The Bipolar
Junction Transistor

In Chapter 2, we saw that the rectifying current—voltage characteristics of the diode
are useful in electronic switching and waveshaping circuits. However, diodes are not
capable of amplifying currents or voltages. As was shown in Chapter 4, the electronic
device that is capable of current and voltage amplification, or gain, in conjunction
with other circuit elements, is the transistor. The development of the transistor by
Bardeen, Brattain, and Schockley at Bell Telephone Laboratories in the late 1940s
started the first electronics revolution of the 1950s and 1960s. This invention led to
the development of the first integrated circuit in 1958 and to the transistor operational
amplifier (op-amp), which is one of the most widely used electronic circuits.

The bipolar transistor, which is introduced in this chapter, is one of the two
major types of transistors. The second type of transistor, the field-effect transistor
(FET), was introduced in Chapter 3. These two device types are the basis of modern
microelectronics. Each device type is equally important and each has particular ad-
vantages for specific applications.

PREVIEW

In this chapter, we will:

» Discuss the physical structure and operation of the bipolar junction transistor.

e Understand and become familiar with the dc analysis and design techniques
of bipolar transistor circuits.

« Examine three basic applications of bipolar transistor circuits.

» Investigate various dc biasing schemes of bipolar transistor circuits, includ-
ing integrated circuit biasing.

e Consider the dc biasing of multistage or multi-transistor circuits.

* As an application, incorporate the bipolar transistor in a circuit design that
enhances the simple diode electronic thermometer discussed in Chapter 1.
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Objective: ® Understand the physical structure, operation, and char-
acteristics of the bipolar junction transistors (BJT), including the npn
and pnp devices.

The bipolar junction transistor (BJT) has three separately doped regions and con-
tains two pn junctions. A single pn junction has two modes of operation—forward bias
and reverse bias. The bipolar transistor, with two pn junctions, therefore has four pos-
sible modes of operation, depending on the bias condition of each pn junction, which
is one reason for the versatility of the device. With three separately doped regions, the
bipolar transistor is a three-terminal device. The basic transistor principle is that
the voltage between two terminals controls the current through the third terminal.

Our discussion of the bipolar transistor starts with a description of the basic tran-
sistor structure and a qualitative description of its operation. To describe its operation,
we use the pn junction concepts presented in Chapter 1. However, the two pn junctions
are sufficiently close together to be called interacting pn junctions. The operation of
the transistor is therefore totally different from that of two back-to-back diodes.

Current in the transistor is due to the flow of both electrons and holes, hence the
name bipolar. Our discussion covers the relationship between the three terminal cur-
rents. In addition, we present the circuit symbols and conventions used in bipolar
circuits, the bipolar transistor current—voltage characteristics, and finally, some non-
ideal current—voltage characteristics.

58151 Transistor Structures

Figure 5.1 shows simplified block diagrams of the basic structure of the two types of
bipolar transistor: npn and pnp. The npn bipolar transistor contains a thin p-region
between two n-regions. In contrast, the pnp bipolar transistor contains a thin n-
region sandwiched between two p-regions. The three regions and their terminal
connections are called the emitter, base, and collector.! The operation of the device
depends on the two pn junctions being in close proximity, so the width of the base
must be very narrow, normally in the range of tenths of a micrometer (107°m).

The actual structure of the bipolar transistor is considerably more complicated
than the block diagrams of Figure 5.1. For example, Figure 5.2 is the cross section of
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Figure 5.1 Simple geometry of bipolar transistors: (a) npn and (b) pnp

IThe reason for the names emitter and collector for the terminals will become obvious as we go through
the operation of the transistor. The term base refers to the structure of the original transistor.
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Figure 5.2 Cross section of a conventional integrated circuit npn bipolar transistor

a classic npn bipolar transistor fabricated in an integrated circuit. One important
point is that the device is not symmetrical electrically. This asymmetry occurs
because the geometries of the emitter and collector regions are not the same, and the
impurity doping concentrations in the three regions are substantially different. For
example, the impurity doping concentrations in the emitter, base, and collector may
be on the order of 10'%, 10'7, and 10" cm™3, respectively. Therefore, even though
both ends are either p-type or n-type on a given transistor, switching the two ends
makes the device act in drastically different ways.

Although the block diagrams in Figure 5.1 are highly simplified, they are still
useful for presenting the basic transistor characteristics.

B .2 npn Transistor: Forward-Active Mode Operation

Since the transistor has two pn junctions, four possible bias combinations may be ap-
plied to the device, depending on whether a forward or reverse bias is applied to each
junction. For example, if the transistor is used as an amplifying device, the base—emitter
(B-E) junction is forward biased and the base—collector (B—C) junction is reverse
biased, in a configuration called the forward-active operating mode, or simply the
active region. The reason for this bias combination will be illustrated as we look at
the operation of such transistors and the characteristics of circuits that use them.

Transistor Currents
Figure 5.3 shows an idealized npn bipolar transistor biased in the forward-active mode.
Since the B—E junction is forward biased, electrons from the emitter are injected across
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Figure 5.3 An npn bipolar transistor biased in the forward-active mode; base—emitter
junction forward biased and base—collector junction reverse biased
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Figure 5.4 Minority carrier electron concentration across the base region of an npn bipolar
transistor biased in the forward-active mode. Minority carrier concentration is a linear
function versus distance for an ideal transistor (no carrier recombination), and is a nonlinear
function versus distance for a real device (with carrier recombination).

the B—E junction into the base, creating an excess minority carrier concentration in the
base. Since the B—C junction is reverse biased, the electron concentration at the edge
of that junction is approximately zero.

The base region is very narrow so that, in the ideal case, the injected electrons
will not recombine with any of the majority carrier holes in the base. In this case, the
electron distribution versus distance through the base is a straight line as shown in
Figure 5.4. Because of the large gradient in this concentration, electrons that are in-
jected, or emitted, from the emitter region diffuse across the base, are swept across
the base—collector space-charge region by the electric field, and are collected in the
collector region creating the collector current. However, if some carrier recombina-
tion does occur in the base, the electron concentration will deviate from the ideal linear
curve, as shown in the figure. To minimize recombination effects, the width of the
neutral base region must be small compared to the minority carrier diffusion length.

Emitter Current: Since the B-E junction is forward biased, we expect the current
through this junction to be an exponential function of B-E voltage, just as we saw
that the current through a pn junction diode was an exponential function of the forward-
biased diode voltage. We can then write the current at the emitter terminal as

ip = [EO[evnk/V'r —1]= ]Eoev/sh'/v'r (5.1)

where the approximation of neglecting the (—1) term is usually valid since vgg > Vr
in most cases.” The parameter V7 is the usual thermal voltage. The emission coeffi-
cient n that multiplies V7 is assumed to be 1, as we discussed in Chapter 1 in consid-
ering the ideal diode equation. The flow of the negatively charged electrons is
through the emitter into the base and is opposite to the conventional current direction.
The conventional emitter current direction is therefore out of the emitter terminal.

’The voltage notation vgg, with the dual subscript, denotes the voltage between the B (base) and E
(emitter) terminals. Implicit in the notation is that the first subscript (the base terminal) is positive with
respect to the second subscript (the emitter terminal).

We will assume that the ideality factor n in this diode equation is unity (see Chapter 1).
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The multiplying constant, /5, contains electrical parameters of the junction, but
in addition is directly proportional to the active B—E cross-sectional area. Therefore,
if two transistors are identical except that one has twice the area of the other, then the
emitter currents will differ by a factor of two for the same applied B-E voltage.
Typical values of Izo are in the range of 107! to 107!® A, but may, for special tran-
sistors, vary outside of this range.

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 to the injection
of electrons into the base. The number of these injected electrons reaching the col-
lector is the major component of collector current.

The number of electrons reaching the collector per unit time is proportional to
the number of electrons injected into the base, which in turn is a function of the B-E
voltage. To a first approximation, the collector current is proportional to ¢'#2/" and
is independent of the reverse-biased B—C voltage. The device therefore looks like a
constant-current source. The collector current is controlled by the B-E voltage; in
other words, the current at one terminal (the collector) is controlled by the voltage
across the other two terminals. This control is the basic transistor action.

We can write the collector current as

iC = ]SEUBE/VT (5.2)

The collector current is slightly smaller than the emitter current, as we will show. The
emitter and collector currents are related by i¢ = aig. We can also relate the coeffi-
cients by Is = algp. The parameter « is called the common-base current gain
whose value is always slightly less than unity. The reason for this name will become
clearer as we proceed through the chapter.

Base Current: Since the B-E junction is forward biased, holes from the base are in-
jected across the B—E junction into the emitter. However, because these holes do not con-
tribute 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

i1 oc eV (5.3(a))

A few electrons recombine with majority carrier holes in the base. The holes that
are lost must be replaced through the base terminal. The flow of such holes is a sec-
ond component of the base current. This “recombination current” is directly propor-
tional 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

iy oc eV (5.3(b))

The total base current is the sum of the two components from Equations (5.3(a))
and (5.3(b)):

ip o eVBE/VT (5.4)

Figure 5.5 shows the flow of electrons and holes in an npn bipolar transistor, as
well as the terminal currents.’ (Reminder: the conventional current direction is the

3A more thorough study of the physics of the bipolar transistor shows that there are other current compo-
nents, in addition to the ones mentioned. However, these additional currents do not change the basic prop-
erties of the transistor and can be neglected for our purposes.
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Figure 5.5 Electron and hole currents in an npn bipolar transistor biased in the forward-
active mode. Emitter, base, and collector currents are proportional to eV8£ /Vr,

same as the flow of positively charged holes and opposite to the flow 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 ip; component of the base current will be much smaller than the col-
lector current. In addition, if the base width is small, then the number of electrons
that recombine in the base will be small, and the i, 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 ex-
ponential 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

i
=h (5.5)
or
] I ;
ip = IBoel’BE/VT — % — Efevg.s/"T (5.6)

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

The value of B8 is highly dependent upon transistor fabrication techniques and
process tolerances. Therefore, the value of B varies between transistor types and also
between transistors of a given type, such as the discrete 2N2222. In any example or
problem, we generally assume that 8 is a constant. However, it is important to real-
ize that 8 can and does vary.

Figure 5.6 shows an npn bipolar transistor in a circuit. Because the emitter is the
common connection, this circuit is referred to as a common-emitter configuration.
When the transistor is biased in the forward-active mode, the B-E junction is forward

4Since we are considering the case of a transistor biased in the forward-active mode, the common-—base
current gain and common-emitter current gain parameters are often denoted as «r and S, respectively.
For ease of notation, we will simply define these parameters as & and B.
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Figure 5.6 An npn transistor circuit in the common-emitter configuration. Shown are the
current directions and voltage polarities for the transistor biased in the forward-active mode.

biased and the B—C junction is reverse biased. Using the piecewise linear model of a
pn junction, we assume that the B-E voltage is equal to Vg (on), the junction turn-
on voltage. Since Voe = veg + ic Re, the power supply voltage must be sufficiently
large to keep the B—C junction reverse biased. The base current is established by Vpp
and Rp, and the resulting collector current is ic = Bip.

If we set Vzp = 0, the B-E junction will have zero applied volts; therefore,
ip = 0, which implies that ic = 0. This condition is called cutoff.

Current Relationships
If we treat the bipolar transistor as a single node, then, by Kirchhoft’s current law, we
have

I =lic +ip (5.7)
If the transistor is biased in the forward-active mode, then
ic = Big (5.8)

Substituting Equation (5.8) into (5.7), we obtain the following relationship between
the emitter and base currents:

ip =+ pBip (5.9)

Solving for iz in Equation (5.8) and substituting into Equation (5.9), we obtain a
relationship between the collector and emitter currents, as follows:

iC=< p )z’E (5.10)

148
We can write ic = aig SO
o P 5.11)
14+ 8

The parameter « is called the common-base current gain and is always slightly
less than 1. We may note that if B = 100, then o = 0.99, so « is indeed close to 1.
From Equation (5.11), we can state the common-emitter current gain in terms of the
common-base current gain:

B =

o

(5.12)

l -«

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 voltage, vg, causes an
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exponentially related flow of electrons from the emitter into the base where they dif-
fuse across the base region and are collected in the collector region. The collector
current, i¢, is independent of the B—C voltage as long as the B—C junction is reverse
biased. The collector, then, behaves as an ideal current source. The collector current
is a fraction « of the emitter current, and the base current is a fraction 1/8 of the col-
lector current. If 8 > 1, thenae = 1 and i¢c = ig.

EXAMPLE 5.1 T ————

Objective: Calculate the collector and emitter currents, given the base current and
current gain.

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

Solution: The relation between collector and base currents gives
ic = Bip = (150)(15 nA) = 2.25mA

and the relation between emitter and base currents yields
ir =+ p)ip=151)(15pA) = 2.27mA

From Equation (5.11), the common-base current gain is

1
o= P 100934
1+8 151

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

(T — EXERCISE PROBLEM

Ex 5.1: Annpn transistor is biased in the forward-active mode. The base current is
Ip = 8.50 A and the emitter current is /g = 1.20 mA. Determine S, «, and /.
(Ans. B =140.2, 0 = 0.9929, Ic = 1.1915mA)

5.1.3 pnp Transistor: Forward-Active Mode Operation

We have discussed the basic operation of the npn bipolar transistor. The complemen-
tary device is the pnp transistor. Figure 5.7 shows the flow of holes and electrons in
a pnp 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 into the
collector. 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 expo-
nential function of the B-E voltage. Noting the direction of emitter current and the
polarity of the foward-biased B-E voltage, we can write

iE = IE()é’,UEB/VT (5.13)

where vgp is the voltage between the emitter and base, and now implies that the
emitter is positive with respect to the base. We are again assuming the —1 term in the
ideal diode equation is negligible.
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Figure 5.7 Electron and hole currents in a pnp bipolar transistor biased in the forward-active
mode. Emitter, base, and collector currents are proportional to evEs/ VT,

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

ic = ()[iE = I‘ge”“’/"/" (5.14)

where « is again the common-base current gain.

The base current in a pnp device is the sum of two components. The first com-
ponent, iz;, comes from electrons flowing from the base into the emitter as a result of
the forward-biased E-B junction. We can then write ig; o exp(vgp/Vr). The sec-
ond component, i, comes from the flow of electrons supplied through the base ter-
minal to replace those lost by recombination with the minority carrier holes injected
into the base from the emitter. This component is proportional to the number of holes
injected into the base, so ipy x exp(vgp/Vr). Therefore the total base current is
ip =ip1 +ipy xexp(vegg/Vr). The direction of the base current is out of the base
terminal. Since the total base current in the pnp device is an exponential function of
the E-B voltage, we can write

ves/Vr le — ﬁevEB/VT (5.15)
BB

The parameter B is also the common-emitter current gain of the pnp bipolar

transistor.

The relationships between the terminal currents of the pnp transistor are exactly
the same as those of the npn transistor and are summarized in Table 5.1 in the next
section. Also the relationships between B and « are the same as given in Equations
(5.11) and (5.12).

iB = 1306

5.1.4 Circuit Symbols and Conventions

The block diagram and conventional circuit symbol of an npn bipolar transistor are
shown in Figures 5.8(a) and 5.8(b). The arrowhead in the circuit symbol is always
placed on the emitter terminal, and it indicates the direction of the emitter current.
For the npn device, this direction is out of the emitter. The simplified block dia-
gram and conventional circuit symbol of a pnp bipolar transistor are shown in
Figures 5.9(a) and 5.9(b). Here, the arrowhead on the emitter terminal indicates that
the direction of the emitter current is into the emitter.
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Figure 5.8 npn bipolar transistor: (a) simple Figure 5.9 pnp bipolar transistor: (a) simple
block diagram and (b) circuit symbol. Arrow block diagram and (b) circuit symbol. Arrow
is on the emitter terminal and indicates the is on the emitter terminal and indicates the
direction of emitter current (out of emitter direction of emitter current (into emitter
terminal for the npn device). terminal for the pnp device).
. .
Table 5.1 Summary of the bipolar current-voltage
relationships in the active region
npn pnp
ic = ISeUBE/VT ic = ISeUEB/VT
ip = %C — IO[_SeUBE/VT ip = %C — ;_SeUEB/VT
ip = % — %eUBE/VT ip = % — QeUEB/VT
For both transistors
ig =lic +ip ic = Pig
ir = (1+ B)is ic = aip = (25 )i
- B ——
@ =173 B =13
Referring to the circuit symbols given for the npn (Figure 5.8(b)) and pnp
(Figure 5.9(b)) transistors showing current directions and voltage polarities, we can
summarize the current—voltage relationships as given in Table 5.1.
Figure 5.10(a) shows a common-emitter circuit with an npn transistor. The fig-
ure includes the transistor currents, and the base-emitter (B—E) and collector—emitter
ic ic
Rg + Re Rp - Re
N L—’VVV\'—|+ VcE + - L—'WV\'—| VEC _
Vpp = B VB = Vee V= B VB + +. = Vec
: =TT e T
(a)

Figure 5.10 Common-emitter circuits: (a) with an npn transistor, (b) with a pnp transistor,
and (c) with a pnp transistor biased with a positive voltage source
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(C-E) voltages. Figure 5.10(b) shows a common-emitter circuit with a pnp bipolar
transistor. Note the different current directions and voltage polarities in the two
circuits. A more usual circuit configuration using the pnp transistor is shown in
Figure 5.10(c). This circuit allows positive voltage supplies to be used.

Test Your Understanding

TYU 5.1 (a) The common-emitter current gains of two transistors are g = 60 and
B = 150. Determine the corresponding common-base current gains. (b) The common-
base current gains of two transistors are « = 0.9820 and o = 0.9925. Determine the
corresponding common-emitter current gains. (Ans. (a) ¢ = 0.9836, o = 0.9934;
(b) B =54.6,  =132.3)

TYU 5.2 An npn transistor is biased in the forward-active mode. The base current is
Ip = 5.0 wA and the collector current is /- = 0.62 mA. Determine /g, 8, and «.
(Ans. Ig = 0.625mA, B = 124, and « = 0.992)

TYU 5.3 The emitter current in a pnp transistor biased in the forward-active mode
is I = 1.20mA. The common-base current gain of the transistor is o« = 0.9915.
Determine 8, Ig, and I¢. (Ans. B = 117, I = 10.2 uA, Ic = 1.19mA)

5.1.5 Current-Voltage Characteristics

Figures 5.11(a) and 5.11(b) are common-base circuit configurations for an npn and
a pnp bipolar transistor, respectively. The current sources provide the emitter current.
Previously, we stated that the 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 be-
comes forward biased, the transistor is no longer in the forward-active mode, and the
collector and emitter currents are no longer related by ic = aig.

