Learning Objectives

After completing this chapter, you will learn the following:

®  Comparison between a bipolar junction transistor and a vacuum triode.
® Basics of transistor construction and types (PNP and NPN transistors).

® Different transistor configurations — common base, common emitter and common
collector.

®  Transistor input and output characteristics.

®  Ebers—Moll model of a transistor.

B Transistor specifications and maximum ratings.

® Different transistor packages and lead identification.

® How to test a transistor.

]

Phototransistors and power transistors.

Bipolar junction transistors (BJTs) are three-layer, three-terminal semiconductor devices. They com-
prise either an N-type semiconductor layer sandwiched between two P-type semiconductor layers or
a P-type layer sandwiched between two N-type layers. The former is referred to as a PNP transistor while
the latter as an NPN transistor. The first transistor was developed a long time back in the year 1947 by
Walter H. Brattain and John Bardeen at the Bell Telephone Laboratories, USA. Before the invention of
transistors, vacuum tubes were used extensively. Transistors have replaced the vacuum tubes in most of
the applications as they offer considerable advantages over the vacuum tubes, such as smaller size, lighter
weight, better efficiency, no warm-up period, lower operating voltages and so on. Transistors form the
fundamental building block of the circuitry that governs the operation of computers, cellular phones,
power electronics and many other modern electronic systems. In these systems, transistors are used as
either amplifiers or electrically controlled switches. In fact, the invention of transistors has revolutionized
the field of electronics.

This chapter covers all the fundamental topics related to transistors. We will begin the chapter with a
brief comparison of transistors with vacuum triodes, followed by fundamental topics such as transistor con-
struction, types, different transistor configurations and transistor input and output characteristics. Topics of
practical interest, such as transistor specifications, maximum ratings, lead identification and transistor test-
ing, are covered towards the end of the chapter.
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3.1 Bipolar Junction Transistor versus Vacuum Triode

Both bipolar junction transistors and vacuum triodes are three-terminal devices. Transistors can be consid-
ered as solid-state analogs of vacuum triodes. The three terminals of a triode are referred to as cathode,
plate and control grid. The corresponding terminals of a transistor are emitter, collector and base, respectively.
Although both transistors and vacuum triodes are three-terminal devices, their modes of operation are funda-
mentally different. Transistors are current-controlled devices whereas vacuum triodes are voltage-controlled
devices. In a vacuum triode, the output voltage is directly related to the input voltage. The amplification
factor (i) of a vacuum triode is defined as the ratio of the change in the plate voltage to the change in the grid
voltage for a constant plate current. In a transistor the output current is a function of the input current, and
the transistor gain () is defined as the ratio of the change in the collector current to the change in the base
current for a constant collector-emitter voltage.

3.2 Transistor Construction and Types

BJT is a three-layer, three-terminal semiconducror device having two PN junctions. It comprises three

ifferently doped semiconductor regions, namely the emitter region, the base region and the collector

region. The base region is physically sandwiched between the emitter and the collector regions. BJT are so
named as both holes and electrons contribute to the flow of current.

"The width of the base region is much smaller than the width of the emitter and the collector regions.
Typical ratio of the total width of the transistor to the width of the base region is of the order of few hundreds.
The emitter region is the most heavily doped, the collector region moderately doped and the base region very
lightly doped. The doping of the base region is around 10 times less than that of the emitter region. This results
in reduced conductivity of the base region. Bipolar transistors can be classified as NPN and PNP transistors
depending upon the type of doping of the three regions.

NPN Transistor

Figure 3.1(a) shows the structure of an NPN transistor. As is evident from the figure, the collector and the emitter
regions are N-type semiconductors and the base region is a P-type semiconductor. The collector, emitter and base
terminals are designated as C, E and B, respectively. Figure 3.1(b) shows the circuit symbol of an NPN transistor.
The arrow on the emitter lead specifies the direction of the conventional current flow when the emitter-base junc-
tion is forward-biased. In an NPN transistor most of the current flow is due to flow of electrons.

