/r,.

G i ©
oMM ANy
— e
f,=0 * f
Ve 2 'e B Vi Ta Voo

Figured. 20 Expanded hybrid-r equivalent circuit with the input open-circuited
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The h-parameters for a pnp transistor are defined in the same way as those
for an npn device. Also, the small-signal equivalent circuit for a pnp transistor
using f-parumeiers is identical to that of an npn device, except that the current
directions und voltage polarities are reversed.
Example 4.3 Objective: Determine the A-parameters of a specific fransistor.
The ZN2222A transistor 15 2 cemmonly used npn transistor. Bata for this transistor
are shown in Figure 421, Assume the (ransistor s biased al fo:= ImA and et
T = 307K,
Solution: In Figure 4.21.we sec that the smail-signal cucrent gain A, 1s gererally in the
range 100 < i, « 170 for 1 = | mA, and the corresponding value of &, 15 penerally
Input impedance Voluge feedback rats
mn T T S -
- | f I 1] N JE ]
\\ T I \ T T i
. | w0 |
o . + > E
& 1 =] 1 . ' ] E 2 q —
< 50 N | ¥
2 B | o] s
30 : =
= | —de . —] o 1 3 \ -‘—
8« gk b © \\_ M 1 | lI 2 et \.i_' A 1
£ TN L | & s0|— 1 1
= Eeas IR ~ o
& Pl ! 20 T
= 1ot - < - 2 w0 X
& 3 =
0 ia T ¥ 20— ™ T
| " = P
- ]
“EH | BARRIL SRR
0.3 1 1 1ol [
TN 05 1x 24 30 1 20 g 0.2 65 10 e 00 0
fe- collector current {mA e} 1o colleckr curmrent (mA, dct
(a) b}
Current gain Ouilput adnittance
3xr I- T 200 —- J ™ 1
N O N S munill o0
HN) | -‘.._‘....---"" 5 — H ’d
_.-"-‘-’ ! E = < I
< ' L A-TT] 2 50 ] VA
5, 1 2 __...-—-"' E U ]
2 1w i £ e’
t - " ; I =R I Eal
g . i 3 | 3T K
L = A 4 —
% 0 5 3 "
= o = ! -
] 5 '_-"_---"-"_ |
50 - — ¥ 2
I_ = o =
— ] L A
I el !
W | 54 - | =
ol w2 0.5 0 50 10 2 01 02 o5 1n 20 5.0 I 0
1 collecror coment gmA do) {- colfector current (mA do)
{c) ()

Figure 4.21  h-paramster data lor the 2M22228, transistor. Curves 1 and 2 represent cata from
high-gain and low-gain transietors, respectively
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between 2.5 and 5kQ. The vohage feedback ratio 4,, varies between 1.5 x 107 and
55 1074, and the output admittance 4, is in the 1ange 8 = &, < |8prohos,

Comment: The purpose of this example is o show that the parameters of a given
transistor type can vary widely. [n particular, the corretit gain parameter can easily vary
by a factor of two. These variations are due to tolerances in the inifial semiconduoctor
properties and in the production process variables.

Design Pointer: This example clearly shows that there can be a wide variation in
transistor parameters. Normally, a circuit is designed using nominal parameter values,
but the allowable variations must be taken into account. In Chapter 3. we noted how a
variation in # affects the Q-point. In this Chapter, we will see how the variations in
small-signal parameters affect the small-signal vollage gain and other characteristics of
a linear amptifier.

In the previous discussion, we indicated that the -parameters &, and | /&,

* are essentially equivalent to the hybrid-r parameters r, and r,, respectively,

and that hy, is essentially equal to 8. The transistor circuit response is indepen-
dent of the transistor model used. This reinforces the concept of a relationshap
between hybrid-r parameters and h-parameters. In fact, this is true for any set
of small-signal parameters; that is, any given set of small-signal parameters is
related to any other set of parameters.

Data Sheet

In the previous example, we showed some data for the 2N2222 discrete tran-
sistor. Figure 4.22 shows additional data from the data sheet for this transistor.
Data sheets contain a lot of information, but we can begin to discuss some of
the data at this ume.

The first set of parameters pertains to the tramsistor in cutoff. The first two
parameters listed are Vgr,cpo and Vigrycpo. which are the collector—emitter
breakdown voltage with the base terminal open and the collector—base break-
down voltage with the emitter open. These parameters were discussed in
Section 3.1.6 in the last chapter. In that section, we argued that Viggeeo
was larger than Vi ggceo. Which is supported by the data shown. These two
voltages are measured at a specific current in the breakdown region. The third
parameter, ¥ippz50, is the emitter-base breakdown voltage, which is substan-
tially less than the coliector-base or collector—emitter breakdown voltages.