Figure 5.12 shows the typical common-base current—voltage characteristics.
When the collector—base junction is reverse biased, then for constant values of emitter

ic

Forward-active mode
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Figure 5.11 Common-base
circuit configuration with
constant current source biasing:
(a) an npn transistor and (b) a
pnp transistor Figure 5.12 Transistor current—voltage characteristics of the common-base circuit

0
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current, the collector current is nearly equal to iz. These characteristics show that the
common-base device is nearly an ideal constant-current source.

The C-B voltage can be varied by changing the V' voltage (Figure 5.11(a)) or
the V'~ voltage (Figure 5.11(b)). When the collector—base junction becomes forward
biased in the range of 0.2 and 0.3 V, the collector current i¢ is still essentially equal
to the emitter current ig. In this case, the transistor is still basically biased in the
forward-active mode. However, as the forward-bias C—B voltage increases, the linear
relationship between the collector and emitter currents is no longer valid, and the col-
lector current very quickly drops to zero.

The common-emitter circuit configuration provides a slightly different set of
current—voltage characteristics, as shown in Figure 5.13. For these curves, the collec-
tor 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 5.10. In this circuit, the Vg source forward biases the B—E junction
and controls the base current iz. The C-E voltage can be varied by changing V.

ic(mA) | Forward-active mode
ip=30 yA
3 25
20
T 15
10
1
5
| | | | | |

0 2 4 6 8 10 12
veg (V) npn or vge (V) pnp

Figure 5.13 Transistor current—voltage characteristics of the common-emitter circuit

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 that Vg must
be greater than approximately Vg (on).’ For Vcg > Vg (on), there is a finite slope
to the curves. If, however, Vo < Vpg(on), the B-C junction becomes forward
biased, the transistor is no longer in the forward-active mode, and the collector
current very quickly drops to zero.

Figure 5.14 shows an exaggerated view of the current—voltage characteristics
plotted for constant values of the B-E voltage. The curves are theoretically linear
with respect to the C—E voltage in the forward-active mode. The slope in these char-
acteristics is due to an effect called base-width modulation that was first analyzed by
J. M. Early. The phenomenon is generally called the Early effect. When the curves
are extrapolated to zero current, they meet at a point on the negative voltage axis, at
ver = —V4. The voltage V4 is a positive quantity called the Early voltage. Typical

SEven though the collector current is essentially equal to the emitter current when the B—C junction
becomes slightly forward biased, as was shown in Figure 5.12, the transistor is said to be biased in the
forward-active mode when the B—C junction is zero or reverse biased.
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Figure 5.14 Current-voltage characteristics for the common-emitter circuit, showing the
Early voltage and the finite output resistance, 7, of the transistor

values of V4 are in the range 50 < V4 < 300 V. For a pnp transistor, this same effect
is true except the voltage axis is vgc.

For a given value of vgg in an npn transistor, if vcg increases, the reverse-bias
voltage on the collector-base junction increases, which means that the width of
the B—C space-charge region also increases. This in turn reduces the neutral base
width W (see Figure 5.4). A decrease in the base width causes the gradient in the
minority carrier concentration to increase, which increases the diffusion current
through the base. The collector current then increases as the C—E voltage increases.

The linear dependence of ic versus vcp in the forward-active mode can be
described by

ic = [S(evsl-:/\/r) . (1 + UC_F> (5.16)

where [ is assumed to be constant.
In Figure 5.14, the nonzero slope of the curves indicates that the output resis-
tance r, looking into the collector is finite. This output resistance is determined from

1 dic
— = (5.17)
To aUCE vp g =const.
Using Equation (5.16), we can show that
V
rp = -4 (5.18)
Ic

where /¢ is the quiescent collector current when vpg is a constant and veg is small
compared to V.

In most cases, the dependence of i¢ on vcg is not critical in the dc analysis or
design of transistor circuits. However, the finite output resistance r, may signifi-
cantly affect the amplifier characteristics of such circuits. This effect is examined
more closely in Chapter 6 of this text.

Test Your Understanding

TYU 5.4 The output resistance of a bipolar transistor is r, = 225k at /o = 0.8 mA.
(a) Determine the Early voltage. (b) Using the results of part (a), find r, at
(1) Ic = 0.08 mA and (ii) Ic = 8 mA. (Ans. (a) V4 = 180V; (b) (i) r, = 2.25 ML,
(i) r, = 22.5kQ)
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TYU 5.5 Assume that /o =1 mA at Vocg =1V, and that Vg is held constant.
Determine I at Vop =10 V if: (a) V4 =75 V; and (b) V4 = 150 V. (Ans. I =
1.12mA, 1.06 mA)

5.1.6 Nonideal Transistor Leakage Currents
and Breakdown Voltage

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

Leakage Currents

In the common-base circuits in Figure 5.11, if we set the current source iy = 0, tran-
sistors 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 corresponds to the
reverse-bias saturation current in a diode, as described in Chapter 1. The direction of
these reverse-bias leakage currents is the same as that of the collector currents. The
term Icpo is the collector leakage current in the common-base configuration, and is
the collector-base leakage current when the emitter is an open circuit. This leakage
current is shown in Figure 5.15(a).

n n n

i
o
<11 lcso
|
<—||—061CEO

Ll

| ]
| |
! 1, <—:—
| CEO
~HE o |
| 1

+ —

Ves
(a) (b)

Figure 5.15 Block diagram of an npn transistor in an (a) open-emitter configuration showing
the junction leakage current /¢ o and (b) open-base configuration showing the leakage
current Icgo

Another leakage current can exist between the emitter and collector with the
base terminal an open circuit. Figure 5.15(b) is a block diagram of an npn transistor
in which the base is an open circuit (i = 0). The current component /¢ g is the nor-
mal leakage current in the reverse-biased B—C pn junction. This current component
causes the base potential to increase, which forward biases the B—E junction and in-
duces the B-E current /- go. The current component «/¢ o is the normal collector
current resulting from the emitter current /¢ go. We can write

Icpo = alcpo + Icpo (5.19(a))
or
Icpo
Iceo = [—a - Blcgo (5.19(b))

This relationship indicates that the open-base configuration produces different char-
acteristics than the open-emitter configuration.
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AICI Al

v leeo

Icpo
1 VCE

Figure 5.16 Transistor current—voltage characteristics for the common-emitter circuit includ-
ing leakage currents. The dc beta and ac beta for the transistor can be determined from this set
of characteristics. The Early voltage for this set of characteristics is assumed to be V4 = o0.

When the transistor is biased in the forward-active mode, the various leakage
currents still exist. Common-emitter current—voltage characteristics are shown in
Figure 5.16, in which the leakage current has been included. A dc beta or dc common-
emitter current gain can be defined, for example, as

e
Bac = 7— (5.20)
Ip>
where the collector current /¢, includes the leakage current as shown in the figure.

An ac 8 is defined as
Al

A11’5’ |Vep=const.

Bac (5.21)

This definition of beta excludes the leakage current as shown in the figure.

If the leakage currents are negligible, the two values of beta are equal. We will
assume in the remainder of this text that the leakage currents can be neglected and
beta can simply be denoted as § as previously defined.

Breakdown Voltage: Common-Base Characteristics

The common-base current—voltage characteristics shown in Figure 5.12 are ideal in
that breakdown is not shown. Figure 5.17 shows the same i¢c versus vcp character-
istics with the breakdown voltage.

ic

Forward-active mode
ip=1Ig

|

| ip=1Ip

I J

| -/

|

| _/

I

|

| ip=0 Y

= >0 I UcB
0.2-03V BVcpo

Figure 5.17 The i¢ versus vcp common-base characteristics, showing the collector—base
junction breakdown
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Consider the curve for iz = 0 (the emitter terminal is effectively an open cir-
cuit). The collector—base junction breakdown voltage is indicated as BV¢p¢. This is
a simplified figure in that it shows breakdown occurring abruptly at BV . For the
curves in which iz > 0, breakdown actually begins earlier. The carriers flowing
across the junction initiate the breakdown avalanche process at somewhat lower
voltages.

Breakdown Voltage: Common-Emitter Characteristics

Figure 5.18 shows the i versus vcp characteristics of an npn transistor, for various
constant base currents, and an ideal breakdown voltage of BV¢gp. The value of
BVcEo is less than the value of BV g because BV g includes the effects of the
transistor action, while BV g does not. This same effect was observed in the Icgo
leakage current.

ic

Forward-active mode ip=1Ip
— -

Ieg T

Figure 5.18 Common-emitter characteristics showing breakdown effects

The breakdown voltage characteristics for the two configurations are also dif-
ferent. The breakdown voltage for the open-base case is given by

BVcpo
VB (5.22)

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

EXAMPLE 5.2 T ———

Objective: Calculate the breakdown voltage of a transistor connected in the open-
base configuration.

Assume that the transistor current gain is = 100 and that the breakdown volt-
age of the B—C junction is BVcpo = 120 V.

BVcgo =

Solution: If we assume an empirical constant of n = 3, we have
BVcgo 120
VBT 10

BVcgo = =259V
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Comment: The breakdown voltage of the open-base configuration is substantially
less than that of the C-B junction. This represents a worst-case condition, which
must be considered in any circuit design.

Design Pointer: The designer must be aware of the breakdown voltage of the spe-
cific transistors used in a circuit, since this will be a limiting factor in the size of the
dc bias voltages that can be used.

F\ R EXERCISE PROBLEM

Ex 5.2: The open-emitter breakdown voltage is BVcpo = 200 V, the current
gain is B =120, and the empirical constant is n = 3. Determine BVcgo.
(Ans. 40.5V)

Breakdown may also occur in the B—E junction if a reverse-bias voltage is ap-
plied to that junction. The junction breakdown voltage decreases as the doping con-
centrations increase. Since the emitter doping concentration is 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 junc-
tion breakdown voltage values are in the range of 6 to 8§ V.

Test Your Understanding

TYU 5.6 A particular transistor circuit requires a minimum open-base breakdown
voltage of BVegop =30 V. If B = 100 and n = 3, determine the minimum required
value of BV¢cpo. (Ans. 139 V)

52 DC ANALYSIS OF TRANSISTOR CIRCUITS

Objective: © Understand and become familiar with the dc analysis
and design techniques of bipolar 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 comfortable with the
bipolar transistor and transistor circuits. The dc biasing of transistors, the focus of
this chapter, is an important part of designing bipolar amplifiers, the focus of the
next chapter.

The piecewise linear model of a pn junction can be used for the dc analysis of
bipolar transistor circuits. We will first analyze the common-emitter circuit and in-
troduce 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 amplifier must
be biased in the forward-active mode, we emphasize, in this section, the analysis and
design of circuits in which the transistor is biased in this mode.
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5.2.1 Common-Emitter Circuit

One of the basic transistor circuit configurations is called the common-emitter
circuit. Figure 5.19(a) shows one example of a common-emitter circuit. The emitter
terminal is obviously at ground potential. This circuit configuration will appear in
many amplifiers that will be considered in Chapter 6.

Figure 5.19 (a) Common-emitter circuit with npn transistor and (b) dc equivalent circuit.
Transistor equivalent circuit is shown within the dotted lines with piecewise linear transistor
parameters.

Figure 5.19(a) shows a common-emitter circuit with an npn transistor, and
Figure 5.19(b) shows the dc equivalent circuit. We will assume that the B—E junction
is forward biased, so the voltage drop across that junction is the cut-in or turn-on
voltage Vg (on). When the transistor is biased in the forward-active mode, the col-
lector 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 will be considering dc currents
and voltages, so the dc notation for these parameters will be used.

The base current is

_ Vgp —Vgg(on)

Ig = 2
B R, (5.23)

Implicit in Equation (5.23) is that Vg > Vg (on), which means that /g > 0. When
Vep < Vpe(on), the transistor is cut off and Iz = 0.
In the collector—emitter portion of the circuit, we can write

Ic = Blp (5.249)
and

Vee = IcRe + Ve (5.25(a))
or

Vee =Vee — IcRe (5.25(b))

In Equation (5.25(b)), we are also implicitly assuming that Vg > Vg (on), which
means that the B—C junction is reverse biased and the transistor is biased in the
forward-active mode.
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Considering Figure 5.19(b), we can see that the power dissipated in the transis-
tor is given by
Pr = 1gVpg(on) + IcVeg (5.26(a))

In most cases, Ic >> I and Vg > Vg (on) so that a good first approximation of the
power dissipated is given as

Pr =1IcVce (5.26(b))

The principal condition where this approximation is not valid is for a transistor
biased in the saturation mode (discussed later).

EXAMPLE 5.3 B ]

Objective: Calculate the base, collector, and emitter currents and the C—E voltage
for a common-emitter circuit. Calculate the transistor power dissipation.

For the circuit shown in Figure 5.19(a), the parameters are: Vg =4V, R =
220 k2, Re =2 k2, Vee =10V, Vge(on) = 0.7 V, and g = 200. Figure 5.20(a)
shows the circuit without explicitly showing the voltage sources.

Vee=10V

Re=2kQ 1’c=ﬂly

=3mA

Ry =220 kQ *

Vpp=4V Vep=10-03)2)
_ =4V
= 4-0.7 Vgp=0.7V
220 kQ -
Ip=1Ic+1g
= 15 A =3.02mA

(b)

Figure 5.20 Circuit for Example 5.3: (a) circuit and (b) circuit showing current and voltage
values

Solution: Referring to Figure 5.20(b), the base current is found as

_ VBB — VBE(OH) _ 4—-0.7

I
B Rz 220

= 15 uA

The collector current is
Ic = Bl = (200)(15 tA) = 3 mA
and the emitter current is
Ig=0+4p) -Ig =201 (15¢A) = 3.02mA
From Equation (5.25(b)), the collector-emitter voltage is
Vee =Vee —IcRec =10—(3)(2) =4V
The power dissipated in the transistor is found to be

Pr =1gVgg(on) 4+ IcVeg = (0.015)(0.7) + 3)4) = Ic Ve
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or

Pr =12 mW

Comment: Since Vgp > Vgg(on) and Vep > Vge(on), the transistor is indeed
biased in the forward-active mode. As a note, in an actual circuit, the voltage across
a B-E junction may not be exactly 0.7 V, as we have assumed using the piecewise
linear approximation. This may lead to slight inaccuracies between the calculated
currents and voltages and the measured values. Also note that, if we take the differ-
ence between I and /-, which is the base current, we obtain /3 = 20 uA rather than
15 A, The difference is the result of roundoff error in the emitter current.

‘; EXERCISE PROBLEM

Ex 5.3: The circuit elements in Figure 5.20(a) are changed to Voe =3.3V,
Vep =2V, Rc =3.2kQ2, and Rp =430k2. The transistor parameters are
B =150 and Vg = 0.7 V. Calculate I, I, Ve, and the power dissipated in the
transistor. (Ans. Ig = 3.02 uA, Ic = 0.453mA, Veg = 1.85V, P = 0.838 mW)

Figure 5.21(a) shows a common-emitter circuit with a pnp bipolar transistor, and
Figure 5.21(b) shows the dc equivalent circuit. In this circuit, the emitter is at ground
potential, which means that the polarities of the Vg and V¢ power supplies must
be reversed compared to those in the npn circuit. The analysis proceeds exactly as
before, and we can write

Vg — Vep(on)

Iy = or e on (527)
Ic = Bl (5.28)
and
Vec = Vee — IcRe (5.29)

We can see that Equations (5.27), (5.28), and (5.29) for the pnp bipolar transis-
tor in the common-emitter configuration are exactly the same as Equations (5.23),
(5.24), and (5.25(b)) for the npn bipolar transistor in a similar circuit, if we properly
define the current directions and voltage polarities.

Figure 5.21 (a) Common-emitter circuit with pnp transistor and (b) dc equivalent circuit.
Transistor equivalent circuit is shown within the dotted lines with piecewise linear transistor
parameters.
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In many cases, the pnp bipolar transistor will be reconfigured in a circuit so that
positive voltage sources, rather than negative ones, can be used. We see this in the
following example.

EXAMPLE 5.4 B ]

Objective: Analyze the common-emitter circuit with a pnp transistor.

For the circuit shown in Figure 5.22(a), the parameters are: Vg = 1.5V,
R =580kQ, VT =5V, Vgg(on) =0.6V,and 8 = 100. Find I, I¢c, I, and Rc
such that Ve = (%)Vf

vt=5vV
o
Ig=Ic+]1
vresv * 1 * 0505 mA
0.6V '
Rp=580kQ  _ +
Vpg=+15V Vec=2.5V
I —
fp= 50615
Vpgp=15V B rrewean
BB 580 kQ Ic=pBlz=0.5mA
=5 uA _5-25

|
Re
Re %
(b) _

Figure 5.22 Circuit for Example 5.4; (a) circuit and (b) circuit showing current and voltage
values

Solution: Writing a Kirchhoff voltage law equation around the E-B loop, we find the
base current to be
V+—VEB(OI’1)—VBB 5-06—-1.5
B Rz ss0 ¢
The collector current is

Ic = Blg = (100)(5uA) = 0.5mA

and the emitter current is
Ig =1+ B)Ig = (101)(51A) = 0.505mA
For a C-E voltage of Vpc = % VT =25V, Rcis
VY —Vee 5-25

¢ Ic 0.5 >

Comment: In this case, the difference between V™ and Vpp is greater than the tran-
sistor turn-on voltage, or (V' — Vpp) > Vgp(on). Also, because Vrc > Vgp(on),
the pnp bipolar transistor is biased in the forward-active mode.

Discussion: In this example, we used an emitter-base turn-on voltage of
Vep(on) = 0.6 V, whereas previously we used a value of 0.7 V. We must keep in
mind that the turn-on voltage is an approximation and the actual base—emitter volt-
age will depend on the type of transistor used and the current level. In most situa-
tions, choosing a value of 0.6 V or 0.7 V will make only minor differences. However,
most people tend to use the value of 0.7 V.
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T — EXERCISE PROBLEM

Ex 5.4: The circuit elements in Figure 5.22(a) are V* =3.3V, Vp = 1.2V,
Rp =400kS2, and Rc = 5.25kSQ2. The transistor parameters are § = 80 and
Veg(on) = 0.7 V. Determine I, I, and Vgc. (Ans. Ig = 3.5 uA, Ic = 0.28 mA,
Vee = 1.83V)

The dc equivalent circuits, such as those given in Figures 5.19(b) and 5.21(b),
are useful initially in analyzing transistor circuits. From this point on, however, we
will not explicitly draw the equivalent circuit. We will simply analyze the circuit
using the transistor circuit symbols, as in Figures 5.20 and 5.22.