PNP Transistor

Figure 3.2(a) shows the structure of a PNP transistor. The collector and the emitter regions are P-type semicon-
ductors and the base region is an N-type semiconductor. Figure 3.2(b) shows the circuit symbol of a PNP

Base

(a) (b)

Figure 3.1 | (a) Structure; (b) circuit symbol of an NPN transistor.
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(@) (b)

Figure 3.2 | (a) Structure; (b) circuit symbol of a PNP transistor.

transistor. The arrow on the emitter lead specifies the direction of the conventional current flow when the
emitter-base junction is forward-biased. In a PNP transistor, holes contribute mostly to the flow of current.

NPN transistors are more commonly used as compared to PNP transistors as they offer higher cur-
rent density and faster switching times. This is so because the electron mobility is higher than the hole
mobility.

3.3 Transistor Operation

The basic operation of an NPN transistor is described in this section. The operation of a PNP transistor
is same as that of an NPN transistor except that the roles of electrons and holes are interchanged and
the polarities of the voltages and the direction of current reversed. Transistors may be looked upon as two
PN junction diodes connected back to back. The two junctions are the emitter-base junction and the
collector-base junction. The fundamentals of semiconductor junction diodes covered in Chapter 2 apply to
transistors also and will be used to explain the operation of a transistor. As we have studied in Chapter 2,
when the PN junction diode is an open circuit no current flows through it and the diode voltage is equal to
the diode’s contact potential. Similarly, when no external voltage is applied to the transistor, the currents
flowing through the transistor are zero and the potential at the two junctions is equal to their respective
contact potentials.

Transistors operate in four regions, namely the active region, the reverse-active region, the saturation region
and the cut-off region depending upon the polarity of voltages applied to the emitter-base and the collector-base
junctions. In the active region, the emitter-base junction is forward-biased and the collector-base junction is
reverse-biased. Transistors when operating in the active region function as amplifiers. In the reverse-active
region, the biasing condition is reversed, that is, the emitter-base junction is reverse-biased and the
collector-base junction is forward-biased. Transistors are seldom operated in the reverse-active region. In the
saturation region, both the emitter-base and the collector-base junctions are forward-biased and in the cut-off
region both the junctions are reverse-biased. When the transistor is used as a switching device, it operates either
in the saturation or the cut-off region. It acts as a closed switch in the saturation region and as an open switch
in the cut-off region. When used as an amplifier, the transistor is operated in the active region.

Let us consider the operation of an NPN transistor in the active region. As mentioned before, in the
active region the emitter-base junction is forward-biased and the collector-base junction is reverse-biased.
When the emitter-base junction is forward-biased with an open collector-base junction [Figure 3.3(a)],
normal PN junction diode action takes place. The width of the depletion region decreases due to the applied
bias and there is a heavy flow of electrons from the N-type emitter to the P-type base. As the base is lightly doped,
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Figure 3.3 | (a) Forward-biased emitter—base junction; (b) reverse-biased collector—base junction.
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Figure 3.4 | Flow of current in an NPN transistor in the active region.

a very small hole current flows from the P-type base to the N-type emitter region. The width of the depletion
region is larger in the base region as compared to that in the emitter region as the base is lightly doped compared
to the emitter region. If the collector-base junction is reverse-biased with the emitter-base junction open [Figure
3.3(b)], it behaves like a normal reverse-biased junction diode. There is a small current flow due to the minority
carriers, that is, the flow of electrons from the base region to the emitter region and flow of holes from the emitter
to the base. The depletion width increases with the increase in the reverse-bias voltage and is larger in the base
region than that in the collector region.