The current /g, is the reverse-biased collector—base junction current with
the emitter open (/z = 0). ‘This parameter was also discussed in Section 3.1.6.
In the data sheet, this current is measured al two values of collector-base
voltage and at two temperatures. The reverse-biased current increases with
increasing temperature, as we would expect. The current fggo 18 the reverse-
biased emitter-base junction current with the collector open (fo =0). This
current is also measured at a specific reverse-bias voltage. The other two cur-
rent parameters, Iy and Iy, are the collector current and base current mea-
sured at given specific cutoff voltages. '

The next set of parameters applies to the transistor when it 1s turaed on. As
was shown in Example 4.3, the data sheets give the h-parameters of the tran-
sistor. The first parameter, figz, is the dc common-emitter current gain and is
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measured over a wide range of collector current. We discussed., in Section 3.4.2,
stabilizing the {-point against variations in current gain. The data presented in
the data sheet show that the current gain for a given transistor can vary sig-
nificantly, so that stabilizing the Q-point is indeed an important issue.

We have used Fog(sat) as one of the piecewise linear parameters when a
transistor is driven into saturation and have always assumed a particular value
in our analysis or design. This parameter, listed in the data sheet, is not a
constant but varies with collector current. If the collector becomes relatively
large, then the collector—emitter saturation voltage also becomes relatively
large. The larger Veg(sat) value would need to be taken into account.in
large-current sitwations. The base—¢mitter voltage for a transistor driven into
saturation, Vgglsat), is also given. Up to this point in the text. we have not
been concerned with this parameter; however, the data sheet shows that the
base-emitter voltage can increase significantly when a transistor is driven into
saturation at high current levels.

The other parameters listed in the data sheet become more applicable later
in the text when the frequency response of transistors is discussed. The intent of
this short discussion 1s to show that we can begin to read through data sheeis
even though there are a lot of data presented.

4.3 BASIC TRANSISTOR AMPLIFIER CONFIGURATIONS

As we have seen, the bipolar transistor is a three-terminal device, Three basic
single-transistor amplifier configurations can be formed, depending on which
of the three transistor terminals is used as signal ground. These three basic
configurations are appropriglely called common emitter, common collector
(emitter follower), and commen base. Which configuration or amplifier is
used in a particular application depends to some extent on whether the imput
signal is a voltage or current and whether the desired output signal is a voltage
or current. The characteristics of the three types of amplifiers will be deter-
mined 1o show the conditions under which each amplifier is most usefui.

The input signal source can be modeled as cither a Thevenin er Norton
equivalent cireuit. Figure 4,23¢a} shows the Thevenin equivalent source that
would represent a voltage signal, such as the output of & microphone. The
voltage source v, represents the voliage generated by the microphone. The
resistance Ry 15 called the output resistance of the source and takes into
account the change in output voltage as the source supplies current. Figure
4.23(b) shows the Norton equivalent source that would represent a current
signal, such as the output of a photodiode. The curtent source i, represents
the current generated by the photodiode and the resistance Rg is the output
resistance of this signal source.

Each of the three basic transistor amplifiers can be modeled as a two-port
network in one of four configurations as shown in Table 4.3. We will delermine
the gain parameters, such as 4,,, 4, G, and R,,, for each of the three
transistor amplifiers. These parameters are important since they determine
the amplification of the amplifier. However, we will see thal the input and
output resistances, R, and R, are also important in the design of these ampli-
fiers. Although one configuration shown in Table 4.3 may be preferable for a
given application, any one of the four can be used to model a given amplifier.
Since cach configuration must produce the same terminal characteristics for a
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WA National