T — COMPUTER ANALYSIS EXERCISE

PS 5.1: (a) Verify the results of Example 5.3 with a PSpice analysis. Use a stan-
dard transistor. (b) Repeat the analysis for Rp = 180 kS2. (c) Repeat the analysis
for Rz = 260 k2. What can be said about Rp limiting the base current?

512 2 Load Line and Modes of Operation

The load line can help us visualize the characteristics of a transistor circuit. For the
common-emitter circuit in Figure 5.20(a), we can use a graphical technique for both
the B-E and C-E portions of the circuit. Figure 5.23(a) shows the piecewise linear
characteristics for the B-E junction and the input load line. The input load line is

ic (mA) ‘47 Forward-active mode 4>‘
30
6 —
| Saturation 25
1 (sat) SIS -
c - .
r — Loadline 20
4 |
L V‘ \ Igp=15 uA
Quiescent base 34 }
current and 7
B-E voltage i :
g Q-point 10

Load line

\ Cutoff
0 i | | | | /

(=}

Vpg (on)=0.7V

Vep=4V vpp 0 2 4 6 8 10 veg (V)
Vg (sat)

(a) (b)

Figure 5.23 (a) Base—emitter junction piecewise linear i—v characteristics and the input load
line, and (b) common-emitter transistor characteristics and the collector—emitter load line
showing the Q-point for the circuit shown in Example 5.3 (Figure 5.20)
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obtained from Kirchhoff’s voltage law equation around the B-E loop, written as
follows:
Ves  VaE
Ig=——— 5.30
B= R Ry (5.30)

Both the load line and the quiescent base current change as either or both Vg and
Rp change. The load line in Figure 5.23(a) is essentially the same as the load line
characteristics for diode circuits, as shown in Chapter 1.

For the C-E portion of the circuit in Figure 5.20(a), the load line is found by
writing Kirchhoff’s voltage law equation around the C—E loop. We obtain

Vee = Vee — IcRc (5.31(a))
which can be written in the form
Vee  Vee Vee
lc=———=5——(mA 5.31(b
TR R 5 (mA) (5.31(b))

Equation (5.31(b)) is the load line equation, showing a linear relationship between
the collector current and collector—emitter voltage. Since we are considering the dc
analysis of the transistor circuit, this relationship represents the dc load line. The ac
load line is presented in the next chapter.

Figure 5.23(b) shows the transistor characteristics for the transistor in Exam-
ple 5.3, with the load line superimposed on the transistor characteristics. The two end
points of the load line are found by setting /o = 0, yielding Vg = Vee = 10V, and
by setting Vg = 0, yielding Ic = Vee/Re = 5 mA.

The quiescent point, or Q-point, of the transistor is given by the dc collector cur-
rent and the collector—emitter voltage. The Q-point is the intersection of the load line
and the I versus Ve curve corresponding to the appropriate base current. The
QO-point also represents the simultaneous solution to two expressions. The load line is
useful in visualizing the bias point of the transistor. In the figure, the Q-point shown
is for the transistor in Example 5.3.

As previously stated, if the power supply voltage in the base circuit is smaller
than the turn-on voltage, then Vpp < Vpg(on) and I3 = Io = 0, and the transistor is
in the cutoff mode. In this mode, all transistor currents are zero, neglecting leakage
currents, and for the circuit shown in Figure 5.20(a), Veg = Vee = 10 V.

As Vpp increases (Vg > Vg (on)), the base current I3 increases and the Q-
point moves up the load line. As Iz continues to increase, a point is reached where
the collector current /- can no longer increase. At this point, the transistor is biased
in the saturation mode; that is, the transistor is said to be in saturation. The B-C
junction becomes forward biased, and the relationship between the collector and
base currents is no longer linear. The transistor C—E voltage in saturation, V¢ g (sat),
is less than the B—E cut-in voltage. The forward-biased B—C voltage is always less
than the forward-biased B-E voltage, so the C—E voltage in saturation is a small pos-
itive value. Typically, V¢ g (sat) is in the range of 0.1 to 0.3 V.

EXAMPLE 5.5 "

Objective: Calculate the currents and voltages in a circuit when the transistor is dri-
ven into saturation.

For the circuit shown in Figure 5.24, the transistor parameters are: 8 = 100, and
Vge(on) = 0.7 V. If the transistor is biased in saturation, assume Vcg(sat) = 0.2 V.
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+10V +10V

+10V

I _10-02
c=
Ic=plg Re=4kQ 4

=3.32mA =245 mA

Rc=4kQ +

Veg = Vg (sat)

Ry =220kQ

Vep=10-(332)4)  +8V

Rp=220kQ + + _ =-328V - + - =02V
i v =3-07 47y Ip=332uA 7y
+8V CE B=220k0 x :
- pogan | N - llE:1C+[B
Ip Vi i = 20c U possible =2.483 mA
(a) (b) (c)

Figure 5.24 Circuit for Example 5.5: (a) circuit; (b) circuit showing current and voltage
values, assuming the transistor is biased in the forward-active mode (an incorrect
assumption); and (c) circuit showing current and voltage values, assuming the transistor is
biased in the saturation mode (correct assumption)

Solution: Since 48 V is applied to the input side of Rp, the base—emitter junction is
certainly forward biased, so the transistor is turned on. The base current is

_ VBB —VBE(OH) _ 8—0.7

I = 332 uA
B Rp 220 "
If we first assume that the transistor is biased in the active region, then the collector
current is

Ic = Blp = (100)(33.2 nA) = 3.32 mA
The collector—emitter voltage is then
Vee =Vee —IcRe =10 — (3.32)(4) = —3.28V

However, the collector—emitter voltage of the npn transistor in the common-emitter
configuration shown in Figure 5.24(a) cannot be negative. Therefore, our initial
assumption of the transistor being biased in the forward-active mode is incorrect.
Instead, the transistor must be biased in saturation.
As given in the “objective” statement, set Vog(sat) = 0.2 V. The collector cur-
rent is
Vee — Ve (sat) 10-0.2
Rc -
Assuming that the B—E voltage is still equal to Vgz(on) = 0.7 V, the base current is
Ip = 33.2 nA, as previously determined. If we take the ratio of collector current to
base current, then
Ic 2.45
Iz 0.0332

The emitter current is

=2.45mA

Ic = I-(sat) =

=74 <p

The power dissipated in the transistor is found to be
Pr = 1Vgg(on) + IcVer = (0.0332)(0.7) + (2.45)(0.2)

or

Pr =0.513mW
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Comment: When a transistor is driven into saturation, we use V¢ g(sat) as another
piecewise linear parameter. In addition, when a transistor is biased in the saturation
mode, we have I < BIp. This condition is very often used to prove that a transistor
is indeed biased in the saturation mode.

' EXERCISE PROBLEM

Ex 5.5: Consider the pnp circuit in Figure 5.22(a). Assume transistor parameters
of Vgp(on) = 0.7V, Vge (sat) = 0.2V, and g = 110. Assume circuit parameters
of VT =3.3V,Rc =5 kQ, and Rz = 150 k. Calculate I3, I, and V¢ for (a)
Vg =2Vand(b) Vgg = 1 V.(Ans. (a) g =4 uA,Ic =0.44mA, Ve = 1.1V,
(b) I =10.7 A, Ic = 0.62mA, Vgc = 0.2V)

Problem-Solving Technique: Bipolar DC Analysis

Analyzing the dc response of a bipolar transistor circuit requires knowing the
mode of operation of the transistor. 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
guess. To do this, we can:

1. Assume that the transistor is biased in the forward-active mode in which case
VBE = VBE(OH), IB > 0, and IC = ﬂIB.

2. Analyze the “linear” circuit with this assumption.

3. Evaluate the resulting state of the transistor. If the initial assumed parameter val-
ues and Ve > Veg(sat) are true, then the initial assumption is correct. How-
ever, if the calculation shows I/ < 0, then the transistor is probably cut off, and
if the calculation shows Vg < 0, the transistor is likely biased in saturation.

4. If the initial assumption is proven incorrect, then a new assumption must be made
and the new “linear” circuit must be analyzed. Step 3 must then 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 is similar to the process
we used for the analysis of multidiode circuits. For instance, in Example 5.5, we as-
sumed a forward-active mode, performed the analysis, and showed that Vop < 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 transistor
was biased in the saturation mode. Using the results of Example 5.5, we also see that
when a transistor is in saturation, the ratio of /- to I is always less than 8, or

Ic/Ip < B

This condition is true for both the npn and the pnp transistor biased in the saturation
mode. When a bipolar transistor is biased in saturation, we may define

== = ,BForced (5'32)

where Brorced 15 called the “forced beta.” We then have that Brorced < B.
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+5V

Figure 5.26 Figure for Ex-
ercise TYU 5.7 and TYU 5.8

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 is act-
ing as the collector and the collector is operating as the emitter. We will postpone dis-
cussions 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 5.25. The four possible combinations of B-E and B—C voltages determine the
modes of operation. If vgr > 0 (forward-biased junction) and vge < O (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 in 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.

;%6

Inverse-active Saturation

VBE
Cutoff Forward-active

Figure 5.25 Bias conditions for the four modes of operation of an npn transistor

The piecewise linear parameter model of the transistor that we have used in the
dc analysis of transistor circuits is adequate for many applications. Another transis-
tor model is known as the Ebers—Moll model. This model can be used to describe
the transistor in each of its possible operating modes and is used in the SPICE com-
puter simulation program. However, we will not consider the Ebers—Moll model
here.

Test Your Understanding

In the following exercise problems, assume Vgg(on) = 0.7 V and Veg(sat) = 0.2 V.

TYU 5.7 For the circuit shown in Figure 5.26, assume g = 50. Determine V), I3,
and /¢ for: (a) V; = 0.2V, and (b) V; = 3.6 V. Then, calculate the power dissipated
in the transistor for the two conditions. (Ans. (a) Ig = I =0, Vo =5V, P =0;
(b) Ig =4.53 mA, Ic = 109 mA, P = 5.35 mW)

TYU 5.8 For the circuit shown in Figure 5.26, let § = 50, and determine V; such that
Vpe = 0. Calculate the power dissipated in the transistor. (Ans. V; = 0.825 V,
P =6.98 mW)

5.2.3 Voltage Transfer Characteristics

A plot of the voltage transfer characteristics (output voltage versus input voltage)
can also be used to visualize the operation of a circuit or the state of a transistor. The
following example considers both an npn and a pnp transistor circuit.
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EXAMPLE 5.6 JI, ;v !, ’

Objective: Develop the voltage transfer curves for the circuits shown in Figures 5.27(a)
and 5.27(b).

Assume npn transistor parameters of Vgg(on) = 0.7 V, B = 120, Veg(sat) =
0.2V, and V4 = oo, and pnp transistor parameters of Vgg(on) = 0.7 V, g8 = 80,
Vee(sat) = 0.2V, and V4 = oo.

Vi=45V V=45V

J

Rg=200kQ
Qp

Vi
Vo

Rc=8kQ

(b)

Figure 5.27 Circuits for Example 5.6; (a) npn circuit and (b) pnp circuit

Solution (npn Transistor Circuit): For V; < 0.7V, the transistor Q,, is cut off, so that
Ig = Ic = 0. The output voltage is then Vo =Vt =5V.

For V; > 0.7V, the transistor Q,, turns on and is initially biased in the forward-
active mode. We have

I _Vi=07
B = Ry
and
BV, —0.7)
lr=B8lp = ——~
c =Bl R,
Then
Vi —0.7)R
V0=5—ICRc=5—u
Rp

This equation is valid for 0.2 < Vy <5 V. When Vy = 0.2V, the transistor Q,, goes
into saturation. When Vy = 0.2V, the input voltage is found from

(120)(V; — 0.7)(5)
150
which yields V; = 1.9 V. For V; > 1.9V, the transistor Q, remains biased in the sat-

uration region.
The voltage transfer curve is shown in Figure 5.28(a).

02=5-

Solution (pnp transistor circuit): For4.3 < V; < 5V, the transistor Q, is cut off, so
that Iz = I = 0. The output voltage is then Vy = 0.

For Vi < 4.3V, the transistor Q, turns on and is biased in the forward-active
mode. We have

_5-0D -V,

1
B Ry
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Vo, (V) Vo (V)
0 Cutoff 0

Saturation
5

Active .
Active

Saturation Cutoff

0 07 19 5 V,V) 2.8 43 5 y,v)

Figure 5.28 Voltage transfer characteristics for (a) npn circuit in Figure 5.27(a) and (b) pnp
circuit in Figure 5.27(b)

and
5-07-V
Ic = Blp = ,3[71
Rp
The output voltage is then
5-07) -V
Vo =IcRc = ,BRC[(R#}
B

This equation is valid for 0 < Vo < 4.8 V. When Vp = 4.8V, the transistor Q, goes
into saturation.
When Vy = 4.8V, the input voltage is found from

5-07-V,
200
which yields V; = 2.8 V. For V; < 2.8V, the transistor Q, remains biased in the sat-

uration mode.
The voltage transfer curve is shown in Figure 5.28(b).

4.8 = (80)(8) |:

Computer Simulation: Figure 5.29 shows the voltage transfer characteristics from
a PSpice simulation using a standard 2N3904 transistor. One result that may be

5.0V

ov | |
ov 2.0V 4.0V 6.0V

oV (Ql:c)
VVi

Figure 5.29 Voltage transfer characteristic for the circuit in Figure 5.27(a) generated by a
PSpice simulation
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observed from the computer simulation is that the output voltage in the forward-
active mode is not exactly a linear function of input voltage as the hand analysis sug-
gested. In addition, the base-emitter voltage when v; = 1.3 Vis vgg = 0.649 V in
the computer analysis results rather than the assumed value of 0.7 V in the hand
analysis. However, the hand analysis gives a good first approximation.

Comment: As shown in this example, the voltage transfer characteristics are deter-
mined by finding the range of input voltage values that biases the transistor in cutoff,
the forward-active mode, or the saturation mode.

! ,! i ,I“ EXERCISE PROBLEM

Ex 5.6: The circuit elements in Figure 5.27(a) are changed to Rp = 200 k€2,
Rc=4 kQ, and V'™ =9 V. The transistor parameters are B = 100,
Vpe(on) = 0.7 V, and Vg (sat) = 0.2 V. Plot the voltage transfer characteristics
for 0 <V; <9 V. (Ans. For 0 <V; <0.7 V, Q, is cut off, Vo =9 V; For
Vi >5.1V, Q, is in saturation, Vo = 0.2 V)

T — COMPUTER ANALYSIS EXERCISE

PS 5.2: Using a PSpice simulation, plot the voltage transfer characteristics of the
circuit shown in Figure 5.27(b). Use a standard transistor. What is the value of vg g
when the transistor is biased in the forward-active region?

5.2.4 Commonly Used Bipolar Circuits: dc Analysis

There are a number of other bipolar transistor circuit configurations, in addition to the
common-emitter circuits shown in Figures 5.20 and 5.22, that are commonly used.
Several examples of such circuits are presented in this section. BJT circuits tend to be
very similar in terms of dc analysis procedures, so 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.

EXAMPLE 5.7 A‘l, i !, ’

Objective: Calculate the characteristics of a circuit containing an emitter resistor.
For the circuit shown in Figure 5.30(a), let Vgg(on) = 0.7V and 8 = 75. Note
that the circuit has both positive and negative power supply voltages.

Solution (Q-point values): Writing Kirchhoff’s voltage law equation around the
B-E loop, we have

VBB =13R3+VBE(OH)+IERE+V7 (5.33)

Assuming the transistor is biased in the forward-active mode, we can write
Ig = (1 4 B) Ig. We can then solve Equation (5.33) for the base current:

I — Vegp — Vgg(on) — V— _ 1-0.7—-(-1.8)
B Ry + (1 + B)Rg 560 + (76)(3)

= 2.665 1A
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Vi=18V +1.8V

Io=pl
Re=TkQ |1 10 8
¢ ¢ ke =0.20 mA
+ +
Ry =560 kQ Rp =560 kQ
Vpp=1V Ver IRY Vep=159V

1IE= (1+Ply
=0.203 mA

Vo=-18V -18V
(@) (b)

Figure 5.30 Circuit for Example 5.7: (a) circuit and (b) circuit showing current and voltage
values

The collector and emitter currents are
Ic = Bl = (79(2.665 nA) = 0.20 mA
and
Ig = (14 p)Ip = (76)(2.665 nA) = 0.203 mA
From Figure 5.30(b), the collector—emitter voltage is
Vee =V —IcRe —IgRg — V™~ = 1.8 —(0.20)(7) — (0.203)(3) — (—1.8)
or
Ve =159V

Solution (load line): We again use Kirchhoff’s voltage law around the C—E loop.
From the relationship between the collector and emitter currents, we find

Vee = (V+ -V —I¢ |:RC + (%)RE]

76
=U8—048n—kp+<%)@]

or
Ver = 3.6 — 10(10.04)

The load line and the calculated Q-point are shown in Figure 5.31. A few transistor
characteristics of I versus Vg are superimposed on the figure.

Comment: Since the C-E voltage is 1.59 V, Vg > Vpg(on) 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.

! ., v I,_ EXERCISE PROBLEM

Ex 5.7: The parameters of the circuit shown in Figure 5.30(a) are changed to
Vt =33V, V- =-33V, Vpp =0, Rp =640k, Rp = 2.4k, and R¢c =
10 k€2. The transistor parameters are § = 80 and Vg (on) = 0.7 V. Calculate all
transistor currents and Veg. (Ans. Ig =3.116 uA, Ic =0.249mA, I =
0.252mA, Ve =3.51V)
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041 i (max) = 30 _ 350 mA

o 10.04
03+

\ Q-point
icmA) g, L <
E\ Ipo =2.665 A

0 1 | 1 | 1 | |
0 1 1.59 2 3 3.6 4

vee (V)

Figure 5.31 Load line and Q-point for the circuit shown in Figure 5.30 for Example 5.7

DESIGN EXAMPLE 5.8 ST——————

Objective: Design the common-base circuit shown in Figure 5.32 such that
IEQ = 0.50 mA and VECQ =40V.
Assume transistor parameters of § = 120 and Vgp(on) = 0.7 V.