Figure 3.4 shows the flow of current in an NPN transistor in the active region, that is, both the forward
and the reverse voltages are applied simultaneously to the emitter-base and the collecror-base junctions, respec-
tively. The emitter current (I;) comprises electron current (due to flow of electrons from emitter to base) and
hole current (due to the flow of holes from base to emitter). As the base is very lightly doped as compared to
the emitter, the emitter current consists mainly of electrons. Not all the electrons crossing the emitter-base
junction reach the collector—base junction as some of them remain in the base region and constitute the base
current (£y). As the base region is very thin and has low level of conductivity (as it is lightly doped), only a very
few electrons remain in the base region. The rest of the electrons diffuse into the reverse-biased collector—base
junction. They travel across the collector—base junction easily as they are minority carriers in the P-type base
region of the collector—base junction. This is referred to as the injection of the minority carriers into the P-type
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base region. (It may be recalled that in a reverse-biased PN junction diode, the minority carriers easily cross the
junction). These electrons diffuse across the reverse-biased junction to reach the N-type collector and constitute
the collector current (/). The magnitude of the base current is of the order of few microamperes as compared
to several milliamperes for the collector and the emitter current.

Applying Kirchhoff’s current law to the transistor, considering it as a node, we get

Ig=1.+1, (3.1

where /;; is the emitter current, /. the collector current and 7, the base current.

From Eq. (3.1) we can infer that the emitter current is the sum of the collector current and the base current.
"The collector current comprises two components: the majority-carrier component and the leakage-current compo-
nent. The majority-carrier component is due to the electrons that have traveled from the emitter region across the
base to the collector region. This component is equal to o/, where o is the fraction of emitter electrons that reach
the collector regjon. The leakage current (/) is the minority current of the reverse-biased collector—base junction
with an open-circuit emitter-base junction. /- is in the range of few hundreds of nanoamperes to few microam-
peres. The expression for collector current is given by

Io=aly+1g, 3.2)

The above equation is only valid in the active region of the transistor. The generalized expression for the col-
lector current in a transistor is given by

V
Io=al;+1,|1-exp _~VQ_ (3.3)
T

where V. is the voltage across the collector-base junction and V7. the volt equivalent of temperature.

When the collector-base junction is sufficiently reverse-biased, the term exp(-V,/ V) tends to zero and
Eq. (3.3) reduces to Eq. (3.2).

3.4 Common-Base Configuration

! I ‘ransistors are connected in any of the following three configurations:

1. Common-base (CB) configuration.
2. Common-emitter (CE) configuration.
3. Common-collector (CC) configuration.

CB configuration is discussed in this section. CE and the CC configurations are covered in Sections 3.5
and 3.6, respectively.

In the CB configuration, the base terminal is common to both the input and the output sections.
Figures 3.5(a) and (b) show the basic circuit of the transistor in the CB configuration for the NPN and the PNP
transistors, respectively. The directions of currents shown are used for conventional current flow. Also, the cur-
rent flowing into the transistor is taken as positive and the current leaving the transistor is taken as negative.

Input Characteristics

The input characteristics of a transistor are a plot of the input current versus the input junction voltage
for different values of output junction voltage. The input characteristics of CB configuration relate the
emitter current (/) to the emitter-base voltage (Vi) for various levels of the collector-base voltage
(Vi) Figure 3.6 shows the input characteristics of a common-base NPN Silicon transistor. The current
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Figure 3.5 \ Common-base configuration.
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Figure 3.6 | Input characteristics of CB transistor.

I is considered negative as the current flows out of the emitter terminal. The input characteristics of PNP
transistors are same with the reversal of polarity of the voltages and direction of currents.

From the figure we can infer that there is a cut-in or threshold voltage below which the value of emitter
current is very small. The typical values of cut-in voltage for silicon and germanium transistors are approxi-
mately 0.5 and 0.1 V, respectively. The curve for open condition is the same as that for a forward-biased PN
junction diode. Another feature of the input characteristics is that for a fixed value of collector-base voltage
(Vp) the emitter-base voltage (V) increases with increase in the emitter current (I). This behavior is the
same as that of a PN junction diode in the forward-biased state. Since a small change in the emitter-base
voltage causes a very large change in the emirter current, the input resistance (r) of the common-base con-
figuration is very small. The value of 7, in the linear portion of the input characteristics is of the order of
hundred ohms. Also it can be interpreted from the figure that for fixed value of emitter-base voltage (V).
the emitter current (/) increases with increase in the collector-base voltage (V). This is because of the
early effect phenomenon in transistors.
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Figure 3.7 Early effect.