Semiconductor
2N2222 PN2222 MMBT2222 MPQ2222
2N2222A PN2222A MMBT2222A

C

B
E
T8 TO-236
[SOT-23)
NPN General Purpose Amplifier
Electrical Characteristics 7. - 25 ¢ uniess otharwase noted
Symbot | Paramior 8in M Units
OFF CHARACTERISTICS
VigmcE Cotector-Enier Breakdown Vokaga (Mot 1)
llg=10mA, jg= Q) e 30
2O0DA A0
Vi8mCcBo Coflector-Baup Braakdown Voliage
' U= 10 1A, Ie = O} 2222 80
prrrly 75
Vigmeap Emitter Bass Braakdown Vollage
(gm0 uh ic=0) e S0
2222A 6.0
IeEx Colkector Culofl Cumont
(Vo = B0V, Veploll= 1.0V 22024 10
e ) Collector Culolt Curvont
1Vep=50Y, ig=0) a9 0.1
(Vea=80Y, Iz=0} BH2A .o
(Vcﬂ=5ﬂ\'+l'£lﬂ. T,qliﬂl'Cl b 10
(Vep=B0 ¥, Icn D, Ta= 150*C) 22TEA 10
lego Erwittar Cukoli Current
(Veg =30V, ic=0) 2292A 1
i Bate Cuicd Current
(Vee =60 Y, Veslofy = 3.0) 2220A 20
OM CHARACTERISTICS
Neg DC Curent Gain
(w01 oA, Vog =104} a5
{a= 1.0 mA, Veg=10W) 50
{ig=10mA, ¥ee= 10V} s
{le=10mA, Vo= 10V, Tqa -55°C) kL
{fe = 150 mA, ¥eg = 10 ¥) {Note 1) 100 0
{fg = 150 ik, Ve = 1.0 V) (Hole 1) 4]
U= 500 mA, Vo = 40-¥) (Nota 1) 2222 X
22X2A a0

Molp 1. Putss Taat Pulps Wikan = 00 u6, Duty Cyds < 20%.

Figure 4.22 Basic data sheet for the 2N2222 bipodar transisior
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NPN General Purpose Amplifier (Continued)

Electrical Characteristics 1. - 25 -c unkss othemise noted (Contimued)
Symbol | [ — [ wn | wac | unhs
ON CHARACTERISTICS (Contnusd)
Ve isat) CoMector-Emitter Saluabon Volage iNow 1)
lig = 150 MA_ g = 15 mA)
e 04
il = 500 mb, ig= S0 mA 2222M 0.3
e L] ) preey 16 v
222k 10
Vige (5t Baue-Emitler Saturation Yohlaga (Note 1}
(o = 150 ma_ig = 15 ma)
a2 08 1.3
(g m 500 mA, ig = S0 mA) el 1] 1.2
222 26 v
22228 20
SMALL-SIGMAL CHARACTERISTICS
fr Curman Grin—Bandwidin Product {Note 3}
il m 20 A, Veg= 20, Fa 100 MHz) a2 259
22098, 300 MHE
Choer Ondput Capacitance (Note 3)
i¥op= 10V, e = 0, e 100kHzZ) a0 pF
Ci nput Capsctiones (Moe 3}
{VEga 0.5V, I w0, Fu 100 kHE) Fers] 30
22098 25 BF
wCe Golsctor Bass Tima Consiant
g w20 1, Kog=s 20V, 1= 318 MHI} 22224 150 ]
NE Nolsa Figurs
{fo = 100pA, Vop= 10V, Agn 1 Dkid, f= 1.0 kHz) prrl Y 40
Bei g} Raal Pan of Connan-Emiter
High Frequency Inpul Impedance
{icm 20 mA_ ¥oes 20¥_ = 300 MHZz) 80 £
SWITCHING CHARACTERISTICS
Io Dalay Time (Vep = 30V, Vpgpiofl] =G5V, excapt 10 )
2 Rise Tirma o= 150 M, Jgy = 15mA} M2 o .
15 Storage Time (Voo =30 Y, ig= 150 MA, excapl 225 s
I Fal Time Tz = fgg = 15 mA} MPOZ222 &0 ns

fhota 1 Putsa Tanr Pubsg Widh < 300 o, Doty Cyoe < 20%
Node 2 For charsciwnabcs curres, sy Process 15
Note 3 1115 CHTauiel &3 T INGQuiency & WinCh 1 axtradoiiees I unity.

Figure 4.22 Continued
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K5

{)

()

Flgure 4.23 Input signal source modeled as {a) Thevenin equivalent cicuit and (b} Norton

aquivalent clrout

Tabled4.3 Four equivalent two-part networks

Type Equivalent cirenit

Gain property

Voltage amplifier

]

b

R L Quiput voltage proportio-
nal (o input voltage

Current amplifier

Output current proporlio-
nal 1o input current

Teansconductance
amplifier

‘iin
%RI
o 3
¥in %Rl
o .

Ouuput current proportio-
nal 10 inpwt voltage

Transresistance amplifier

Quiput voltage propottio-
nal (¢ mput currenl

given amplifier, the various gain parameters are not independent. but are

related te each other.