—_— —_—
Igg Ico
Rn=
R B R
£ 1 10 kQ ¢
Igo
yt=5V - Vv =-5V

Figure 5.32 Common-base circuit for Example 5.8

Solution: Writing Kirchhoff’s voltage law equation around the base—emitter loop
(assuming the transistor is biased in the forward-active mode), we have

1
V* =1IgoRg + Vep(on) + ( re )RB

I+8
or
5=(0.35)Rg +0.7+ <£) (10)
121
which yields
Rp =8.52kQ
We can find

teo = (=2 150 = (222) (0.5) = 0.496 mA
e~ \1+8) ¢ 1z
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Now, writing Kirchhoff’s voltage law equation around the emitter—collector loop, we
have

Vt =1IpgoRg + Vico + IcoRe + V™
or

5=1(0.5)(8.52) +4 + (0.496)R¢c + (=95)
which yields

Re = 3.51 kQ

Comment: The circuit analysis of the common-base circuit proceeds in the same
way as all previous circuits.

(T —— EXERCISE PROBLEM

Ex 5.8: Design the common-base circuit shown in Figure 5.33 such that Izp =
0.125mA and Vgcp =2.2V. The transistor parameters are S = 110 and
Vep(on) = 0.7 V. (Ans. Rgp = 18.4kQ2, Re = 12.1kQ)

Vt=3V V- =-3V

Figure 5.33 Common-base circuit for Exercise Problem Ex 5.8

Test Your Understanding

TYU 5.9 The bias voltages in the circuit shown in Figure 5.34 are V™ = 3.3V and
V= = -3.3V. The measured value of the collector voltage is Vo =2.27 V.
Determine Ig, I¢c, I, B,and a. (Ans. I = 2.50 uA, Ic = 0.2575mA, [ = 0.26 mA,
B =103, « = 0.99038)

+10V +10V

-10V -10V

Figure 5.34 Figure Figure 5.35 Figure for
for Exercise TYU 5.9 Exercise TYU 5.10
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TYU 5.10 The bias voltages in the circuit shown in Figure 5.35 are V* =5V and
V= =—-5V. Assume that B =85. Determine Iz, Ic, Ig, and Vgc. (Ans.
Ip =625 uA, Ic =0.531 mA, I = 0.5375mA, Vgc =3.575V)

DESIGN EXAMPLE 5.9 T ———

Objective: Design a pnp bipolar transistor circuit to meet a set of specifications.

Specifications: The circuit configuration to be designed is shown in Figure 5.36(a).
The quiescent emitter-collector voltage is to be Vgcg = 2.5 V.

Choices: Discrete resistors with tolerances of £10 percent are to be used, an emitter
resistor with a nominal value of Rg =2 k2 is to be used, and a transistor with
B = 60 and Vgg(on) = 0.7 V is available.

Solution (ideal Q-point value): Writing the Kirchhoff’s voltage law equation
around the C-E loop, we obtain

VY =1IgoREg + Veco
or
5= 1Ipp2) +2.5

which yields /gp = 1.25 mA. The collector current is

60

The base current is

I 1.25
Ipp = —2 = —= = 0.0205mA
1+8 6l

Writing the Kirchhoff’s voltage law equation around the E-B loop, we find
V+ = IEQRE + VEB(OII) + IBQRB + VBB

vt=5V 5V
o]
RE=2kQ§lIE RE=2kQ§1[E=5’22'5
< <
+ + =1.25mA
v 0.7V
Ry BB+ Rp= 185kQ '\ +
Vgg=-2V o—'\/\N\'—KvEC 2Vo ANV Vie=25V
-— | N
_ " _
Ig= =205 A
BT1+p # B
1IC 11C= (7) Ig
1+
£ =1.23 mA

(a) (b)

Figure 5.36 Circuit for Design Example 5.9: (a) circuit and (b) circuit showing current and
voltage values
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ic (mA)

2.5

2.0

1.5

Ieg=123mA —H

1.0

0.5
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I (max) =

e

/

5
2.03

or
5=(1.252) + 0.7+ (0.0205)Rp + (-2)
which yields Rp = 185kS2.

Solution (ideal load line): The load line equation is
1
Vee =Vt —IgRg =V* —I¢ (%ﬂ)RE

or

61

Vee =5—1I¢ <@>(2) =5—-1c(2.03)

The load line, using the nominal value of R, and the calculated Q-point are shown
in Figure 5.37(a).

Trade-offs: As shown in Appendix C, a standard resistor value of 185 k2 is not
available. We will pick a value of 180 k2. We will consider Rz and R resistor tol-
erances of +10 percent.

The quiescent collector current is given by

_ V* —Vgg(on) — Vg . 6.3
feo=F [ Ry +(+ P)R; } = (€0 [RB m (61)RE_]

and the load line is given by
1+5 61
Vec =V  —Ic|—— )Re=5— = |IcR
o= ve i () =5 (e

The extreme values of Ry are:

2k —10% = 1.8k 2k 4 10% = 2.2 k2.

I (mA)
2 =246mA
2o L Re=1.8kQ
~ o Rg=2kQ
1.8 B~ Rp=162kQ

14F
\/ 0-point Rp=22kQ
1.0

Ideal Q-point

Load lines

N

it
[z

| Ipo=20.5 A Rp =198 kQ
| 06

!

|

| ‘ i
4 | \
| | } | | Ly | | | | |
0 1 2 | 3 4 5 vge (V) 1.5 2.0 2.5 3.0 3.5 Ve (V)
Vicp=25V
(@ (b)

Figure 5.37 (a) Load line and Q-point value for the ideal designed circuit shown in
Figure 5.36 used in Example 5.9; (b) load lines and Q-point values for the extreme tolerance
values of resistors
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The extreme values of Rp are:
180 k2 — 10% = 162 k2 180 k2 + 10% = 198 k2.

The Q-point values for the extreme values of Rp and Ry are given in the following
table.

Rg
Ry 1.8 k2 22kQ
162 kQ2 Icp =139 mA Icp =128 mA
Vico = 246 V Vico = 2.14V
198 kQ2 Icp =123 mA Icp =1.14 mA
VEco = 275V VEco = 245V

Figure 5.37(b) shows the Q-points for the various possible extreme values of
emitter and base resistances. The shaded area shows the region in which the Q-point
will occur over the range of resistor values.

Comment: This example shows that an ideal Q-point can be determined based on a
set of specifications, but, because of resistor tolerance, the actual Q-point will vary
over a range of values. Other examples will consider the tolerances involved in
transistor parameters.

T — EXERCISE PROBLEM

Ex 5.9: The circuit elements in Figure 5.36(a) are V' =5V, Vpp = -2V,
Rrp =2 kQ, and Rp = 180 k2. Assume Vgp(on) = 0.7 V. Plot the Q-point
on the load line for (a) B =40, (b) B =60, (c) B =100, and (d) B = 150.
(AIIS. (a) ICQ = 0.962 mA, (b) ICQ =1.25 mA, (C) ICQ =1.65 mA, (d) ICQ =
1.96 mA)

EXAMPLE 5.10 T—————

Objective: Calculate the characteristics of an npn bipolar transistor circuit with a
load resistance. The load resistance can represent a second transistor stage connected
to the output of a transistor circuit.

For the circuit shown in Figure 5.38(a), the transistor parameters are:
Vpe(on) = 0.7V, and g = 100.

Solution (Q-Point Values): Kirchhoff’s voltage law equation around the B-E loop
yields

IBRB + VBE(OII) + IERE + V—=0
Again assuming [z = (1 + B)Ip, we find

I — —(V7 4+ Vge(on))  —(=5+0.7)
P R+ +PR: 10+ (101)(5)

= 8.35 uA

The collector and emitter currents are

Ic = Bl = (100)(8.35 uA) = 0.835mA
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Vi=+12V

Re=5kQ 11]

<

N
Make Thevenin™,
equivalent circuit ™

for load line N N

Rz=10kQ | :
+

- IB VBE

+12V

Re=5kQ 111=]C+IL
=1.63 mA

<

Ie=plg
=0.835 mA

1.

- Ig=(+p)1Ig
Rp=5ka =0.843 mA

-5V
(b) (c)

Figure 5.38 Circuit for Example 5.10: (a) circuit; (b) circuit showing current and voltage
values; and (c) Thevenin equivalent circuit

and
Ig = (14 B)Ip = (101)(8.35 uA) = 0.843 mA
At the collector node, we can write

Vt—Vo V.
Ie=h—Ip=—7-2-22
Rc R
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or

12 —
0835 =2~ Vo Vo
5 5

Solving for Vy, we find Vp = 3.91 V. The currents are then /; = 1.62 mA and
I; = 0.782 mA. Referring to Figure 5.38(b), the collector—emitter voltage is

Ver = Vo — IeRe — (=5) = 3.91 — (0.843)(5) — (=5) = 4.70V

Solution (Load Line): The load line equation for this circuit is not as straightforward
as for previous circuits. The easiest approach to finding the load line is to make a
“Thevenin equivalent circuit” of R;, Rc, and V', as indicated in Figure 5.38(b).
(Thevenin equivalent circuits are also covered later in this chapter, in Section 5.4.)
The Thevenin equivalent resistance is

Rry = Ri|Rc = 5|5 = 2.5k

and the Thevenin equivalent voltage is

R, 5
T <RL+RC> <5+5> (12)

The equivalent circuit is shown in Figure 5.38(c). The Kirchhoff voltage law equa-
tion around the C-E loop is

101

Vee = (60— (=5) —IcRry — IgRg = 11 — 1c(2.5) — Ic <ﬁ> -(5)

or
Vee = 11 — 1 (7.55)

The load line and the calculated Q-point values are shown in Figure 5.39.

Comment: Remember that the collector current, determined from /o = B3, is the
current into the collector terminal of the transistor; it is not necessarily the current in
the collector resistor R¢.

ic (mA)

1.50,
1.46 /\

1.0 (\/ Q-point
Icp=0.835 mA —
ce 2 | Ipg = 8.35 A
05+ }
]

|
2 4 6 8 10f 12 W
Vepg=470V 11

Figure 5.39 Load line and Q-point for the circuit shown in Figure 5.38(a) for Example 5.10
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Figure 5.43 Figure for
Exercise TYU 5.13

m& : EXERCISE PROBLEM

Ex 5.10: For the transistor shown in the circuit of Figure 5.40, the common-base
current gain is @ = 0.9920. Determine Rg such that the emitter current is limited
to I =1.0 mA. Also determine /g, Ic, and Vgc. (Ans. Rgp = 3.3 k€2,
Ic =0.992 mA, Iz = 8.0 uA, Vgec =4.01 V)

Rp Rc=1kQ
+ I Ie -
Vpp=4V — — Vee=5V

- +

Figure 5.40 Figure for Exercise Ex 5.10

Test Your Understanding

TYU 5.11 For the circuit shown in Figure 5.41, determine /g, I, I¢, and Vg, if
B=75.(Ans. Ip = 15.1 uA,Ic = 1.13mA, I = 1.15mA, Veg = 6.03V)

TYU 5.12 Assume = 120 for the transistor in Figure 5.42. Determine Ry such that
Vee =2.2V. (Ans. Rg = 154 Q)

+5V

Rp=1kQ Rr=25kQ

Figure 5.41 Figure for Exercise TYU 5.11 Figure 5.42 Figure for
Exercise TYU 5.12

TYU 5.13 For the transistor in Figure 5.43, assume 8 = 90. (a) Determine Vg such
that /g = 1.2mA. (b) Find /- and Vgc. (Ans. (a) Vgg = 2.56V; (b) Ic = 1.19 mA,
Vee =3.8V)

m.nl COMPUTER ANALYSIS EXERCISE

PS 5.3: Verify the common-base circuit analysis in Test Your Understanding Ex-
ercise TYU 5.11 with a PSpice simulation. Use a standard transistor.
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53 BASICTRANSISTOR APPLICATIONS

Objective: ® Examine three applications of bipolar transistor circuits:
a switch circuit, digital logic circuit, and an amplifier circuit.

Transistors can be used to: switch currents, voltages, and power; perform digital
logic functions; and amplify time-varying signals. 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 time-varying
signals.

5.3.1 Switch

Figure 5.44 shows a bipolar circuit called an inverter, in which the transistor in the
circuit is switched between cutoff and saturation. The load, for example, could be a
motor, a light-emitting diode or some other electrical device. If v; < Vpg(on), then
ip = ic = 0 and the transistor is cut off. Since ic = 0, the voltage drop across the
load is zero, so the output voltage is vp = V¢¢. Also, since the currents in the tran-
sistor are zero, the power dissipation in the transistor is zero. If the load were a motor,
the motor would be off with zero current. Likewise, if the load were a light-emitting
diode, the light output would be zero with zero current.

If we let v; = V¢ and if the ratio of Rp to R, where R is the effective resis-
tance of the load, is less than f, then the transistor is usually driven into saturation,
which means that

v; — Vpg(on)

ig = T (5.34)
Vee — Ve t
ic = Ic(sat) = CCR—CE(Sa) (5.35)
C
and
vo = Vee(sat) (5.36)
TVCC
icl Load
+———o vy
Ry Ve +
Vo MWW—— v
ig UB;_\ B

Figure 5.44 An npn bipolar inverter circuit used as a switch
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In this case, a collector current is induced that would turn on the motor or the LED,
depending on the type of load.

Equation (5.34) assumes that the B-E voltage can be approximated by the turn-
on voltage. This approximation will be modified slightly when we discuss bipolar
digital logic circuits in Chapter 17.

EXAMPLE 5.11 T ————

Objective: Calculate the appropriate resistance values and transistor power dissipa-
tion for the two inverter switching configurations shown in Figure 5.45.

Specifications (Figure 5.45(a)): The transistor in the inverter circuit in Figure
5.45(a) is used to turn the light-emitting diode (LED) on and off. The required LED
current is /c; = 12 mA to produce the specified output light. Assume transistor pa-
rameters of § = 80, Vgg(on) = 0.7V, and Vg (sat) = 0.2V, and assume the diode
cut-in voltage is V,, = 1.5 V. [Note: LEDs are fabricated with compound semicon-
ductor materials and have a larger cut-in voltage compared to silicon diodes.]

Specifications (Figure 5.45(b)): The inverter circuit in Figure 5.45(b) uses a pnp
transistor. In this case, one side of the load (for example a motor) can be connected
to ground potential. The required load current is /¢, = 5 A. Assume transistor para-
meters of 8 = 40,Vgg(on) = 0.7V, and Vg (sat) = 0.2 V.

Solution (Figure 5.45(a)): For v;; = 0, transistor Q is cut off so that Ig; = Ic, =0
and the LED is also off.
For v;; = 5V, we require Ic; = 12 mA and want the transistor to be driven into
saturation. Then
Vt—(V, +Vce(sat)  5—(1.5+0.2)
Icy B 12

We may let I¢/Ip; = 40. Then Ip; = 12/40 = 0.3 mA. Now

V71 — VBE(OH) _ 5-0.7
Ipi 03

R, = = R, =275Q

Rpi = — 14.3kQ

The power dissipation in Q is

Pl = IBIVBE(On) + [C1VCE(Sat) = (03)(07) + (12)(02) = 2.6l mW

Vt=5V Vi=12V
R,
Ry v o—AMWW— 0,
DA
: 1
Light B2
.
~” output 1 I
2
(o) Load

l

(b)

Figure 5.45 Figures for Example 5.11
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Solution (Figure 5.45(b)): For v;p, =12V, transistor Q, is cut off so that
Ip> = Ic» = 0 and the voltage across the load is zero.

For v;, =0, transistor Q, is to be driven into saturation so that Vge, =
VEc (sat) = 0.2 V. The voltage across the load is 11.8 V, the current is 5 A, which
means the effective load resistance is 2.36 2

If welet I¢o/1p2 = 20, then Ig, = 5/20 = 0.25 A. Now

V+ —VEB(OII) — V72 12—-0.7-0

Ry — - — 4520
B2 5, 0.25

The power dissipation in transistor Q> is

Py = g2V (on) + IcaVie (sat) = (0.25)(0.7) + (5)(0.2) = 1.175W

Comment: As with most electronic circuit designs, there are some assumptions that
need to be made. The assumption to let Ic/Ip = (1/2)B in each case ensures that
each transistor will be driven into saturation even if variations in circuit parameters
occur. At the same time, base currents are limited to reasonable values.

We may note that for the circuit in Figure 5.45(a), a base current of only 0.3 mA
induces a load current of 12 mA. For the circuit in Figure 5.45(b), a base current of
only 0.25 A induces a load current of 5 A. The advantage of transistor switches is that
large load currents can be switched with relatively small base currents.

F I EXERCISE PROBLEM

Ex 5.11: (a) Redesign the LED circuit in Figure 5.45(a) such that /c; = 15 mA and
Ic1/151 = 50 for v; = 5 V. Use the same Q; transistor parameters given in Exam-
ple 5.11. (b) Redesign the circuit in Figure 5.45(b) such that /oo =2 A and
Ico/1py = 25 for v; = 0. Use the same Q> transistor parameters as given in Exam-
ple 5.11. (Ans. (a) Ry =220, Rg, = 14.3kRQ; (b) Rpy, = 141 Q)

When a transistor is biased in saturation, the relationship between the collector
and base currents is no longer linear. Consequently, 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 next section.

5.3.2 Digital Logic

Consider the simple transistor inverter circuit shown in Figure 5.46(a). If the input V;
is approximately zero volts, the transistor is cut off and the output Vy is high and
equal to Ve If, on the other hand, the input is high and equal to V¢, the transistor
can be driven into saturation, in which case the output is low and equal to V¢ (sat).

Now consider the case when a second transistor is connected in parallel, as
shown in Figure 5.46(b). When the two inputs are zero, both transistors Q| and Q>
are in cutoff, and Vp = 5 V. When V; = 5V and V, = 0, transistor Q can be driven
into saturation, and Q» remains in cutoff. With Q| in saturation, the output voltage is
Vo = Veg(sat) = 0.2 V. If we reverse the input voltages so that Vi = 0and V, =5V,
then Q1 is in cutoff, Q5 can be driven into saturation, and Vy = Vg (sat) = 0.2 V. If
both inputs are high, meaning V| = V, = 5V, then both transistors can be driven into
saturation, and Vp = Vg (sat) = 0.2 V.
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Vee=5V Vee=5V
Re Re l Ig
Vo oV,
R R ) Ie R ‘J Ieo
B B B
Vi v, o v, 0
—_— —_—
Ip Ip
(a) (b)

Figure 5.46 A bipolar (a) inverter circuit and (b) NOR logic gate

Table 5.2 shows these various conditions for the circuit in Figure 5.46(b). In a
positive logic system, meaning that the larger voltage is a logic 1 and the lower volt-
age is a logic 0, this circuit performs the NOR logic function. The circuit of Fig-
ure 5.46(b) is then a two-input bipolar NOR logic circuit.