Early effect or the base width modulation phenomenon refers to the change in the width of the base region
with the change in the collector-base voltage. As the emitter~base junction is forward-biased, the width of the
depletion region is negligible. For the reverse-biased collector-base junction, the width of the depletion region
is substantial. The width of the depletion region increases with increase in the reverse voltage at the collector-base
junction. As the base region is lightly doped, the penetration of the depletion region is much larger in the base
region than in the collector region. As a result of this the effective width of the base region decreases. This
phenomenon of change in the effective width of the base region with change in the collector-base voltage is
referred to as the early effect.

As a result of the early effect, at increased reverse potential the rate of recombination of the electrons and
holes decreases. This results in increase in the value of @. Also, the concentration of the minority carriers
becomes zero at effective base width (W) instead of W} (Figure 3.7). Hence, the concentration gradient of
minority carriers (P ) is increased within the base region. As the emitter current is proportional to the gradi-
ent of minority carriers at the emitter junction ( /i), the value of emitter current also increases.

Output Characteristics

The output characteristics of a transistor are a plot of the output current and the output junction voltage for
different values of input current. The output characteristics of common-base configuration (Figure 3.8)
relate the collector current (/) to the collector-base voltage (V) for various levels of the emitter current
(Z). For a fixed value of emitter current, the collector current almost remains constant with changes in the value
of the collector-base voltage. However, near the origin the collector current drops rapidly with the decrease
in the value of the collector-base voltage. The output characteristics can be divided into three regions, namely
the active region, the cut-off region and the saturation region.

Active Region

In the active region the collector-base junction is reverse-biased while the emitter-base junction is
forward-biased. The unshaded portion of Figure 3.8 corresponds to the active region. The collector current
(1) is almost independent of the collector-base voltage (V.5) and depends only on the value of the emitter
current (I). Therefore, the output characteristics curves are straight parallel lines. Actually the collector
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Figure 3.8 | Output characteristics of the common-base transistor.

current increases slowly with the collector-base voltage (around 0.5%). This is because of the early effect
phenomenon. But for most applications this increase can be ignored and the collector current can be con-
sidered to be constant for a fixed value of emitter current. The output resistance (r,) offered by the CB
configuration is very high as a very large change in the collector-base voltage produces a very small change
in the collector current.

When the emitter-base junction is open-circuited, the emitter current is zero. The collector current that
flows in this condition is the reverse saturation current (/). This condition corresponds to the lowest curve
in the output characteristics. The current I, is of the order of few microamperes for germanium transistors
and several nanoamperes for silicon transistors.

Cut-off Region

In the cut-off region, both the collector-base and the emitter-base junctions of a transistor are reverse-
biased. The region below the I, = 0 curve corresponds to the cut-off region. In this region, the transistor acts
as an open circuit and does not conduct any current. As mentioned before, the value of collector current at
I = 0 is equal to the reverse saturation current (/).

I increases rapidly with increase in temperature. As an example, for a general purpose silicon transistor
2N2222, the values of /., at a collector-base voltage of 50 V for ambient temperatures 25°C and 150°C are
10 nA and 10 pA, respectively. This implies that there is a change of the order of 1000 times for 125°C
change in temperature. I, is also referred to as I, the collector current with base open-circuited. Iy,
can be ignored in most transistor applications except for power transistors and transistors operating at high
temperatures.

Saturation Region .