Il we wish to design a voliage amplifier (preamp) so that the output voliage
of a microphone, for example, is amplified, the total equivalent circuit may be
that shown in Figure 4.24. The input voltage to the amplifier is given by



Chapter 4 Basic BIT Amplifiers

bl g

Equivalent Equivalent Eguivalent

carcuit of amplifier load circust
microphone citcuit

Figure4.24 Equivalent preamplifier circuit

R,
Yin = L
Rr + RS

{4.42)

In general. we would like the input voltage v, to the amplifier to be as
nearly equal 1o the source voltage v, as possible. This means, from Equation
(4.42), that we need to design the amplifier such that the input resistance R, is
much larger than the signal source output resistance Rs. (The output resistance
of an ideal voltage source is zero, but is not zero for most practical voltage
sources.} To provide a particular voltage gain, the amplifier must have a gain
parameter 4,, of a certain value. The output voltage supplied to the load
{where the load may be a second power amplifier siage) is given by

R
L S (S 4.4}
lﬁ RI‘ + R(' l'.’"l ( )

Normally. we would like the output voltage to the load to be equal to the
Thevenin equivalent voltage generated by the amplifier. This means that we
need R, < R, for the voltage amplifier. So again, for a voltage amplifier, the
output resistance should be very small. The input and output resistances are
significant in the design of an amplifier.

For a current amplifier, we would like to have R; « Rgand R, » R;. We
will see as we proceed through the chapter that each of the three basic (ran-
sistor amplifier configurations exhibits characteristics that are desirable for
particular applications.

We should note that, in this chapter, we will be primarily using the two-
port equivalent circuits shown m Tabie 4.3 to model single-transistor ampli-
fiers. However, these equivalent circuits are also used 10 model multitransistor
circuits, This will become apparent as we get into Part II of the text.

44 COMMON-EMITTER AMPLIFIERS

In this section, we consider the first of the three basic amplifiers—the common-
emifter circuit. We will apply the equivalent cireuit of the bipolar transistor
that was previously developed. In general, we will use the hybrid-m model
throughout (he text.

18
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441 Basic Common-Emitter Amplifier Circuit

Figure 4.25 shows the basic common-emitter circuit with vohage-divider bias-
ing. We see that the emitier is at ground potential-—hence the name common
emitter. The signal from the signal source is coupled into the base of the
transistor through the coupling capacitor Cp, which provides dc iselation
between the amplifier and the signal source. The dc transistor biasing is estab-
lished by R) and R;. and is not disturbed when the signal source is capacitively
coupled to the amplifier,

Figurs 4.25 A common-emitter circuit with a voitage-divider biaging ¢ircuit and a coupling
capackor

If the signal source is a sinusoidal voltage at frequency f, then the magnitude
of the capacitor impedance is |Z,| = [1/(27fC)). For example, assume that
Cc = 10pF and f = 2kHz. The magnitude of the capacitor impedance is then

1 |
— e pie-]
T 20Ce T 2m(2 x 10°)(10 x 1078 T

IZ,] 80 (4.44)
The magnilude of this impedance is much less than the Thevenin resistance al
the capacitor terminals, which in this case s R|||R;llry. We can therefore
assume that the capacitor is essentizlly a short circuit 10 signals with frequen-
cies greater than 2kHz. We are aiso neglecting any capacitance effects within
the transistor. Using these results, our analyses in this chapter assume thalt the
signal frequency is sufficiently high that any coupling capacitance acts as a
perfect short circuit, and is also sufficiently low that the transistor capacitances
can be neglected. Such frequencies are in the midfrequency range, or simply at
the midband of the amplifier.

The small-signal equivalent circuit in which the coupling capacitor is
assuined to be a short circutt is shown in Figure 426, The small-signal van-
ables, such as the input signal voltage and input base current, ar¢ given in
phasor form, The control voltage ¥ is also given us a phasor.

Example 4.4 Ovjestive: Determine the smail-signal voltuge gain of the circuit
shown in Figure 4.235.
Assume the transistor parameters are: B = 100, Vye{on)=0.7V,and V, = 100 V.
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'y

| -+
Ryl &
—s9r 72"

Sigral

uTE Amplifier

Figure 4.26 The small-signal squivalent circuit, assuming the coupling capacitor is a
short circuil

DC Solutlon: We first do a dc analysis to find the Q-point values. We find that
Icp =095mA and Vigp =631V, which shows that the transistor is biased in the
forward-active made.