Table 5.2 The bipolar NOR logic circuit response
Vi(V) V2 (V) Vo (V)
0 0 5
5 0 0.2
0 5 0.2
5 5 0.2

EXAMPLE 5.12 S—————

Objective: Determine the currents and voltages in the circuit shown in Fig-
ure 5.46(b).

Assume the transistor parameters are: § = 50, Vgg(on) = 0.7 V, and Vg (sat) =
0.2 V. Let Rc = 1 k2 and Rp = 20 k2. Determine the currents and output voltage
for various input conditions.

Solution: The following table indicates the equations and results for this example.

Condition Vo Ig O )
Vi=0, 5V 0 Ipr =1Ic1 =0 Ipy =1Ic2 =0
V=0
5-0.2 5-0.7
V1=5V, 02V 1 =48mA 1312 20 132=]C2:0
V2=0 = 0215 mA
ICl = IR = 4.8 mA
V] =0, 02V 4.8 mA 131 :ICl =0 13220215 mA
V2=5V ]C2=]R=4.8IT1A
Vi=5YV, 02V 4.8 mA Ip1 = 0.215 mA Ipo = 0.215 mA
1 1
V2=5V ICl=7R224mA Icg=§:24mA
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Comment: In this example, we see that whenever a transistor is conducting, the
ratio of collector current to base current is always less than S. This shows that
the transistor is in saturation, which occurs when either V; or V5 is 5 V.

[ — EXERCISE PROBLEM

Ex 5.12: The transistor parameters in the circuit in Figure 5.46(b) are: g = 40,
Vee(on) = 0.7 V, and Veg(sat) = 0.2 V. Let Rc = 600 2 and Rz = 950 Q.
Determine the currents and output voltage for: (a) V; =V, =0; (b) Vi =5V,
V,=0; and (c) Vi =V, =5 V. (Ans. (a) The currents are zero, Vo =5 V,
(b) 132 = [cz =0, 131 =453 mA, ICl = IR =38 mA, VO =02 V; (C) 131 =
132 =453 mA, Ic1 = [(;2 =4 mA = IR/Z, VO = 02V)

This example and the accompanying discussion illustrate that bipolar transistor
circuits can be configured to perform logic functions. In Chapter 17, we will see that
this circuit can experience loading effects when load circuits or other digital logic cir-
cuits are connected to the output. Therefore, logic circuits must be designed to mini-
mize or eliminate such loading effects.

5.3.3 Amplifier

The bipolar inverter circuit can also be used to amplify a time-varying signal. Fig-
ure 5.47(a) shows an inverter circuit including a time-varying voltage source Av; in
the base circuit. The voltage transfer characteristics are shown in Figure 5.47(b). The
dc voltage source Vpp is used to bias the transistor in the forward-active region. The
Q-point is shown on the transfer characteristics.

The voltage source Av; introduces a time-varying signal on the input. A change
in the input voltage then produces a change in the output voltage. These time-varying
input and output signals are shown in Figure 5.47(b). If the magnitude of the slope of
the transfer characteristics is greater than unity, then the time-varying output signal
will be larger than the time-varying input signal—thus an amplifier.

vy

(a) (b)

Figure 5.47 (a) A bipolar inverter circuit to be used as a time-varying amplifier; (b) the
voltage transfer characteristics
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EXAMPLE 5.13 T —————

Objective: Determine the amplification factor for the circuit given in Figure 5.48(a).
The transistor parameters are 8 = 120, Vgg(on) = 0.7 V, and V4 = oo.

DC Solution: The voltage transfer characteristics were developed in Example 5.6 for
this same circuit. The voltage transfer curve is repeated for convenience in Figure
5.48(b).

vo (V) 4 Cutoff

vt=5V ——
5
ic 1 Rc=5kQ
] Forward-active
—0 Vg mode

2.6 Q-point

Rp =150 kQ
vy 0—‘V\N\'—|
—.>

ip Saturation

1.9 5y

(a) (b)

Figure 5.48 (a) A bipolar inverter used as an amplifier; (b) the inverter voltage transfer
characteristics

For 0.7 < v; < 1.9V, the transistor is biased in the forward-active mode and the
output voltage is given by

Vo = 7.8 — 41)1

Now bias the transistor in the center of the active region with an input voltage of
v; = Vpp = 1.3 V. The dc output voltage is vp = 2.6 V. The Q-point is shown on the
transfer characteristics.

AC Solution: From vy = 7.8 — 4v;, we can find the change in output voltage with
respect to a change in input voltage. We find

Avp = —4Av;
The voltage gain is then

. AUO

= -4
AU[

A,

Computer Simulation: A 2 kHz sinusoidal voltage source was placed in the base
circuit of Figure 5.48(a). The amplitude of the time-varying input signal was 0.2 V.
Figure 5.49 shows the output response of the circuit. A sinusoidal signal is superim-
posed on a dc value as we expect. The peak-to-peak output signal is approximately
1.75 V. The time-varying amplification factor is then |A,| = 1.75/(2)(0.2) = 4.37.
This value agrees quite well with the hand analysis.

Comment: As the input voltage changes, we move along the voltage transfer
characteristics as shown in Figure 5.50(b). The negative sign occurs because of the
inverting property of the circuit.



4.0V

3.0V

2.0V

1.0V
0Os 0.5ms 1.0ms 1.5ms 2.0ms

a V(Qlic)

Time

Figure 5.49 Output signal from the circuit shown in Figure 5.48 for input signals of
Vg = 1.3 Vand Av; = 0.2sinwt (V)

Vvt=5Vv vo (V)
5 )
|
icl Re=5kQ o
< i
L i
R ——ov% L :ra,, 8~ Q-point
vy -
Rp=150kQ - 3
| |
+ — i i
Veg = 'B A \
=13V_
:l_: = 0 1 2 3 v, (V)
(@ Av;
Time
(b)
vo (V)
5 )
|
|
- |
|
|
|
— |
|
|
|
T
Avg I
o ! Q-point
|
} | / |
Il T
Time 0 1 2 3 (V)
Av;
Time
()

Figure 5.50 (a) The inverter circuit with both a dc and an ac input signal; (b) the dc voltage
transfer characteristics, Q-point, and sinusoidal input and output signals; (c) the transfer
characteristics showing improper dc biasing
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Discussion: In this example, we have biased the transistor in the center of the active
region. If the input signal Av; is a sinusoidal function as shown in Figure 5.50(b),
then the output signal Avy is also a sinusoidal signal, which is the desired response
for an analog circuit. (This assumes the magnitude of the sinusoidal input signal is
not too large.) If the Q-point, or dc biasing, of the transistor were at v; = 1.9 V and
vo = 0.2V, as in Figure 5.50(c), the output response changes. Shown in the figure is
a symmetrical sinusoidal input signal. When the input sinusoidal signal is on its pos-
itive cycle, the transistor remains biased in saturation and the output voltage does not
change. During the negative half of the input signal, the transistor becomes biased in
the active region, so a half sinusoidal output 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 chapter, as stated pre-
viously, is to help readers become familiar with transistor circuits, but it is also to en-
able them to design the dc biasing of transistor circuits that are to be used in analog
applications.

(T — EXERCISE PROBLEM

Ex 5.13: Redesign the inverter amplifier circuit shown in Figure 5.48(a) such that
the voltage amplification is Avp/Av; = —6.5. Let Rg = 80kS2, and assume
B =120 and Vg (on) = 0.7 V. Determine the Q-point values such that the tran-
sistor is biased in the center of the active region. (Ans. For Q-point: vp = 2.6V,
vy = 1.069 V, IBQ =461 /LA; RC =434 kQ)

The small-signal linear amplifier analysis and design are the primary objectives of
the next chapter.

Test Your Understanding

TYU 5.14 For the circuit shown in Figure 5.44, assume circuit and transistor para-
meters of Rg =240 Q, Vee =12V, Vgg(on) =0.7 V, Veg(sat) = 0.1 V, and
B = 75. Assume that the load is a motor with an effective resistance of Rc =5 Q.
Calculate the currents and voltages in the circuit, and the power dissipated in the
transistor for (a) v; =0 and (b) v; =12 V. (Ans. (a) ig =ic =0, vo = Ve =
12V, P =0; (b)ipg =47.1mA,ic =238A,v90 =0.1V,P =0.271 W)

54  BIPOLAR TRANSISTOR BIASING

Objective: e Investigate various biasing schemes of bipolar transistor
circuits, including bias-stable biasing and integrated circuit biasing.

As mentioned in the previous section, in order to create a linear amplifier, we must
keep the transistor in the forward-active mode, establish a Q-point near the center of
the load line, and couple the time-varying input signal to the base. The circuit in Fig-
ure 5.47(a) may be impractical for two reasons: (1) the signal source is not connected
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to ground, and (2) there may be situations where we do not want a dc base current
flowing through the signal source. In this section, we will examine several alternative
biasing schemes. These basic biasing circuits illustrate some desirable and some un-
desirable biasing characteristics. More sophisticated biasing circuits that use addi-
tional transistors and that are used in integrated circuits are discussed in Chapter 10.

5.4.1 Single Base Resistor Biasing

The circuit shown in Figure 5.51(a) is one of the simplest transistor circuits. There
is a single dc power supply, and the quiescent base current is established through the
resistor Rp. The coupling capacitor C¢ acts as an open circuit to dc, isolating
the signal source from the dc base current. If the frequency of the input signal is large
enough and C¢ is large enough, the signal can be coupled through C¢ to the base
with little attenuation. Typical values of C¢ are generally in the range of 1 to 10 uF,
although the actual value depends upon the frequency range of interest (see
Chapter 7). Figure 5.51(b) is the dc equivalent circuit; the Q-point values are indi-
cated by the additional subscript Q.

Vee
(@)

(b)

Figure 5.51 (a) Common-emitter circuit with a single bias resistor in the base and (b) dc
equivalent circuit

DESIGN EXAMPLE 5.14 ,!

Objective: Design a circuit with a single-base resistor to meet a set of specifications.

Specifications: The circuit configuration to be designed is shown in Figure 5.51(b).
The circuit is to be biased with Vo = +12 V. The transistor quiescent values are to
be ICQ = 1 mA and VCEQ =6V.

Choices: The transistor used in the design has nominal values of § = 100 and
Vpe(on) = 0.7 V, but the current gain for this type of transistor is assumed to be in
the range 50 < B < 150 because of fairly wide fabrication tolerances. We will as-
sume, in this example, that the designed resistor values are available.

Solution: The collector resistor is found from

_ VCC_VCEQ _ 12—-6

Rc = = 6k

Ico 1
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The base current is

and the base resistor is determined to be

_ VCC —VBE(OH) _ 12-0.7

Ry = = 1.13MQ

Ipo ~ 10uA

The transistor characteristics, load line, and Q-point for this set of conditions are
shown in Figure 5.52(a).

Iz=10 uA (B=150)

Iy =10 4A (=100
o \ 5= 10 4A (= 100)

Ip=10 yA (ff = 50)

0 3 6 9 12 vep (V)

(b)

Figure 5.52 (a) Transistor characteristics and load line for the circuit in Figure 5.51 used in
Design Example 5.14; (b) load line and changes in the Q-point for g =50, 100, and 150.
(Note that the base current scale changes compared to the collector current scale.)

Trade-offs: In this example, we will assume that the resistor values are fixed and will
investigate the effects of the variation in transistor current gain .
The base current is given by
Vee —Vpe(on)  12-0.7
Rp T L13MQ

Ipg = = 10 uA (unchanged)

The base current for this circuit configuration is independent of the transistor current
gain.

The collector current is

Icg = Blgo
and the load line is found from

Vee =Vee — IcRe =12 — 1 (6)

The load line is fixed. However, the Q-point will change. The transistor Q-point val-
ues for three values of 8 are given as:

B 50 100 150

Q-point values Icp =0.50 mA Icp =1 mA Icop =1.5mA

VCEQ=9V VCEQ=6V VCEQ=3V
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The various Q-points are plotted on the load line shown in Figure 5.52(b). In this fig-
ure, the collector current scale and load line are fixed. The base current scale changes
as 8 changes.

Comment: In this circuit configuration with a single base resistor, the Q-point is not
stabilized against variations in f; as  changes, the Q-point varies significantly. In
our discussion of the amplifier in Example 5.13 (see Figure 5.50), we noted the
importance of the placement of the Q-point. In the following two examples, we will
analyze and design bias-stable circuits.

Although a value of 1.13 M2 for Rp will establish the required base current, this
resistance is too large to be used in integrated circuits. The following two examples
will also demonstrate a circuit design to alleviate this problem.

(T — EXERCISE PROBLEM

Ex 5.14: Consider the circuit shown in Figure 5.51(b). Assume Voo = 2.8V,
B =150, and Vg (on) = 0.7 V. Design the circuit such that Icp = 0.12 mA and
Veeo = 1.4 V. (Ans. Re = 11.7kQ2, Rp = 2.625 MQ)

Test Your Understanding

[Note: In the following exercises, assume the B—E cut-in voltage is 0.7 V. Also
assume the C—E saturation voltage is 0.2 V.]

TYU 5.15 Consider the circuit shown in Figure 5.53. (a) If 8 = 120, determine Rp
such that Vcgp = 2.5 V. (b) If the current gain varies over the range 80 < 8 < 160,
determine the variation in Vcgo. (Ans. (a) Rp =413 k2, (b) 1.67 < Vcgo < 3.33)

TYU 5.16 For the circuit shown in Figure 5.53, let Ry = 800 k<2. If the range of B is
between 75 and 150, determine a new value of R¢ such that the Q-point will always
be in the range 1 < Vcgp < 4 V. What will be the actual range of Vg for the new
value of R¢c? (Ans. For Vegp =2.5V, Re =4.14kQ; (b) 1.66 < Vegp <3.33V)

5.4.2 Voltage Divider Biasing and Bias Stability

The circuit in Figure 5.54(a) is a classic example of discrete transistor biasing.
(IC biasing is different and will be discussed in Chapter 10.) The single bias resistor
Rp in the previous circuit is replaced by a pair of resistors R; and R;, and an emitter
resistor R is added. The ac signal is still coupled to the base of the transistor through
the coupling capacitor Cc.

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 equiva-
lent Thevenin voltage is

Vru =[R2/(Ri + Ry)Vee
and the equivalent Thevenin resistance is

Rrn = Ri||R>

+5V

Rc=2kQ

Figure 5.53 Figure for
Exercises TYU 5.15 and
TYU 5.16

333



334

Part 1

Semiconductor Devices and Basic Applications

Ve
@)

(b)

Figure 5.54 (a) A common-emitter circuit with an emitter resistor and voltage divider bias
circuit in the base; (b) the dc circuit with a Thevenin equivalent base circuit

where the symbol || indicates the parallel combination of resistors. Figure 5.54(b)
shows the equivalent dc circuit. As we can see, this circuit is similar to those we have
previously considered.

Applying Kirchhoft’s law around the B-E loop, we obtain

Vrw = IpoRru + Vpe(on) + IgoRE (5.37)
If the transistor is biased in the forward-active mode, then

Igg = (14 B)Isg
and the base current, from Equation (5.37), is

_ Vru — Ve (on)
Rry + (1 + B)Rg

Ipo (5.38)

The collector current is then

-~ _ B(Vru — Ve (on))
Ico = Blpg = Rn (Lt B)Rs (5.39)

EXAMPLE 5.15 ,‘I, i ”_ I

Objective: Analyze a circuit using a voltage divider bias circuit, and determine the
change in the Q-point with a variation in 8 when the circuit contains an emitter
resistor.

For the circuit given in Figure 5.54(a), let R} = 56 k2, Ry, = 12.2 kQ, R¢c =
2k, Rg =04k, Vee =10V, Vgg(on) = 0.7V, and g = 100.

Solution: Using the Thevenin equivalent circuit in Figure 5.54(b), we have
Rry = R1||Ry = 56]]12.2 = 10.0k2

and

Vo = (T2 Vee = (122 (10) = 1.79V
=\R+R,) "°“  \s6+122 -
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Writing the Kirchhoff voltage law equation around the B—E loop, we obtain
Vg =V 1.79 — 0.7
Igo = 11 pe(On) = 21.6 uA
Rry+ (1 +B)Rg 104 (101)(0.4)

The collector current is

Icg = Blpg = (100)(21.6 uA) = 2.16mA

and the emitter current is
Igp = (1 + B)lpp = (101)(21.6 nA) = 2.18 mA
The quiescent C-E voltage is then
Veeo = Vee —IcoRe — IggRe =10 — (2.16)(2) — (2.18)(0.4) =4.81V

These results show that the transistor is biased in the active region.
If the current gain of the transistor were to decrease to 8 = 50 or increase to
B = 150, we obtain the following results:

B 50 100 150

IBQ =359 ,LLA IBQ =21.6 ,bLA [BQ =155 LLA
Q-point values  Icp =1.80mA  Icp =2.16 mA  Icp =2.32mA
VCEQ =567V VCEQ =481V VCEQ =440V

The load line and Q-points are plotted in Figure 5.55. The variation in Q-points for
this circuit configuration is to be compared with the variation in Q-point values
shown previously in Figure 5.52(b).

For a 3 : 1 ratio in B, the collector current and collector—emitter voltage change
by only a 1.29 : 1 ratio.

Comment: The voltage divider circuit of R; and R, can bias the transistor in its ac-
tive region using resistor values in the low kilohm range. In contrast, single resistor
biasing requires a resistor in the megohm range. In addition, the change in /¢ and
Veeo with a change in 8 has been substantially reduced compared to the change
shown in Figure 5.52(b). Including an emitter resistor Rz has tended to stabilize the
QO-point. This means that including the emitter resistor helps to stabilize the Q-point
with respect to variations in 8. Including the resistor Rg introduces negative feed-
back, as we will see in Chapter 12. Negative feedback tends to stabilize circuits.