In the saturation region, both the collector-base and the emitter-base junctions are forward-biased. The region
to the left of V5 = 0 line corresponds to the saturation region. As is clear from the figure, the collector-base
voltage (V) is slightly negative in the saturation region. This is because the collector-base junction is also
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forward-biased. There is an exponential increase in the collector current with a small increase in the
collector-base voltage.

Alpha (@) ‘
Alpha (@) is the fraction of emitter current that contributes to the collector current. The current equation in
a transistor is given by

Io=I+al; (3.49)
The above equation can be rewritten as
I.-1
=-S5~ (3.5)
I.-0

Alpha (@) can be defined as the ratio of the increment in the value of collector current from its value in the cut-off
region to the increment in the value of emitter current from its value in the cut-off region. As mentioned earlier,
the value of I is very small and can be ignored in the large-signal analysis. Therefore Eq. (3.4) reduces to

Io=al (3.6)

Therefore, ais also referred to as the large-signal current gain for a common-base transistor. In the active region,
the value of @ is nearly equal to 1, the exact value being between 0.90 and 0.998. Therefore, the current gain of
the transistor in the CB mode is less than unity. The value of & is not constant but varies with the emitter current
(1), collector voltage (V) and the operating temperature. The voltage gain of the CB configuration is in the
range of 50-300. Therefore, a CB transistor acts as a voltage amplifier and not as a current amplifier.

When a time-varying input is applied, the point of operation moves on the output characteristics curve.
In that case an ac alpha () is defined as the ratio of the change in the collector current to the change in the
emitter current for a fixed value of collector-base voltage. Mathematically,

a, = —C) 3.7)
[AIE Vg =constant

where ¢ _ refers to common-base, shert circuit amplification factor.

EXAMPLE 3.1 | For the common-base configuration shown in Figure 3.9, determine the values of base current
(Iy), emitter current (1) and collector current (I ). It is given that the value of o is 0.95.

6V 6V

Figure 3.9 | Example 3.1.
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Solution | 1. The value of load resistance R =5kQ.
2. The voltage drop across the resistor is 4.5 V.
3. 'Therefore, the current flowing through the resistor = 4.5/(5 x 10%) A= 0.9 mA.
4. 'The current flowing through the resistor is the collector current. Therefore,
collector current is equal to 0.9 mA.
5. 'The emitter current is [/ = 0.9 X 1073 /0.95 A = 0.947 mA.
6. 'The base current is [, — I = (0.947 x 1073 - 0.9 x 1073) = 47 MA.
Answer: The value of I, [; and /; are 0.9 mA, 0.947 mA and 47 [A, respectively.

3.5 Common-Emitter Configuration

he common-emitter (CE) configuration has emitter terminal common to both the input and the

output sections, as shown in Figures 3.10(a) and (b), for the NPN and the PNP transistors, respec-
tively. The input signal is applied to the emitter—base section and the output is taken from the
collector-emitter section. It is the most commonly used transistor configuration. Salient features of CE
transistor configuration are high values of voltage and current gains, medium values of input and output
impedances. :

Input Characteristics

The input characteristics of the transistor in the common-emitter configuration relate the base current ()
to the emitter—base voltage (V) for different values of the collector-emitter voltage (V). The input char-
acteristics for a common-emitter NPN transistor are shown in Figure 3.11. We can see from the figure that
the magnitude of base current (/) is in range of several tens of microamperes. For fixed value of emitter—base
voltage (Vyp), an increase in the value of collector-emitter voltage (V) results in a decrease in the value of
the base current (). This is because of the early effect which results in reduction of the base width with
increase in the collector-emitter voltage (V).

Figure 3.10 1 Common-emitter configuration for (a) NPN transistor; (b) PNP transistor.
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Figure 3.11 | Input characteristics of CE transistor.
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Figure 3.12 | Output characteristics of CE transistor.