AC Solution:  The small-signal hybrid-r parameters for the equivalent circuit are
_Frf (0.026)100}

= = — = 2 TR
o 10.95) 4K
lep 095
—— — & V
Ko V:I" 0026 36 SmA;"
and
v, 100
-4 oske
" e 095

Assumiag that C acts as a short ¢ircuit, Figure 4.26 shows the small-signal equivalent
circuil. The small-signal cutput voltags is

;"0 = _(gm l)"J'r]"ll"u “RC}

The dependent corrent g,V flows Lhrough the paraliel combination of r, and Re, but
in a direction (hat produces a negalive output voltage. We can relate the control voltage
¥, to the input voitage V', by a voliage divider. We have

M )
" \R/Ralirs + R

We can then wrile the smalt-signal vollage gain as

B R Ry llre
PN . 0L G P
A=p "‘(R. [ Rallre + Rs)(’ I2)
ar
5.9)12.74
=365 e = =1
A, =-(36 5}(5.911 274 + 0.5)“05"6) 6

We can also calculate R;, which is the input resistance to the amplifier. From Figure
4.26, we see that

R, = R, IRty = 5.992.74 = 1.87kQ

The output resistance R, is found by setting the independent source ¥, equal to zero. in
this case. therc is no excitation to the input portion of the circuit so V, =0, which
imphies that g, ¥, =0 (an open circuit). The output resistance looking back into the
autput terminals is then

R, =r, R = 1056 = 5.68k32

"
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Comment. It this circuit. the effective series resistance between the voltage source V,
and the base of the transistor is much less than that given in Example 4.1. For this
reasen, the magnitude of the voltage gain for the circuit given in Figore 4.25 5 much
larger than that found in Example 4.1,

Discusslion: The Iwo-port equivalent circuil along with the input signal source far the
commean-emitter amplifier analyzed in this example is shown in Figure 4.27. We can
determine the effect of the source resistance Rg in conjunction with the amplifier input
resisiance R,. Using a voltage-divider equation, we find the inpat voltage 1o the ampli-
fier is

R, 147 .
NP NN ) ASPS A, | A ) T (1] &
Fin (waa_;) : (1.3?4-0.5) = WIRIE,

Because the input remistance to the amplifier 1$ not very much greater than the signal
source resistance, the actual input voltage to the amptifier is reduced to approximately
80 percent of the signal voltage, This is called a loading offect. The vollage K is a
function of the ampilifier connected (o the source. In other umplifier designs, we will try
to minimize the louding effect, or make B, 3 R, which means that I, = F,.

R K R 3¢
v -« AN O 4
+
¥ 3 vrrl R, AV, ¥,

3

Figure 4.27 Two-port equivaleni circuit for the amplifier n Example 4.4

4.4.2  Circuit with Emitter Resistor

For the circuit in Figure 4.25, the bias resistors R, and R, in cuonjunction with
Ve produce a base current of 9.5 uA and a collector current of 9.95 mA., when
the B-E turn-on voltage is assumed to be 0.7 V_ If the transisior in Lhe circui is
replaced by a new one with slightly different parameters so that the B-E turp-
on voltage 15 0.6 V instead of 0.7V, then the resulting base current is 26 pA.
which is sufficient 10 drive the transistor into saturation. Therelore, the circuit
shown in Figure 4.25 is not practical. An improved de biasing design includes
an emitter resistor.

In the last chapter, we found that the Q-point was stabilized against var-
jations in g8 il an emitler resistor were included m the circuit, as shown in
Figure 4,28 We will find a similar property lor the ac signals, in that the
voltage gain of a circuit with Ry will be less dependent on the transister current
gain 8. Even though the emitler of this circuit is not at ground potential, this
circuit is still referred 1o as a common-emitter circuit.

Assuming that Ce acts as a short ercuit, Figure 4.29 shows the small-
signal hybrid-m equivalent circuit. In this case, we are using the equivalent
circuit with the current gain parameter g, and we are assumning that the
Early veoltage is infinite so the trunsistor cutpul resistance r, can be neglected
{an open circuit). The ac output voltage is

Vo= —(81i)Rc (4.45)
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Vee= 10V

1 19]

ssv—f
.(".
" { Rz':
3 122 ki R =04 k82

Figure 4.28 A bipolar cilcuil with an emitier resisior, a Figure 4.28 The small-signal equivalent gircuit wilh an emitter

voltage-divider biasing circuit, and a coupling capacitor resitor

To find the small-signal voltage gain, it is worthwhile finding the input
resistance first. The resistance Ry, 1s the inpun resistance looking into the base
of the iransistor. We can write the following loop equation

Fln = Jf\rn +(‘rf' +..H!|‘|]R.|‘: (44‘6}

The 1npm resistance Ry, is then defined as. and found to be,

R, = -i.i_"! =, + (1 + IR {4.47)
In the commoen-cmitter configuration that includes an emitter resistance. the
small-signal input resistance looking into the base of the transistor is r, plus the
cmitter resistanee multiphed by the factor (14 8). This effect 15 called the
resistance reHection rule. We will use this result throughout the iext withoul
further denivation.