Ic (mA)
4.0
3.0

2.0

I I I I
0 2 4 6 8 10 Vee (V)

Figure 5.55 Load lines and Q-point values for Example 5.15
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e — EXERCISE PROBLEM

Ex 5.15: For the circuit shown in Figure 5.54(a), let Voce = 3.3V, Rg = 500 2,
RC = 4kQ, R1 =85 kQ, R2 =35 kQ, and,B = 150. (a) Determine RTH and VTH-
(b) Find Ip¢, Icg, and Vcggp. (c) Repeat part (b) for § = 75. (Ans. (a) Ry =
24.8 kQ, VTH = 0.9625 V; (b) IBQ =2.62 pLA, ICQ =0.393 IIlA, VCEQ =1.53 V;
(C) IBQ =4.18 /,LA, ICQ =0.314 mA, VCEQ =1.89 V)

Considering Equation (5.39), the design requirement for bias stability is
Rrpy < (1 4+ B)RE. Consequently, the collector current is approximately

~ BVry — Vpg(on))
[‘ — °

Normally, 8 > 1; therefore, /(1 + ) = 1, and

leg = Vru _R‘;BE(OH)) (5.41)

Now the quiescent collector current is essentially a function of only the dc volt-
ages and the emitter resistance, and the Q-point is stabilized against B variations.
However, if Rry is too small, then R; and R, are small, and excessive power is dis-
sipated in these resistors. The general rule is that a circuit is considered bias stable
when

Rry = 0.1(1 4+ B)Rg (5.42)

DESIGN EXAMPLE 5.16 ,,I, ‘,I ._ I

Objective: Design a bias-stable circuit to meet a set of specifications.

Specifications: The circuit configuration to be designed is shown in Figure 5.54(a).
Let Vee =5V and R = 1 kQ. Choose Rg and determine the bias resistors R; and
R5 such that the circuit is considered bias stable and that Vegg =3 V.

Choices: Assume the transistor has nominal values of 8 = 120 and Vgg(on) =
0.7 V. We will choose standard resistor values and will assume that the transistor cur-
rent gain varies over the range 60 < 8 < 180.

Design Pointer: Typically, the voltage across Rg should be on the same order of
magnitude as Vg (on). Larger voltage drops may mean the supply voltage V¢ has
to be increased in order to obtain the required voltage across the collector-emitter and
across Rc¢.

Solution: With 8 =120, Icp ~ Igo. Then, choosing a standard value of 0.51 k<2
for R, we find
~ VCC_VCEQ _ 5-3

ICQ = = =1.32mA
Rc + Ri 14051

The voltage drop across R is now (1.32)(0.51) = 0.673 V, which is approximately
the desired value. The base current is found to be
Icop 1.32

Ino= €2 — 22 L 110uA
BO="p Sy T UM
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Using the Thevenin equivalent circuit in Figure 5.54(b), we find

_ Vru — Vge(on)
Rru + 1+ B)Re

For a bias-stable circuit, R7; = 0.1(1 + B)RE, or

Rry = (0.1)(121)(0.51) = 6.17k<

Then,

Vrn —0.7

Igo =11.0 uA =
5o R = 617+ (121)(0.51)

which yields
Vrnw =0.74740.70 = 1.447V

Now

1% —< Ry )V —( Ry )(5)—1447V
TR AR) T\ R AR)T T

or
R 1.447
2 - —=0.2894
R, + R, 5
Also,
Rpy = 12 —617kQ—R( ke )—R(02894)
TH_R1+R2_ ’ - R+ R» - o
which yields

Ry =213k and R, =8.69kQ

From Appendix C, we can choose standard resistor values of R; =20 kQ and

Ry, =8.2kQ.

Trade-offs: We will neglect, in this example, the tolerance effects of the resistors
(end-of-chapter problems such as Problems 5.18 and 5.40 do include tolerance ef-
fects). We will consider the effect on the transistor Q-point values of the common-

emitter current gain variation.
Using the standard resistor values, we have

Rry = Ri||R> = 20(|8.2 = 5.82 k2

and

Vo = (12 (Vee) = 8.2 (5) = 1.454V
=\R +R,) "~ \20+382 -

The base current is given by

[on — |: Vry — Vpe(on) :|
P | Reuw + (1 + B)Re
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while the collector currentis Icp = B1p ¢, and the collector—emitter voltage is given by

1
Veeo = Vee — ICQ[RC + (%)RE}

The Q-point values for three values of B are shown in the following table.

B 60 120 180

IBQ =204 ,bLA IBQ =112 MA IBQ =7.68 MA
Q-point values Icp =123 mA Icp =134 mA Icp = 1.38 mA
Veep =313V Veeo =297V Veep =291V

Comment: The Q-point in this example is now considered to be stabilized against
variations in B, and the voltage divider resistors R; and R, have reasonable values in
the kilohm range. We see that the collector current changes by only —8.2 percent
when B changes by a factor of 2 (from 120 to 60), and changes by only +3.0 percent
when B changes by 450 percent (from 120 to 180). Compare these changes to those
of the single-base resistor design in Example 5.14.

1kQ
Rg § 20kQ
p
.
—V
! N2222  SV="°
Ris § 82kQ 051 KO
p

<

Figure 5.56 PSpice circuit schematic for Design Example 5.16

Computer Simulation: Figure 5.56 shows the PSpice circuit schematic diagram
with the standard resistor values and with a standard 2N2222 transistor from the
PSpice library for the circuit designed in this example. A dc analysis was performed
and the resulting transistor Q-point values are shown. The collector—emitter voltage
is Vegp = 2.80V, which is close to the design value of 3 V. One reason for the differ-
ence is that the standard-valued resistors are not exactly equal to the design values.
Another reason for the slight difference is that the effective 8 of the 2N2222 is 157
compared to the assumed value of 120.

**xx* BTIPOLAR JUNCTION TRANSISTORS

NAME 0_01
MODEL Q2N2222
B 9.25E—-06
IcC 1.45E—-03
VBE 6.55E—01
VBC —2.15E400
VCE 2.80E+00
BETADC 1.57E+02
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(R — EXERCISE PROBLEM

Ex 5.16: In the circuit shown in Figure 5.54(a), let Voc =5V, Rp = 0.2 k2,
Rc =1k, B =150, and Vgg(on) = 0.7 V. Design a bias-stable circuit such that
the O-point is in the center of the load line. (Ans. R; = 13 k2, R, = 3.93 k)

Another advantage of including an emitter resistor is that it stabilizes the
Q-point with respect to temperature. To explain, we noted in Figure 1.20 that the
current in a pn junction increases with increasing temperature, for a constant junc-
tion voltage. We then expect the transistor current to increase as the temperature
increases. If the current in a junction increases, the junction temperature increases
(because of I°R heating), which in turn causes the current to increase, thereby fur-
ther increasing the junction temperature. This phenomenon can lead to thermal
runaway and to device destruction. However, from Figure 5.54(b), we see that as
the current increases, the voltage drop across Rg increases. The Thevenin equiva-
lent voltage and resistance are assumed to be essentially independent of tempera-
ture, and the temperature-induced change in the voltage drop across Ry will be
small. The net result is that the increased voltage drop across Ry reduces the B-E
junction voltage, which then tends to stabilize the transistor current against in-
creases in temperature.

Test Your Understanding

TYU 5.17 The parameters of the circuit shown in Figure 5.54(a) are Ve =5V,
Rrg =1kQ2, Rc =4k, Ry =440k, and R, = 230 k2. The transistor parameters
are B =150 and Vpg(on) =0.7V. (a) Find Vry and Rrpy. (b) Determine Icq
and Veggp. (c) Repeat parts (a) and (b) for § =90. (Ans. (a) Vry =1.716V,
Rry =151kQ2; (b) Icp =0.505mA, Vegp =247V, (¢) Icp =0.378mA,
Veeo =3.11V)

TYU 5.18 Consider the circuit in Figure 5.54(a). The circuit parameters are Voe = 5V
and Ry = 1kQ. The transistor parameters are B = 150 and Vgg(on) =0.7 V.
(a) Design a bias-stable circuit such that Icp = 0.40 mA and Vcgg = 2.7 V. (b) Using
the results of part (a), determine /o and Vcgg for f = 90. (Ans. (a) R; = 66kS2,
Ry =19.6k2, Re =4.74kQ2; (b) Icp = 0.376 mA, Ve = 2.84V)

5.4.3 Positive and Negative Voltage Biasing

There are applications in which biasing a transistor with both positive and negative
dc voltages is desirable. We will see this especially in Chapter 11 when we are dis-
cussing the differential amplifier. Biasing with dual supplies allows us, in some ap-
plications, to eliminate the coupling capacitor and allows dc input voltages as input
signals. The following example demonstrates this biasing scheme.

EXAMPLE 5.17 T ——

Objective: Design a bias-stable pnp transistor circuit to meet a set of specifications.

Specifications: The circuit configuration to be designed is shown in Figure 5.57(a).
The transistor Q-point values are to be: Vecg =7V, Icp =0.5mA,and Vrg = 1V.
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V=49V

(a) (b)

Figure 5.57 (a) Circuit for Example 5.17 and (b) Thevenin equivalent circuit

Choices: Assume transistor parameters of f = 80 and Vgz(on) = 0.7 V. Standard
resistor values are to be used in the final design.

Solution: The Thevenin equivalent circuit is shown in Figure 5.57(b). The Thevenin
equivalent resistance is Ry = R|||R, and the Thevenin equivalent voltage, mea-
sured with respect to ground, is given by

Vg = (L)W VO 4V-

Ry + Ry

1 R{R> _ _
S VE—V) 4V

Ry <R1+R2>( )

For Vg =1V and Icp = 0.5 mA, then we can set

|
Rp = — =2kQ
E7 05

For a bias stable circuit, we want

Ryy = 1R = (0.)(1 + )R
TH—R1+R2— . E

0.1)(81)(2) = 16.2k

Then the Thevenin equivalent voltage can be written as
1 1
Ven = —(16.2)[9 — (=] + (-9) = —(291.6) — 9
Rl Rl

The KVL equation around the E-B loop is given by
V' =1IgoRg + Veg(on) + IgoRru + Vru

The transistor is to be biased in the forward-active mode so that Irp = (1 + B)Ip0.
We then have

VY =1+ B)IgoRe + Vep(on) + IgoRry + Vi
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For Icp = 0.5 mA, then /o = 0.00625 mA so we can write
1

9 = (81)(0.00625)(2) + 0.7 + (0.00625)(16.2) + R—(291.6) -9
1

We find R; = 18.0 k2. Then, from R7y = R1||R> = 16.2k2, we find R, = 162kS2.
For Icp = 0.5 mA, then Iz = 0.506 mA. The KVL equation around the E-C
loop yields

V' =1IpoRg + Veco + IcoRc + V™
or

9 = (0.506)(2) + 7+ (0.50)R¢ + (—9)
which yields

Re = 20kQ

Trade-offs: All resistor values are standard values except for R, = 162 k2. A stan-
dard discrete value of 160 k<2 is available. However, because of the bias-stable de-
sign, the Q-point will not change significantly. The change in Q-point values with a
change in transistor current gain f is considered in end-of-chapter problems such as
Problems 5.31 and 5.34.

Comment: In many cases, specifications such as a collector current level or an
emitter—collector voltage value are not absolute, but are given as approximate values.
For this reason, the emitter resistor, for example, is determined to be 2 k€2, which is
a standard discrete resistor value. The final bias resistor values are also chosen to be
standard values. However, these small changes compared to the calculated resistor
values will not change the Q-point values significantly.

[ — EXERCISE PROBLEM

Ex 5.17: Consider the circuit shown in Figure 5.58. The transistor parameters are
B =150 and Vpg(on) = 0.7 V. The circuit parameters are Ry = 2k and
Rc = 10kQ. Design a bias-stable circuit such that the quiescent output voltage is
zero. What are the values of Icp and Vegp? (Ans. Icg = 0.5mA, Vepg = 3.99V,
R, =167k, R, = 36.9kQ2)

V=45V

Figure 5.58 Figure for Exercise Ex 5.17
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5.4.4 Integrated Circuit Biasing

The resistor biasing of transistor circuits considered up to this point is primarily
applied to discrete circuits. For integrated circuits, we would like to eliminate as
many resistors as possible since, in general, they require a larger surface area than
transistors.

A bipolar transistor can be biased by using a constant-current source /g, as
shown in Figure 5.59. The advantages of this circuit are that the emitter current is
independent of 8 and Rp, and the collector current and C—E voltage are essentially
independent of transistor current gain, for reasonable values of 8. The value of Rp
can be increased, thus increasing the input resistance at the base, without jeopardiz-
ing the bias stability.

The constant current source can be implemented by using transistors as shown
in Figure 5.60. The transistor Q is a diode-connected transistor, but still operates in
the forward-active mode. The transistor O, must also operate in the forward-active
mode (Vcg = Ve (on)).

Current /; is called the reference current and is found by writing Kirchhoff’s
voltage law equation around the R;—Q loop. We have

0=1R,+ Vgg (on) +V~ (5.43(a))
which yields
—V-+V
[1 — ( +R BE (On)) (5.43([)))
1

Since Vgr1 = Vg2, the circuit mirrors the reference current in the left branch into
the right branch. The circuit of Ry, O, and Q5 is then referred to as a current mirror.
Summing the currents at the collector of O gives

Iy =1Ici + 11+ Ip> (5.44)

Vi=+5V

V+
Re
Qo
Rp
fo
V-
Figure 5.59 Bipolar Figure 5.60 Transistor Q¢ biased with a
transistor biased with a constant current source. The transistors Q

constant-current source and Q, form a current mirror.
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The B-E voltages of Q; and Q, are equal. If O and Q5 are identical transistors and
are held at the same temperature, then /5 = I, and I¢| = I¢». Equation (5.44) can
then be written as

21cr 2
]1:[C1+2132:[C2+7:[C2 1+E (5.45)

Solving for /¢, we find
I

lex=1lo =755
1 —
<+/3>

This current biases the transistor Q¢ in the active region.
The circuit with O, Q», and R is referred to as a two-transistor current source.

EXAMPLE 5.18 ST———

Objective: Determine the currents in a two-transistor current source.
For the circuit in Figure 5.60, the circuit and transistor parameters are: R} =
10 k2, B =50, and Vgg(on) = 0.7 V.

(5.46)

Solution: The reference current is

_ —(V" 4 Ve om) _ —((=5) +0.7)

I =0.43mA
R 10
From Equation (5.46), the bias current /g is
1 0.43
Ieo=1p = 12 — 5y = 0413mA
1+ — 1+ —
(+3) ()

The base currents are then

Icn 0413
Ipy=Ipp= — = —— 8.27 nA
Bl B2 8 50 = 2

Comment: For relatively large values of current gain B, the bias current / is essen-
tially the same as the reference current /;.

!I!,-u.\l‘hl EXERCISE PROBLEM

Ex 5.18: In the circuit shown in Figure 5.60, the parameters are V' = 3.3V,
V= = —-3.3V, and Rp = 0. The transistor parameters are § = 60 and Vpg(on) =
0.7 V. Design the circuit such that Ico(Qp) = 0.12mA and Ve (Qp) = 1.6 V.
What are the values of Ip and /;? (Ans. Ip =0.122mA, I; = 0.126 mA,
R, =20.6k2, Rc = 20kS2)

As mentioned, constant-current biasing is used almost exclusively in integrated
circuits. As we will see in Part 2 of the text, circuits in integrated circuits use a min-
imum number of resistors, and transistors are often used to replace these resistors.
Transistors take up much less area than resistors on an IC chip, so it’s advantageous
to minimize the number of resistors.
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Test Your Understanding

TYU 5.19 The parameters of the circuit shown in Figure 5.57(a) are VT =5V,
V= =-5V,Rg = 0.5k, and Rc = 4.5 k2. The transistor parameters are 8 = 120
and Vgp(on) = 0.7 V. Design a bias-stable circuit such that the Q-point is in the cen-
ter of the load line. What are the values of Icp and Vieco? (Ans. Icp = 1 mA,
Veco =5V, Ry =6.92kQ, R, =48.1kQ)

TYU 5.20 For Figure 5.59, the circuit parameters are /o = 0.25mA, VT =2.5V,
V> =-25V, Rp=75kQ, and Rc =4kQ2. The transistor parameters are
Ig =3 x 107" A and B = 120. (a) Determine the dc voltage at the base of the tran-
sistor and also Vcpgp. (b) Repeat part (a) for B = 60. (Ans. (a) Vp = —0.155V,
Veeg = 2.26V; (b) Vg = —=0.307V, Vegp =2.42V)

F SIS MULTISTAGE CIRCUITS

Objective: ¢ Consider the dc biasing of multistage or multitransistor
circuits.

Most transistor circuits contain more than one transistor. We can analyze and design
these multistage circuits in much the same way as we studied single-transistor
circuits. As an example, Figure 5.61 shows an npn transistor, O, and a pnp bipolar
transistor, 5, in the same circuit.

-5V

Figure 5.61 A multistage transistor circuit

EXAMPLE 5.19 S T———

Objective: Calculate the dc voltages at each node and the dc currents through the
elements in a multistage circuit.

For the circuit in Figure 5.61, assume the B-E turn-on voltage is 0.7 V and
B = 100 for each transistor.
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Solution: The Thevenin equivalent circuit of the base circuit of Q; is shown in
Figure 5.62. The various currents and nodal voltages are defined as shown. The
Thevenin resistance and voltage are

Rty = R{||R, = 100]|50 = 33.3 kQ2
and

Vo = 12 (10) — 5 = >0 (10) —5=—1.67V
™M= \R +R, —\150 -

Kirchhoff’s voltage law equation around the B-E loop of Q; is
Vrn = Ip1Rry + Ve (on) + I Rgy — 5

+5V

Figure 5.62 Multistage transistor circuit with a Thevenin equivalent circuit in the base of Q1

Noting that Iz = (1 + B)Ip;, we have
—1.67+5-0.7

Ip = B3+ A0DQ) = 11.2 uA
Therefore,

Ic; = 1.12mA
and

Igy = 1.13mA

Summing the currents at the collector of O, we obtain
Ipi +1Ipy = Iy
which can be written as

5—Vei
Rcy

+ Ipy = Ici (5.47)

The base current Iz, can be written in terms of the emitter current /g,, as
follows:
5 5-Vep  5—=Vc1+0.7)

— - = (5.48)
1+8  (1+P)Re (14 ARk

Ip>
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Substituting Equation (5.48) into (5.47), we obtain

5— Ve, 5—(Ve,+0.7)
Rc (I+B)Rp>

which can be solved for V¢ to yield
Ver = —0.482V
Then,

= ICI = 1.12mA

_5—(—0.482)
o 5

Ip =1.10mA

To find Vg,, we have
Vo =Ver + Veg(on) = —0.482+ 0.7 =0.218V

The emitter current /g, is

5—-0.218
Ip = — = 2.39mA
Then,
I p I 100 (2.39) =2.37mA
=|— ={—)Q. =2.37m
c2 1+ B E2 101
and
IE> 2.39
ey e TR

The remaining nodal voltages are
Ver = Ig1Rg1 —5=(1.13)(2) = 5= Vg, = —-2.74V
and
Ver = IcaRer — 5= (2.37)(1.5) —5=—-145V
We then find that
Veer = Ver — Ve = —0.482 — (=2.74) =226V
and that
Veco = Vga — Ver = 0218 — (—1.45) = 1.67V
Comment: These results show that both Q| and Q; are biased in the forward-active
mode, as originally assumed. However, when we consider the ac operation of this cir-

cuit as an amplifier in the next chapter, we will see that a better design would increase
the value of Vges.