Output Characteristics

Output characteristics of the CE configuration relate the collector current (1) to the collector-emitter volt-
age (Vp) for different values of base current (Iy)- The output characteristics of a CE transistor are shown in
Figure 3.12. The output curves for CE configuration are not as horizontal as that for CB configuration,
indicating that the collector-emitter voltage has an influence on the value of collector current.
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Beta (B)

For any transistor the emitter, collector and base currents are related to each other by the equation

L=I.+I, (3.8)
Relationship between collector and emitter current is also given by
Io=I+al; 3.9
Combining Eqs. (3.8) and (3.9) we get
a 1

le =gy 1o+ G oo (3.10)

If we substitute B = a/(1— ) then Eq. (3.10) becomes
Io =Bl +(B+ DI, (3.11)

Here, B (also denoted as hy) is referred to as the DC forward current transfer ratio or the DC current
gain of the transistor. A very small change in the value of ¢ is reflected as a very large change in the value
of B. The CE characteristics of the transistors of the same type number differ significantly from one device
to another. The value of  varies considerably with changes in both the operating temperature and collec-
tor current (Figure 3.13).

Active Region

As in the case of CB transistor configuration, for CE transistor configuration also the emitter—base junction is
forward-biased in the active region and the collector-base junction is reverse-biased. The active region in the
output characteristics (Figure 3.12) corresponds to the portion of the graph to the right of the line at Vi,
and above the curve for I = 0. As can be seen from the figure, the curves of collector current (1) for different
values of base current (/) are not as horizontal and parallel as the curves for the CB configuration. Transistors
in the CE configuration operating in the active region are used as voltage, current and power amplifiers.

As I, >> I in the active region, therefore, in the active region ‘

I =ﬁ[B
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7
o
23
8L 2
o8 R
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Figure 3.13 | Variation of h__ with change in temperature and collector cur-
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Typical value of B is in the range of 50-100. Hence, the CE configuration provides a high current gain. It
also provides a large value of voltage and power gain.
For AC applications ac beta (ﬂac) is defined as

g [
= | AL
Vg = constant

B, is referred to as the CE forward-current amplification factor and is also denoted by 4.

Saturation Region
The CE transistor is in the saturation region when both the collector-base and the emitter-base junctions are
forward-biased. Magnitudes of collector-base voltage (V) and emitter-base voltage (V,5) are equal to the
cut-in voltages of the collector-base and the emitter—base junctions, respectively. Therefore, the value of V
(Vg + Vgp) is few tenths of volts in the saturation region. The region to the left of V; = VCE(m) line in the
output characteristics is the saturation region. In the saturation region, the value of the collector current is
independent of the base current and depends on the value of resistor connected between the collector terminal
and the supply terminal. For the CE circuit of Figure 3.10, the value of collector current in the saturation
region is given by V,./R, . The minimum base current required to saturate the transistor is given by /./f.

The parameter which is important in the saturation region is the CE saturation resistance (Rig,,)>
which is defined as the ratio of the collector-emitter voltage at saturation to the collector current (VCE(S“)/IC).
The curves to the left of the Vi.p = Vi, line can be approximated as straight lines whose slope can be

. . CE(sat,
determined using the value of RCE(SM).

Cut-off Region
In the cut-off region, both the collector-base and the emitter-base junctions are reverse-biased. Also, the
base current is equal to zero (/; = 0) in this region. In the CE configuration, for I = 0, there is a consider-
able amount of collector current flowing through the transistor. Its value is given by substituting the value
I;=0in Eq. (3.11):

I

Ie=(B+ Dl = (3.12)

This current is denoted by the symbol /.

For silicon transistors, the value of ¢ near cut-off region is nearly zero. Therefore, the value of collector
current is equal to I.,. Hence, the silicon transistor is in the cut-off region when 7, = 0 both for short circuit
(Vg = 0) and reverse-biased emitter—base junction.