The input ressstance 1o the amplifier i1s now

R o= BilRR (4.48)
We can again relate Vi, to V| through a voltage-divider equation as
R
V= (———‘—-—-) L {(4.49)
R +R.:

Combining Equations (4.45). (4.47). and (4.49). we find the small-signal voliage
LA

e AR Vi (1)
A ==~ = bR (Rm) (V) R
oT
AR, ( R, )
L PR (4.50(h)
Va {‘(l ‘!‘ﬂ)R[_ Ri'—l-R‘l,' ‘ J)

From this equation, we see that if R, 3> Ry and if (1 + AR 3> r,. then the
small-signad voltuge gain is approximately

[l S '— "'—-—"- = ik {4.51)

193



194

Part | Semiconducior Devices and Busic Applications

Equations (4.50{b)) and (4.51) show that the voltage gain is less dependent
on the current gain # than in the previous example. which means that there is a
smaller change in voliage pain when the transistor current gain changes. The
circuit designer now has more control in the desigh of the vollage gain. but this
advantage 1s at the expense of a smaller gain,

in Chapter 3. we discussed the variation in the Q-point with varalions ar
tolerances in resistor values. Since the voltage gain &5 a function of resistor
values, it is alse a function of the telerances in those values. This must be
considered in a circuit design.

Example 4.5 oObjective: Determine the small-signal voltage gain of a common-
emitier cirguit with an ermitter resistor.

For the circuit in Figure 4.28. the transistor parameters are: f = (00, E'y(on) =
0.7V, and V,; = oo

DC Solution: From a de anslysis of the circmt. we can determine that b p = 2.16mA
and Frgo = 481V, which shows that the transistor 1 biased in ihe forward-acuse
mode.
AC Solutlon: The small-signal hybrid-r parameters are determined Lo be

Prf (00261003

e AL L L S P

g 2.16)

g 216
=N = =8} v

& = Y = g~ S I MA/
and

Ve

Ico

The input resistance (o the base can be determined as
Ky =t = (1 + BHRg = 1,20+ {101)00.4) = 41.6 kR

and the input resistance (o the amplifier is now lound to be
R, = BIR:NRy = 10416 = 806k02

Using the exacl expression Cor the voltage gain, we And
_(,I@iz) ( 806 ) = _4.51

Y205 (101004 LE 06+ 0.5

I we use the approximation given by Equation (4.31). we obtan

Comment: The magnitude of the small-signal voltuge gain s substantially reduced
when an emitter resistor 15 included. Adso, Equation (4.51) gives & good frst approx-
imation for the gain, which means that il can be used in the initial design of a common-
emitter circuit with 4o cmilter resistor,

Discussion: The amphfier gain is nearly independent of chaages in the curren( gain
parameler 8. This fact is shown in the following calculations:
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# A.

50 —4.4)
100 -4.43
150 -4.57

In addition 10 paining an advantage in stability by including an emitter resistance, we
also gain an advantage in the loading effect. We see that, for f = 160, the input voltage
to the amplifier is

g R.]_ :
I (R, AT B (e
We see that &, is much closer in vatue 10 F, than in the previous example. There is less
loading elfect bevause the input resistance to the base of the transistor i higher when an
chitler rosistor is included.

The same cquivalent circwst as shown in Figure 427 applics to this example alse.
The ditTerence in the two examples 15 the vialues of input resistance and gain parameter,

Test Your Understanding

4.5 Ftor the circuit in Figure 4.30, let Ry = 0.6k Ry = 5.0k, =110, Pacton] =
0.7V, R, =250k, and R, =75k€. (a) For F', = oc, determine the small-signal vol-
tage gain A, (h) Determine the input resistance looking inte the base of the transistor.
tAns. () A, = —R27.(b) &, = 801k}

*D4.6 For the circuit shown in Figure 4.30. let =100, Fgelonp =07V, and V, =
o, Design a blas-stable cirewt such that fep = 0.5mA, Vige =25V, and 4, = —%.
{Ans. To o good approumation: By =454k, Ry =0.454k0 R = 241 kQ, and R,
= 5.67kiN

4.7  Assumwe a 2N2907A transistor is used in the circuit in Figure 4.31 and that the
nominal de transistor patameters are 8 = 100 and Feplon) = 0.7 V. Determine the
small-voltage gain. using the A-parameter model of the transistor. Find the minimum
and maxnum values of gain corresponding to the minimum and maximum A-parameter
vilues. See Appendix € For simplicity, assume k. = /i, = 0. {Ans. A, = —2.54 for
hoth cases)