P —— EXERCISE PROBLEM

Ex 5.19: In the circuit shown in Figure 5.61, determine new values of R¢; and R¢»
such that VCEQI =3.25V and VECQZ =25V. (Ans. Rc1 =4.08 k2, Rcor =
1.97 k2)
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EXAMPLE 5.20 T—

Objective: Design the circuit shown in Figure 5.63, called a cascode circuit, to meet
the following specifications: Vg = Vepr =25V, Vieg =07V, Ic1 = I =
1 mA, and IR1 = IRZ = 1R3 = 0.10mA.

Solution: The initial design will neglect base currents. We can then define Ipj,s =
IR1 = IR2 = [R3 = 0.10 mA. Then

Ri+R +R—V+— % _90ka
P T e T 010

V=49V

Re
< UU
Cp Cer
|
| Q2 RL

— 0
D

€

R3

Figure 5.63 A bipolar cascode circuit for Example 5.20

The voltage at the base of Q; is
Vi = Vre +Vpe(on) =0.74+0.7=14V
Then

1.4
_ Ve 4 e
Igis  0.10

R;

The voltage at the base of O, is
Vo =Vre + Veg1 + Vge(on) =0.7+25+0.7=39V
Then

_ Vgr — Vi _ 39—-14

= =25kQ
IBias 0.10

R>

We then obtain
Ry =90—-25—-14=51kQ
The emitter resistor Rg can be found as

v, 0.7
Ry = X =20 —07kQ
Icy 1
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The voltage at the collector of Q> is
VC2 = VRE + VCEI + VCEZ =074+254+25=57V
Then

| 7 —57
Re = c2_ 9 —33kQ
1C2 1

Comment: By neglecting base currents, the design of this circuit is straightforward.
A computer analysis using PSpice, for example, will verify the design or show that
small changes need to be made to meet the design specifications.

We will see the cascode circuit again in Section 6.9.3 of the next chapter.

One advantage of the cascode circuit will be determined in Chapter 7. The cas-
code circuit has a larger bandwidth than just a simple common-emitter amplifier.

T —— EXERCISE PROBLEM

Ex 5.20: For the circuit shown in Figure 5.63, the circuit parameters are V™ =
12V and Ry = 2 k€2, and the transistor parameters are 8 = 120 and Vg (on)
0.7 V. Redesign the circuit such that Ic1 = Ico = 0.5mA, Ig = Iy = Ig3
0.05mA, and Vegr = Vep2 =4V, (Ans. Ry =126 kQ, R, =80 kQ, R;
34k, and Rc = 6 kQ2)

I — COMPUTER ANALYSIS EXERCISE

PS 5.4: (a) Verify the cascode circuit design in Example 5.20 using a PSpice sim-
ulation. Use standard transistors. (b) Repeat part (a) using standard resistor values.

(el

r'/" 5.6 DESIGN APPLICATION: DIODE

THERMOMETER WITH A BIPOLAR TRANSISTOR

Objective: ® Incorporate a bipolar transistor in a design application that
enhances the simple diode thermometer design discussed in Chapter 1.

Specifications: The electronic thermometer is to operate over a temperature range
of 0 to 100 °F.

Design Approach: The output-diode voltage developed in the diode thermometer
in Figure 1.48 is to be applied to the base—emitter junction of an npn bipolar trans-
istor to enhance the voltage over the temperature range. The bipolar transistor will be
held at a constant temperature.

Choices: Assume an npn bipolar transistor with /s = 107!2 A is available.

Solution: From the design in Chapter 1, the diode voltage is given by

T
=1.12-0.522 (—
Vo 0-5 (300)

where T is in kelvins.
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Consider the circuit shown in Figure 5.64. We assume that the diode is in a vari-
able temperature environment while the rest of the circuit is held at room tempera-
ture. Neglecting the bipolar transistor base current, we have

Vp = Ve +IcRg (5.49)
We can write

Ic = Ige" /" (5.50)
so that Equation (5.49) becomes

Vp =V, ,

D TBE _ poeVee/Vr (5.51)

Rg
Vi=415V

11

Temperaturé

Figure 5.64 Design application circuit to measure output voltage of diode versus
temperature

and

Vo =15 —IcR¢ (5.52)

From Chapter 1, we have the following:

T (°F) Vb (V)
0 0.6760
40 0.6372
80 0.5976
100 0.5790

If we assume that /g = 10~!2 A for the transistor, then from Equations (5.50), (5.51),
and (5.52), we find

T'°F)  Vge(V)  Ic(mA)  Vp (V)

0 0.5151 0.402 4.95
40 0.5092 0.320 7.00
80 0.5017 0.240 9.00

100 0.4974 0.204 9.90
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Comment: Figure 5.65(a) shows the diode voltage versus temperature and Fig-
ure 5.65(b) now shows the output voltage versus temperature from the bipolar transis-
tor circuit. We can see that the transistor circuit provides a voltage gain. This voltage
gain is the desired characteristic of the transistor circuit.
Discussion: We can see from the equations that the collector current is not a linear
function of the base—emitter voltage or diode voltage. This effect implies that the
transistor output voltage is also not exactly a linear function of temperature. The line
drawn in Figure 5.65(b) is a good linear approximation. We will obtain a better cir-
cuit design using operational amplifiers in Chapter 9.
Vo (V)
10 -
”
”
9+ _ ’/’
Vo) 8 e
”
0.68 7k /’/
//
”
6 /,/’/
0.58 sk”
T | \ \ \ \ T | | | \ \
0 20 40 60 80 100 0 20 40 60 80 100
Temperature (°F) Temperature (°F)
(a) (b)

Figure 5.65 (a) Diode voltage versus temperature and (b) circuit output voltage versus
temperature

/;E?v 5.7 SUMMARY

In this chapter, we considered the structure, characteristics, and properties of the
bipolar transistor. Both npn and pnp complementary bipolar transistors can be
formed. The defining transistor action is that the voltage across two terminals
(base and emitter) controls the current in the third terminal (collector).

The four modes of operation are: forward-active, cutoff, saturation, and inverse-
active. In the forward-active mode, the B—E junction is forward biased, the B-C
junction is reverse biased, and the collector and base currents are related by the
common-emitter current gain 8. When the transistor is cut off, all currents are
zero. In the saturation mode, the collector current is no longer a function of base
current.

The dc analysis and design techniques of bipolar transistor circuits were empha-
sized in this chapter. We continued to use the piecewise linear model of the pn
junction in these analyses and designs. Techniques to design a transistor circuit
with a stable Q-point were developed.

An introduction to dc biasing of integrated circuits using constant current cir-
cuits was presented.
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» Basic applications of the transistor include switching currents and voltages,
performing digital logic functions, and amplifying time-varying signals. The
amplifying characteristics of bipolar transistor circuits are considered in detail in
the next chapter.

* An introduction to dc biasing in mutistage circuits was given.

» As an application, the bipolar transistor was incorporated in a circuit design that
enhances the simple diode thermometer discussed in Chapter 1.

g}v CHECKPOINT

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

v Understand and describe the structure and general current—voltage characteris-
tics for both the npn and pnp bipolar transistors.

v/ Apply the piecewise linear model to the dc analysis and design of various bipo-
lar transistor circuits, including the understanding of the load line.

v/ Define the four modes of operation of a bipolar transistor.

v Qualitatively understand how a transistor circuit can be used to switch currents
and voltages, to perform digital logic functions, and to amplify time-varying
signals.

v Design the dc biasing of a transistor circuit to achieve specified dc currents
and voltages, and to stabilize the Q-point against transistor parameter
variations.

v/ Apply the dc analysis and design techniques to multistage transistor circuits.

g}," REVIEW QUESTIONS

1. Describe the basic structure and operation of npn and pnp bipolar transistors.
2. What are the bias voltages that need to be applied to an npn bipolar transistor
such that the transistor is biased in the forward-active mode?
3. Define the conditions for cutoff, forward-active mode, and saturation mode for a
pnp bipolar transistor.
4. Define common-base current gain and common-emitter current gain.
5. Discuss the difference between the ac and dc common-emitter current gains.
6. State the relationships between collector, emitter, and base currents in a bipolar
transistor biased in the forward-active mode.
7. Define Early voltage and collector output resistance.
8. Describe a simple common-emitter circuit with an npn bipolar transistor and dis-
cuss the relation between collector—emitter voltage and input base current.
9. Describe the parameters that define a load line. Define Q-point.
10. What are the steps used to analyze the dc response of a bipolar transistor circuit?
11. Describe how an npn transistor can be used to switch an LED diode on and off.
12. Describe a bipolar transistor NOR logic circuit.
13. Describe how a transistor can be used to amplify a time-varying voltage.
14. Discuss the advantages of using resistor voltage divider biasing compared to a
single base resistor.
15. How can the Q-point be stabilized against variations in transistor parameters?
16. What is the principal difference between biasing techniques used in discrete
transistor circuits and integrated circuits?
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r«v PROBLEMS

[Note: In the following problems, unless otherwise stated, assume Vpg(on) = 0.7 V
and Veg(sat) = 0.2 V for npn transistors, and assume Vgp(on) =0.7 V and
VEc(sat) = 0.2 'V for pnp transistors.]

Section 5.1 Basic Bipolar Junction Transistor

5.1

5.2

53

54

5.5

5.6

(a) In a bipolar transistor biased in the forward-active region, the base cur-
rent is iz = 2.8 wA and the emitter current is iy = 325 nA. Determine S,
o, and i¢. (b) Repeat part (a) if i = 20 nA and iy = 1.80 mA.

(a) A bipolar transistor is biased in the forward-active mode. The collec-
tor current is ic = 726 A and the emitter current is iz = 732 uA. Deter-
mine B, o, and i 5. (b) Repeat part (a) if ic = 2.902mA and i = 2.961 mA.
(a) The range of B for a particular type of transistor is 110 < g < 180.
Determine the corresponding range of «. (b) If the base current is 50 ©A,
determine the range of collector current.

(a) A bipolar transistor is biased in the forward-active mode. The measured
parameters are iy = 1.25mA and g = 150. Determine ig, ic, and «.
(b) Repeat part (a) for iy = 4.52 mA and g = 80.

(a) For the following values of common-base current gain «, determine the
corresponding common-emitter current gain 3:

o 0.90 0.950  0.980 0.990 0995  0.9990

(b) For the following values of common-emitter current gain 8, determine
the corresponding common-base current gain «:

B 20 50 100 150 220 400

An npn transistor with 8 = 80 is connected in a common-base configura-
tion as shown in Figure P5.6. (a) The emitter is driven by a constant-current
source with /r = 1.2 mA. Determine /I, Ic, o, and V. (b) Repeat part (a)
for Ir = 0.80 mA. (c) Repeat parts (a) and (b) for 8 = 120.

Figure P5.6
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5.7  The emitter current in the circuit in Figure P5.6 is Iz = 0.80 mA. The tran-
sistor parameters are « = 0.9910 and Igp =5 x 10~'* A. Determine /g,
Ic, VBE, and Vc.

5.8 A pnp transistor with § = 60 is connected in a common-base configuration
as shown in Figure P5.8. (a) The emitter is driven by a constant-current
source with Iz = 0.75 mA. Determine I, I, o, and V. (b) Repeat part (a)
if Ir = 1.5 mA. (c) Is the transistor biased in the forward-active mode for
both parts (a) and (b)? Why or why not?

Figure P5.8

5.9  (a) The pnp transistor shown in Figure P5.8 has a common-base current gain
a = 0.9860. Determine the emitter current such that Vo = —1.2 V. What is
the base current? (b) Using the results of part (a) and assuming
Iro =2 x 10719 A, determine Vgp.

5.10 An npn transistor has a reverse-saturation current of /s = 5 x 1075 A and
a current gain of B = 125. The transistor is biased at vgr = 0.615V.
Determine ig, ic, and ig.

5.11 Two pnp transistors, fabricated with the same technology, have different
junction areas. Both transistors are biased with an emitter-base voltage of
vgp = 0.650 V and have emitter currents of 0.50 and 12.2 mA. Find /¢ for
each device. What are the relative junction areas?

5.12 The collector currents in two transistors, A and B, are both i = 275 uA.
For transistor A, 54 = 8 x 107'% A. The base—emitter area of transistor B
is 4 times that of transistor A. Determine /gp and the base—emitter voltage
of each transistor.

5.13 A BIJT has an Early voltage of 80 V. The collector current is /o = 0.60 mA
at a collector—emitter voltage of Vor = 2 V. (a) Determine the collector cur-
rent at Vep = 5 V. (b) What is the output resistance?

5.14 The open-emitter breakdown voltage of a B—C junction is BV¢epo = 60 V.
If B = 100 and the empirical constant is n = 3, determine the C-E break-
down voltage in the open-base configuration.

5.15 In a particular circuit application, the minimum required breakdown volt-
ages are BVcpo =220V and BVego = 56 V.If n = 3, determine the max-
imum allowed value of 8.

5.16 A particular transistor circuit design requires a minimum open-base break-
down voltage of BVcro = 50 V. If B = 50 and n = 3, determine the mini-
mum required value of BV¢po.

Section 5.2 DC Analysis of Transistor Circuits

5.17 For all the transistors in Figure P5.17, 8 = 75. The results of some mea-
surements are indicated on the figures. Find the values of the other labeled
currents, voltages, and/or resistor values.
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+10V

5V +5V

(b)

Figure P5.17

5.18

5.19

5.20

5.21

5.22

The emitter resistor values in the circuits show in Figures P5.17(a) and
(c) may vary by £5 percent from the given value. Determine the range of
calculated parameters.

Consider the two circuits in Figure P5.19. The parameters of each transistor
are Is = 5 x 107'% A and 8 = 90. Determine V3 in each circuit such that
Vee = 110V

Figure P5.19

The current gain for each transistor in the circuits shown in Figure P5.20 is
B = 120. For each circuit, determine /- and V.

Consider the circuits in Figure P5.21. For each transistor, 8 = 120. Deter-
mine /- and V¢ for each circuit.

(a) The circuit and transistor parameters for the circuit shown in Figure
5.20(a) are Vee =3V, Vpp = 1.3V, and g = 100. Redesign the circuit
such that Igp = 5 uA and Vegg = 1.5 V. (b) Using the results of part (a),
determine the variation in Vcgg if B is in the range 75 < B < 125.
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+
Vpp= —
02V ~
+
Vgp= —
1.4V _T
Figure P5.20
Vap =+—_
02V_T

Figure P5.21
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5.23 Inthe circuits shown in Figure P5.23, the values of measured parameters are
shown. Determine §, «, and the other labeled currents and voltages. Sketch
the dc load line and plot the Q-point.

+5V
+3V Re=2kQ +5V
Jre
Ry =100 kQ VeE=+4V
Vg=-1V +
Vee
Rp =500 kQ :
Rp=48KkQ Ro=8kQ
3V -5V
(a) (b) -5V
Figure P5.23 Figure P5.24
5.24 (a) For the circuit in Figure P5.24, determine V and I such that Vp = V.
Assume B = 90. (b) What value of V results in Veg =2 V?
5.25 (a) The bias voltages in the circuit shown in Figure P5.25 are changed to
V*t =33V and V- = —3.3V. The measured value of emitter voltage is
Ve = 0.85 V. Determine I, I¢, B, «, and V. (b) Using the results of part
(a), determine V and V¢ if B increases by 10 percent.
5.26 The transistor shown in Figure P5.26 has g = 120. Determine /- and V.
Plot the load line and the Q-point.
5.27 The transistor in the circuit shown in Figure P5.27 is biased with a constant
current in the emitter. If /o =1 mA, determine V¢ and Vg. Assume
B =50.
+9V
+10V
" Io
V=45V
B vE
Vec
Rp =250 kQ
Rp=50kQ
Re=15kQ Re=47kQ
-0V V=5V 9V
Figure P5.25 Figure P5.26 Figure P5.27

5.28 In the circuit in Figure P5.27, the constant currentis / = 0.5 mA. If 8 = 50,
determine the power dissipated in the transistor. Does the constant current
source supply or dissipate power? What is the value?
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5.29 For the circuit shown in Figure P5.29, if 8 = 200 for each transistor, deter-
mine: (a) IE17 (b) ]EZ’ (C) VC], and (d) ch.

5.30 The circuit shown in Figure P5.30 is to be designed such that /¢y = 0.8 mA
and Vcpp = 2V for the case when (a) Rg = 0 and (b) Rg = 1 k2. Assume
B = 80. (c) The transistor in Figure P5.30 is replaced with one with a value
of B = 120. Using the results of parts (a) and (b), determine the Q-point
values /¢ and Vg g. Which design shows the smallest change in Q-point

values?
+5V
T +5V
Rey = 4kQ Rey=4kQ
Re
Ve Ve
R
A 2 V=2V N
I -
I=1mA Rg
Vee=24V
-5V — o)
Figure P5.29 Figure P5.30
Rc
D5.31 (a) The bias voltage in the circuit in Figure P5.31 is changed to Voe =9 V.
The transistor current gain is B = 80. Design the circuit such that
Icp = 0.25mA and Vegp = 4.5 V. (b) If the transistor is replaced by a new J_
one with 8 = 120, find the new values of /¢ and Vg . (c) Sketch the load =
line and Q-point for both parts (a) and (b). Figure P5.31

5.32 The current gain of the transistor in the circuit shown in Figure P5.32 is
B = 150. Determine I¢, Iz, and V¢ for (a) Vg =0.2V, (b) Vg =0.9YV,
(©)Vp=15V,and(d) Vp =2.2V.