For germanium transistors, the value of & near cut-off region may be as large as 0.9. Therefore, the value
of the collector current flowing through the transistor can be as large as 10 times the value of leakage current
I Hence, the germanium transistor is not in the cut-off region for J; = 0. A reverse bias needs to be
applied to the emitter—base junction to bring the transistor to cut-off. The bias voltage applied should bring
the value of collector current (/) less than or equal to reverse saturation current (Ico)- Reverse-bias voltage
of 0.1 V is sufficient to reduce the collector current to this value. Therefore, the germanium transistor is in
cut-off region when I, = 0 for reverse-biased emitter—base junction with V; greater than 0.1 V.

EXAMPLE 3.2 | For a transistor, the value of Q is specified to be 0.98 at a particular collector-base
voltage. The value of Ot increases by 0.5% when the collector—base voltage is increased.
Find the percentage change in the value of . Comment on the result.
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Solution

EXAMPLE 3.3

Solution

CANR AT R O

Original value of or=0.98.

Value of B= a/(1 — &) = 0.98/(1 — 0.98) = 49.

New value of a=0.98 + 0.5 x 0.98/100 = 0.985.

Value of 8 for a=0.985 is f=0.985/(1 — 0.985) = G6.

Percentage change in 8= [(66 — 49)/49] x 100% = 34.69%.

From the above result it is clear that a small change in the value of o= 0.5%
results in a large change in the value of = 34.69%.

Answer: Percentage change in 8 is 34.69%.

For she circuit shown in Figure 3.14, find the values of emitter current (L), collector cur-
rent (1) and base current (1) It is given that = 50, Veg=0.7VandI,=0pA.

Figure 3.14 | Example 3.3.

The polarity of the voltage V, applied to the input section forward biases the
emitter—base junction. Therefore the transistor is in active region or in the satu-
ration region. Let us assume that the transistor is in the active region.

Applying Kirchhoff’s voltage law to the input section:
5-100x 10°X I — V. =0

Substituting V;; = 0.7 V, Iy =(5-0.7)/(100 x 10%) = 43 pA.

I.=aly(as I, = 0)

Therefore, I =50 X 43 X 10°° A =2.15 mA.

Applying Kirchhoff’s voltage law to the output section, we get

3 -3 _
8-2x10°x2.15x107 -V, =0

V.

- 3 -3
g =8—-2x10"x2.15x%x10

=8-43 =37V
Vee=Vep + Vi
Therefore, Vep=37-07=3V.
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7. For the NPN transistor, positive value of V. represents a reverse-biased
collector-base junction and hence the assumption that the transistor is in the
active region is correct.

8. [;=1.+ I, Therefore
I;=2.15%x107+43x10°=2.193 mA

Answer: [.=2.15mA, [;=43 pAand I, -=2.193 mA.

3.6 Common-Collector Configuration

In the common-collector (CC) configuration, also known as the emitter-follower configuration, the
collector terminal is common to both the input and the output sections. Figures 3.15(a) and (b) show
the NPN and PNP transistors connected in the CC configuration. The configuration is similar to the
common-emitter configuration with the output taken from the emitter terminal rather than the collector
terminal.

CC configuration offers high input impedance and low output impedance and hence it is used for
impedance matching applications, that is, for driving low-impedance load from a high-impedance source.
The voltage gain offered by CC configuration is less than unity and the value of current gain is high.

Input Characteristics

The input characteristics of CC configuration relate the base current (Zy) to the collector—base voltage (Vo)
for different values of the emitter-collector voltage ( Vio)- The input characteristics for a CC NPN transistor
are shown in Figure 3.16.

Output Characteristics

Output characteristics of the CC configuration relate the emitter current (Zg) to the emitter-collector
voltage (V) for different values of base current (Z3). Figure 3.17 shows the output characteristics
for an NPN transistor in the CC configuration. The characteristics are similar to that for the CE con-
figuration.

(a) ‘ (b)
Figure 3.15 ’ CC configuration for (a) NPN transistor; (b) PNP transistor.
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Figure 3.16 | Input characteristics of the CC configuration.
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Figure 3.17 ’ Output characteristics of the CC configuration.