V=5V Ve 12¥
[}

R, ke
Re=1.5k02 it
v i

P

R

——WAA—ip
=
I+

Figure 4.30 Figure for Exercises 4.5 and 4.6 Figure 4.31 Figure for Exercise 4.7
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443 Circuit with Emitter Bypass Capacitor

There may be lithes when the emiteer resistor must be large for the purposes of
dc design, but degrades the small-signal voltage gain 100 severely. We can use
an emitler bypass capacitor to elfectively short out a portion or all of the
emitter resistance as seen by the ac signals. Consider the circuil shown in
Figure 4.32 biased with both positive and negative voltages. Both emitter
tesistors Ry and Ryg; are factors in the de design of the circuit, but only
Ry is part of the ac equivalent circuit. since Cy provides a short arcuit to
ground for the ac signals.

Vhassv
R,
Re=05 k2 ¢ Y
Ay L1y f
v, fig =
100 Xs2

¥ =3V

Figura 4.22 A bipolar circuit with an emitter resistor and an emitter bypass capacitor

Design Example 4.6 oObjectivee  An amplifier with the configuration in Figure
4.32 is 10 be designed such that a 12 mV sinusoidal signal from a micrephone is ampli-
fied to a 0.4V sinusoidal ontput signal. Standard resistor values are to be used in the
final dosign.
Inifial Design Approach: The magnitude of the voltage gain of the amphfier needs
to be

D4V

~ = 13}
Tmy 333

4, =

From Equation {481}, the approximate voitage gamn ol the amplifier is

Re

Rey

Nating from the lasl example that this value of gain produces an optimistically high

value, we can sel R, /Rp = d4b or R = 40Ry,.
The dc base-emitter loop equation is

5 = {BRB + l‘-"BL(Dnl + !E(R,ﬂ + Rf":}

4.1=

Assuming 8= 100 and Fgiion) =07V, we can design the circuit 1o produce @ guacs-
cent emitter current of, for cxample, 0.20 mA. We then have '
{0.20)

S=Gony 100 + 0.70+ (0.20(Rgy + Rp)
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which yields

Rer+ Ryy =205k
Assuming /¢ = /¢ and designing the circuit such that Frgp =4V, the collector-emitter
loop equation produces

5+ 5=1cRe + Verg + TelRgy + Rgs) = (0.2)Rc + 44 (0.2)(20.5)

or
Then
Re 9.5
Fp=—=—=1.23
0= g5 = 45 =028k

and REE = X IKkQ.
From Appendix D, we can pick standard rtesistor values of Rg = 24002, Rpy =
20k and Ry = 10480,

Computer Simulation: Since we used approximation techniques in our design, we can
use PSpice 1o give us a more accurate evalualion of the circwit for the standard resistor
vilues that were chosen. Figure 4.13 shows the PSpice circuit schematic.

Using the standard resistor values and the 2N3904 transistor. the output signal
vohage produced by a 12mV input signal is 323mV A frequency of 2kHz and ca-
pacitor values of 100 pF were used in the simulation. The magnitude of the cutpul signal
is slightly less than the desired value of 400 mV. The principai reason for the difference is
that the r, purameter of the transistor was neglected in the design. For a collector
currenl of approximately fi- = 0.2mA, r, can be significant.

In order 1o increase the small-signal voltage gain. a smaller value of Ry, s naces-
sary, For Ry = 160 Q. the culpul signai volage 15 410 mV, which is very close to the
desired value.

Design Polnter; Approximation rechniques are extremely wseful in an initial elec-
tronic circuil design. A computer simulation, such as PSpice, can then be used to verily
the design. Shght changes in the design can then be made to meet the required
specifications.

Figure 4.33 PSpice circuit schematic
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Test Your Understanding

*D4.8 Desipn the circuit in Figure 4.34 such that it is bias stable and the smali-signal
voltage gainis A, = -8 Let Jop = 0.6mA, Ve = 273V, g = |00, Vegglon) =07V,
and ¥V, = oo, (Ans. To a good approximation; Ry = 5.62kQ, Ry =0.624%8), R =
740 k2, and Ry = 42,4 k$2)

Ver=13¥ R AT (12

R-=
; 10 kE2
R Be e "
=050 I 1
R=n25ka Cc 5 z
DYvieali AN, I
v .
.Rz .
R =

V o=-l0VY

Figure 434 Figure for Exercise 4.8 Figure 4.3% Figure for Exercise 4.9

4,9 For the cireuit in Figure 4.35, let g = 100, Fgplon) =07V, and ¥, = 10D Y.
{a) Determine the small-signal voltage gain. {b) Determine the input resistance seen by
the signal seurce and the output resistance looking back info the output terminal. (Ans.
{a) A, = — 148 (b) R, = 6.09 k2, R, = .58 k)