+6V
Vee=5V

Figure P5.32 Figure P5.33

5.33 (a) The current gain of the transistor in Figure P5.33 is § = 75. Determine
Vo for: (i) Vpp =0, (ii) Vg =1V, and (iii) Vg =2 V. (b) Verify the
results of part (a) with a computer simulation.
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+5V 5.34

5.35

5.36

5.37

-5V

Figure P5.34

5.38

5.39

D5.40

(a) The transistor shown in Figure P5.34 has g = 100. Determine V, for
(i) Io = 0.1 mA, (ii) /o = 0.5 mA, and (iii) /o = 2 mA. (b) Determine the
percent change in V for the conditions in part (a) if the current gain
increases to f = 150.

Assume B = 120 for the transistor in the circuit shown in Figure P5.34.
Determine /¢ such that (a) Vo =4V, (b) Vo =2V, and (c) Vo = 0.

For the circuit shown in Figure P5.27, calculate and plot the power
dissipated in the transistor for /o = 0, 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 mA.
Assume S = 50.

Consider the common-base circuit shown in Figure P5.37. Assume the tran-
sistor alpha is @ = 0.9920. Determine /g, I¢, and Vpc.

Vee=12V
Rp=4ka Re=22kQ
+
— V=9V
= -12V
Figure P5.37 Figure P5.38

(a) For the transistor in Figure P5.38, § = 80. Determine V| such that
VeEeg = 6 V. (b) Determine the range in V; that produces 3 < Vegp <9 V.
Let 8 = 25 for the transistor in the circuit shown in Figure P5.39. Deter-
mine the range of V| such that 1.0 < Vg < 4.5 V. Sketch the load line and
show the range of the Q-point values.

Vee=5V

Vee=5V

Figure P5.39 Figure P5.40

(a) The circuit shown in Figure P5.40 is to be designed such that Icp =
0.5mA and Vegg = 2.5 V. Assume B = 120. Sketch the load line and plot
the Q-point. (b) Pick standard values of resistors that are close to the
designed values. Assume that the standard resistor values vary by 410



541

542

543

5.44
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percent. Plot the load lines and Q-point values for the maximum and mini-
mum values of Rz and R¢ values (four Q-point values).
The circuit shown in Figure P5.41 is sometimes used as a thermometer.
Assume the transistors Q| and Q; in the circuit are identical. Writing the
emitter currents in the form I = Irp exp(Vgg/Vr), derive the expression
for the output voltage Vy as a function of temperature 7.

+5V
Vee=5V
o
0, 9
Vo
N R
101 I £
Figure P5.41 Figure P5.42

The transistor in Figure P5.42 has 8 = 120. (a) Determine V; that produces
Vo =4V for (i) Rg =0 and (ii)) Rg = 1kQ. (b) Repeat part (a) for
Vo = 2.5V. (c) Determine V for V; = 3.5V and for R = 1kQ.

The common-emitter current gain of the transistor in Figure P5.43 is 8 = 80.
Plot the voltage transfer characteristics over therange 0 < V; <5V.

+5V
BV Rp=1kQ
Ry =180 kQ Ry =180 kQ
Vi Vi
Vo Vo
Re=4%kQ Re=4kQ

Figure P5.43 Figure P5.44 Vee=5V
For the circuit shown in Figure P5.44, plot the voltage transfer characteris- Re=200Q

tics over the range 0 < V; <5 V. Assume 8 = 100.

Section 5.3 Basic Transistor Applications

5.45

The transistor in the circuit shown in Figure P5.45 has a current gain
of B = 40. Determine Rp such that Vp =0.2V and Io/Igp =20 when -
Vi=5V. Figure P5.45
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5.46 Consider the circuit in Figure P5.46. For the transistor, 8 = 50. Find I, I¢,
Ig,and Vo for(a) V; =0,(b) V; =2.5V,and (c) V; =5V.

Vee=3V

Figure P5.46

5.47 The current gain for the transistor in the circuit in Figure P5.47 is § = 60.
Determine Rp such that Vp = 8.8V when V; =5V and I /I = 25.

Vee=3V
vt=9vVv
Re=2kQ
Ry
v, Vo
Vo
Re=500Q N

= Vs>

I _10V
Figure P5.47 Figure P5.48

5.48 Consider the amplifier circuit shown in Figure P5.48. Assume a transis-
tor current gain of B = 120. The voltage Vpp establishes the Q-point,
and the voltage v; is a time-varying signal that produces a variation in the
base current, which in turn produces a variation in the collector current
and hence a variation in the output voltage v,. (a) Determine Rp such that
Veeo = 1.6 V. (b) Determine the maximum variation in the output volt-
age such that the transistor does not enter cutoff or saturation. (c) What is

Vee=25V the voltage gain Av,/Av; of the amplifier? (d) What is the maximum
T variation in the voltage v; such that the transistor does not enter cutoff or
saturation?
Re=
6 kQ

Section 5.4 Bipolar Transistor Biasing

Vg D5.49 For the transistor in the circuit shown in Figure P5.49, assume 8 = 120.
Design the circuit such that Icp = 0.15mA and Ry = 200 k2. What is
the value of Vcgg?

2 kO 5.50 Reconsider Figure P5.49. The transistor current gain is 8 = 150. The circuit
parameters are changed to Rry = 120k and Rg = 1kQ2. Determine the
values of Rc, Ry, and R such that Vegp = 1.5V and Icp = 0.20 mA.

= 5.51 The current gain of the transistor shown in the circuit of Figure P5.51 is
Figure P5.49 B = 100. Determine Vg and /.




5.52

5.53

5.54

5.55

5.56
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Vee=+10V

Rp=1kQ

Figure P5.51 Figure P5.52

For the circuit shown in Figure P5.52, let = 125. (a) Find I and Vcgop.
Sketch the load line and plot the O-point. (b) If the resistors R and R, vary
by £5 percent, determine the range in Icp and Vcgg. Plot the various
Q-points on the load line.

Consider the circuit shown in Figure P5.53. (a) Determine /g, Ic, and
VeEeg for B = 80. (b) What is the percent change in Icp and Vg if B is
changed to 8 = 120?

(a) Redesign the circuit shown in Figure P5.49 using Vee =9 V such
that the voltage drop across R is (%)VCC and the voltage drop across R is
(%)VCC. Assume B = 100. The quiescent collector current is to be Icp =
0.4 mA, and the current through R, and R, should be approximately
0.21c¢. (b) Replace each resistor in part (a) with the closest standard value
(Appendix C). What is the value of Icp and what are the voltage drops
across Rc and Rg?

For the circuit shown in Figure P5.55, let 8 = 100. (a) Find Rry and Vry
for the base circuit. (b) Determine /¢ and Vg . (c) Draw the load line and
plot the Q-point. (d) If the resistors Rc and Rg vary by =£5 percent, deter-
mine the range in /¢ and Vcgo. Draw the load lines corresponding to the
maximum and minimum resistor values and plot the Q-points.

Consider the circuit shown in Figure P5.56. (a) Determine Ry, Vru, Ipg,
Icg, and Vgcg for B = 90. (b) Determine the percent change in /¢ and
VEco if B is changed to 8 = 150.

Vt=25V
+5V
o

Re=5kQ

Figure P5.55 Figure P5.56

Vee=9V

5.25kQ

1kQ

Figure P5.53
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Figure P5.57

Part 1

RC=
42 kQ

RE=
30 kQ

Semiconductor Devices and Basic Applications

5.57

5.58

D5.59

D5.60

D5.61

D5.62

(a) Determine the Q-point values for the circuit in Figure P5.57. Assume
B = 50. (b) Repeat part (a) if all resistor values are reduced by a factor of 3.
(c) Sketch the load lines and plot the Q-point values for parts (a) and (b).
(a) Determine the Q-point values for the circuit in Figure P5.58. Assume
B = 50. (b) Repeat part (a) if all resistor values are reduced by a factor of 3.
(c) Sketch the load lines and plot the Q-point values for parts (a) and (b).

Vi=45V
Vee=10V

RE=
30 kQ R,

V7 =-5V

Figure P5.58 Figure P5.59

(a) For the circuit shown in Figure P5.59, design a bias-stable circuit such
that Icp = 0.8 mA and Vegp = 5 V. Let 8 = 100. (b) Using the results of
part (a), determine the percentage change in Ico if B is in the range
75 < B < 150. (c) Repeat parts (a) and (b) if Rg = 1 k2.

Design a bias-stable circuit in the form of Figure P5.59 with g = 120 such
that Icp = 0.8 mA, Vegp =5V, and the voltage across Rg is approxi-
mately 0.7 V.

Using the circuit in Figure P5.61, design a bias-stable amplifier such that
the Q-point is in the center of the load line. Let 8 = 125. Determine /¢,
VCEQ, Rl, and Rz.

For the circuit shown in Figure P5.61, the bias voltages are changed to

Vt =3V and V- = —3 V. (a) Design a bias-stable circuit for g = 120
V=46V
R, Rc=2kQ
Cc
I
I
o Ry Rp=200Q
VT =-6V

Figure P5.61
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D5.64

5.65

D5.66

D5.67
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such that Vcgp = 2.8 V. Determine Ic g, Ry, and R». (b) If the resistors R,
and R, vary by &5 percent, determine the range in Icp and Vcgg. Plot the
various Q-points on the load line.

(a) A bias-stable circuit with the configuration shown in Figure P5.61 is to
be designed such that /cp = (3+0.1) mA and Vcepp = 5 V using a tran-
sistor with 75 < 8 < 150. (b) Sketch the load line and plot the range of
Q-point values for part (a).

(a) For the circuit shown in Figure P5.64, assume that the transistor current
gain is B = 90 and that the circuit parameter is Rry = 2.4 k2. Design the
circuit such that Vgcg = 1.5 V. Find Ipg, Icg, R1, and R,. (b) Determine
the values of I, Icg, and Vgc if the current gain is changed to 8 = 130.

Q-point

V*=33V Vec=18V
Rp= R Rc=2kQ fc(mA)
2kQ ! 72
Cc
4.8
R, Ry
1kQ
1 0
= (@
Figure P5.64 Figure P5.65

The dc load line and Q-point of the circuit in Figure P5.65(a) are shown in
Figure P5.65(b). For the transistor, 8 = 120. Find Rg, R, and R, such that
the circuit is bias stable.

The range of B for the transistor in the circuit in Figure P5.66 is
80 < B < 120. Design a bias-stable circuit such that the nominal Q-point
values are Icp = 0.2mA and Vcgp = 1.6 V. The value of /o must fall in
the range 0.19 < Icp < 0.21 mA. Determine Rg, R;, and R;.

The nominal Q-point of the circuit in Figure P5.67 is Icp = 1 mA and
Veeo =5V, for B = 60. The current gain of the transistor is in the range

Vee=25V

Vee=15V

Re=5kQ

Figure P5.66 Figure P5.67

18 veg (V)
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D5.68

D5.69

5.70

D5.71

D5.72

5.73

45 < B < 75. Design a bias-stable circuit such that /cp does not vary by
more than 5 percent from its nominal value.

(a) For the circuit in Figure P5.67, the value of V¢ is changed to 3 V. Let
Rc = 5Rg and B = 120. Redesign a bias-stable circuit such that Icp =
100 nA and Vegp = 1.4 V. (b) Using the results of part (a), determine the
dc power dissipation in the circuit.

For the circuit in Figure P5.69, let 8 = 100 and R = 3 k€2. Design a bias-
stable circuit such that Vg = 0.

+2V +5V +5V +10V
R, R
R, £ R E
Ve Ve
Ve
R Ry
2 Re
-2V -5V -5V -10V
Figure P5.69 Figure P5.70

For the circuit in Figure P5.70, let Rc = 2.2k, R =2k, Ry = 10k<,
R, =20 k€2, and B = 60. (a) Find Ryy and V7 for the base circuit.
(b) Determine IBQ, ICQ, Ve,and Ve.

Design the circuit in Figure P5.70 to be bias stable and to provide nominal
Q-point values of Icp = 0.5 mA and Vgcp = 8 V. Let B = 60. The maxi-
mum current in Ry and R, is to be limited to 40 ©A.

Consider the circuit shown in Figure P5.72. (a) The nominal transistor cur-
rent gain is 8 = 80. Design a bias-stable circuit such that /cp = 0.15 mA
and Vgcp = 2.7 V. (b) Using the results of part (a), determine the percent
change in Icp and Ve if the transistor current gain is in the range
60 < B8 < 100.

For the circuit in Figure P5.73, let 8 = 100. (a) Find V75 and Ry for the
base circuit. (b) Determine /¢ and Vcgog.

Vt=25V
? +15V
Rp=
2kQ 50 kQ
+3V
Re
5kQ
V=25V -5V

Figure P5.72 Figure P5.73
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D5.74 Design a bias-stable four-resistor bias network for an npn transistor such
that Icp = 0.8 mA, Vegg =4V, and Vg = 1.5 V. The circuit and transistor
parameters are Vo = 10V and = 120, respectively.

D5.75 (a) Design a four-resistor bias network with the configuration shown in Fig-
ure P5.61 to yield Q-point values of Icp = 50 nA and Vegp =5 V. The
bias voltages are V™ = +5 V and V™ = —5V. Assume a transistor with
B =80 is available. The voltage across the emitter resistor should be
approximately 1 V. (b) The transistor in part (a) is replaced by one with
B = 120. Determine the resulting Q-point.

D5.76 (a) Design a four-resistor bias network with the configuration shown in Fig-
ure P5.61 to yield Q-point values of /cp = 0.50mA and Vcgp = 2.5 V. The
bias voltages are Vt =3V and V~ = —3 V. The transistor current gain is
B = 120. The voltage across the emitter resistor should be approximately 0.7
V. (b) Replace the designed resistors in part (a) with standard resistors with
values closest to the designed values. Determine the resulting Q-point.

D5.77 (a) A four-resistor bias network is to be designed with the configuration
shown in Figure P5.77. The Q-point values are to be /cp = 100 A and
Veco = 3 V. The bias voltages are V' =3 Vand V~ = —3 V. A transistor R, R
with B = 110 is available. The voltage across the emitter resistor should be
approximately 0.7 V. (b) The transistor in part (a) is replaced with one with
B = 150. What is the resulting Q-point?

D5.78 (a) Design a four-resistor bias network with the configuration shown in Fig-

ure P5.77 such that the Q-point values are Icp = 1.2mA and Vgcp =6 V. Re
The bias voltages are VT =9V and V~ = —9 V. A transistor with 8 = 75
is available. The voltage across the emitter resistor should be approximately o

v

1.5 V. (b) Replace the designed resistors in part (a) with standard resistors
with values closest to the designed values. Determine the resulting Q-point.  Figure P5.77

Section 5.5 Multistage Circuits

5.79 For each transistor in the circuit in Figure P5.79, 8 = 120 and the B-E turn-
on voltage is 0.7 V. Determine the quiescent base, collector, and emitter cur-
rents in QO and Q. Also determine Vg and Veggo.

5.80 The parameters for each transistor in the circuit in Figure P5.80 are g = 80
and Vpg(on) = 0.7 V. Determine the quiescent values of base, collector, and
emitter currents in Q1 and Q».

+10V
Rey=
R, =100 kQ 3kQ
I 22
11 Qi
Ce R
Vg 2= Rei = —o0 Vo
40 kQ 1E11<Q
L
= Ry =5kQ %
-10V -5V

Figure P5.79 Figure P5.80
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D5.81

5.82

5.83

The bias voltage in the circuit shown in Figure 5.63 is changed to
V*+ =35V. Design the circuit to meet the following specifications:
VCEI = VCEZ =12 V, VRE = OSV, ICI = IC2 =0.2 mA, and
IRI = IRZ = IR3 = 20,LLA

Consider the circuit shown in Figure P5.82. The current gain for the npn
transistor is B, = 120 and for the pnp transistor is 8, = 80. Determine /p/,
Ic1, Ip2, Ic2, Vegr, and Viea.

Vt=9V

-5V

Figure P5.82 Figure P5.83

(a) For the transistors in the circuit shown in Figure P5.83, the parameters
are: § = 100 and Vgg(on) = Vgg(on) = 0.7 V. Determine R¢1, Rg1, Rea,
and Rpg, such that Io; = Icp = 0.8 mA, VECQI =35V, and VCEQ2 =
4.0 V. (b) Correlate the results of part (a) with a computer simulation.

@ COMPUTER SIMULATION PROBLEMS

5.84

5.85
5.86

5.87

Using a computer simulation, plot Vg versus V; over therange 0 < V; <8V
for the circuit in Figure 5.24(a). At what voltage does the transistor turn on
and at what voltage does the transistor go into saturation?

Using a computer simulation, verify the results of Example 5.7.

Consider the circuit and parameters in Example 5.15. Using a computer
simulation, determine the change in Q-point values if all resistors vary by
=+5 percent.

Using a computer simulation, verify the results of Example 5.19.

r;v DESIGN PROBLEMS

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

*D5.88 Consider a common-emitter circuit with the configuration shown in Figure

5.54(a). Assume a bias voltage of Ve = 3.3V and assume the transistor
current gain is in the range 100 < 8 < 160. Design the circuit such that the
nominal Q-point is in the center of the load line and that the Q-point values
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do not vary by more than =£3 percent. Determine appropriate values for R

and Rz.
*D5.89 The emitter-follower circuit shown in Figure P5.89 is biased at V't = 2.5V
and V7~ = —2.5V. Design a bias-stable circuit such that the nominal

Q-point values are Icg = 5mA and Vcgp = 2.5 V. The transistor current
gain values are in the range 100 < 8 < 160. Select standard 5 percent
tolerance resistance values in the final design. What is the range in Q-point
values?

V+

Rg

V-

Figure P5.89

*D5.90 The bias voltages for the circuit in Figure 5.57(a) are V't =3.3V and
V=~ = —3.3 V. The transistor current gain is 8 = 100. Design a bias-stable
circuit such that Icp = 120 pA, Vrg = 0.7V, and Vgcp = 3 V. Use stan-
dard resistor values in the final design.

*D5.91 The multitransistor circuit in Figure 5.61 is to be redesigned. The bias volt-
ages are to be £3.3 V and the nominal transistor current gains are 8 = 120.
Design a bias-stable circuit such that Icg1 = 100 nA, Icg> = 200 A, and
Veeor = Vecor =3V