4,10 For the circuit in Figure 4.28, the small-signal voleage gain is given approxi-
mately by - ¢/ Rp. Forthe case of R = 1k, R = 0.4 k82 and Bg = 0, what must be
the value of 8 such that the approximate value is within 5 percent of the actual value?
{Ans. B =76)

4,41  For the circuit in Fagure 436, let 8 = 125, Varlom) =07V, and ¥, =200V,
{a} Determine the small-signal voltage gain 4,. (b} Delermine the cutput resistance R,
(Ans. (a} A, = —50.5 (b} R, = 2.28k%Q)

+5Y

Figura 4.36 Figure for Exercise 4.11
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444 Advanced Common-Emitter Amplifier Concepls

Our previous atalysis of common-emitier ¢ircuits assumed constant load or
collector resistances. The commeon-emitter circuit shown in Figure 4.37(a) 15
biased with a constani-current source and contains a nonlinear, rather than a
constind, collector resistor. Assurie Lhe current-voltage characteristics of the
nonlineur resistor are described by the curve in Figure 4.37(b). Neglecting base
currents, assume thitl the collector resistor s biased at f; and Vey. At the O-
point of the resistor, assume the incremental resistance Avg/Aic 1S 7.

Ve Y
(a) ()

Figure 437  (a) A common-emitter circuit with current source biasing and a noniinear load
resistor and ib) curreni-voliage charactedistics of the nonlinear load resistos

The smabl-signal equivalent cireuit of the common-emitter amplifier circuit
in Figure 4.37(a} is shown in Figure 4.38. The coliector resistor R is replaced
by the small-signal equivalent resistance r, that exists al the @-point. The
small-signal voltage gain is then., assuming an ideal voltage signal source,

"I'l b __-r: e gH‘-,.u“'r.' ? (d‘sl}

Rt

Figure 438 Small-signal equivalent circuit of the dircuit in Figure 4.37(a)

19%

Example 4.7 Objective: Determine the small-signal voltage gain of a common-
wwitter civeunt with 4 nonlinear losd resistance.

Assume the citeuil shown in Figare 4.37(a} is biased at fp =0.5mA, and the
tranustor parameters are f= 120 and ¥, =80V, Also assume that nonlinear smalt-
signat collector resistance is r, = 120k,
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Solution: For a transistor current gain of §=120, lcpg & Igg = Jp, and the small-
signal hybrid-mr parameters are

Ieo 0.5
Em V,T = 0_026 = 192 mA/V
and
¥, 80
— = — = 160k
o ey 05 Z

The small-signal voltage gain is therefore
Ay = =g dralir) = =19 220160120y = —1317

Comment:  As we will see in Part Ll of this text, the nonlinear resistor R, is produoced
by the /- characteristics of another bipolar transistor. Because the resulting effective
load resistance is latge, a very large small-signal voliage gain is produced. A large
effective load resistance r. means that the output resistance r, of the amplifying tran-
sistor cannot be neglected; therefore, the loading effects must be taken into account.

4.5 ACLOADLINE ANALYSIS

A dc load fine gives us a way of visualizing the relationship between the Q-
point and the transistor characteristics, When capacitors are included in
transistor circuit, a new effective load line, called an ac load line, may exist.
The ac foad line helps in visualizing the relationship between the smali-signal
response and the transistor characteristics. The ac operating region is on the «c
load line.

4.5.1 AC Load Line

The circuit in Figure 4.33 has emitter resistors and an emitter bypass capacitor.
The dc Joad line is found by writing a Kirchhoff voltage law (K VL) equation
around the collector-emitter loop, as foilows:

Pr =t Re + Vep + IelRe  + R )+ 1 (4.53}
Noting that fg = [(1 + 8)/8l/¢, Equation (4.53) can be writlen as

1+
lr"{~£ = (V+ —Fy- nr([R("l' (—“‘E—ﬂ)(R“ + RE:]] (4.54)

which is the equation of the de load line. For the parameters and standard
resistor values found in Example 4.6, the dc load line and the Q-point are
plotted in Figure 4.39. If 5> 1, then we can approximaie (1 + )/ = l.

From the small-signal analysis in Example 4.6, the KVL equation around
the coliector-emitter loop is

f‘(.R{'- + Vi + erf'l =10 (455(1“)
or, assuming i, = i, then
Ve = —i{R¢ + Reyp) {4.55(b})