Gamma (y)
Gamma (%) is the current gain in the CC configuration. For any transistor the collector—emitter and base
currents are related to each other by the expression

I=1.+1, (3.13)
Relationship between collector and emitter current is given by
Io=1,+al; (G149
Combining Eqs. (3.13) and (3.14) we get
I I
[ =—B - (3.15)

Ej—a 1-a
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Table 3.1 | Salient features of the three transistor configurations

Common emitter (CE)  High (=50-100) Very high (=500) Medium (=800 ) Medium (=50 kQ)
Common collector (CC) High (=80-100) Approximately unity ~Very high (=800 kQ2)  Very low (=50 Q)

Approximately

Common base (CB) unity

High (=150) Low (~100 Q) Very high (=500 kQ)

Fy=(B+1)= 1/(1 — o) then Eq. (3.15) becomes
Io=yl+ vl (3.16)
Table 3.1 gives a qualitative comparison of the three configurations in terms of current and voltage gains,
input and output impedances.
The configurations discussed in Sections 3.4-3.6 are the basic ones and only show the mode of opera-

tion of the transistor. The associated circuitry to be used in these configurations for providing required bias-
ing to the two junctions will be discussed in detail in Chapter 4.

EXAMPLE 3.4 | Derive an expression for the power gain provided by the transistor in Figure 3.18.

Vee

Figure 3.18 I Example 3.4.

Solution | 1. Input power = Input voltage X Input current.
2. Inputvoltage=/ X R, .
3. Therefore, Input power = X R_x 1, = I} xR, .
4. Output power = Output voltage X Output current
- 72
=17 XR
=B x I} XR.

5. Power gain = Output power/Input power
=(Bx I} XR)(I} xR )
= (ﬂz X Rc)/Ri n
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3.7 Ebers-Moll Model of Transistors

bers-Moll transistor model was developed by Ebers and Moll in the year 1954. It is also known as the

coupled diode model. It is an ideal model for a bipolar transistor and is applicable for all four regions of
transistor operation. The model involves two ideal diodes and two ideal current sources. Figures 3.19(a)
and (b) show the Ebers-Moll model for the NPN and the PNP transistor, respectively.

To understand the model let us consider the generalized current equation of a transistor given in
Eq. (3.3). It is repeated here for convenience of the readers.

Ves
[C=1CO l—CXp —"/— +a[E (317)
T
Equation (3.17) can be rewritten for the active region as
Vs
1C=ICS 1—exp —V— +aF[E (3.18)
T

where @ is the CB current gain in the normal operating mode (emitter—base junction is forward-biased and
collector—base junction is reverse-biased) and /. the saturation current of the collector—base diode.
For the reverse-active region the Eq. (3.17) can be rewritten as

|7
Iy ZIESI:I_CXP(-%J}‘*'(ZRIC . (3.19)

T

l B aF]F

O C
le
o
{
— —
Ip = Igg [exp(-Veg/Vy) - 1] Ig = Ics [exp(~Veg/Vy) - 1]
(a)
B
e
Ic

IF = IES [exp(— VEB/VT) -1] IR = ]CS {exp(—VCB/VT) -1}
(b)
Figure 3.19 l Ebers—Moll model for (a) NPN transistor; (b) PNP transistor.
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where @ is the CB current gain in the inverting operating mode (emitter-base junction is reverse-biased and
the collector—base junction is forward-biased) and I the saturation current of the emitter—base diode.

The two diodes shown in Figure 3.19 represent the base-emitter and the collector—base diodes and are
connected back-to-back. The reverse saturation currents through the emitter—base and the collector—base
diodes are /i and I, respectively. Two current sources are in shunt with the diodes and their values depend
upon the current flowing through the diodes. They quantify the transport of minority carriers through the
base region, that is, they account for the minority-carrier transport across the base.

From Figure 3.19, the equations for the collector, emitter and base currents in the Ebers-Moll model are
given by . -

Io=—1 + o1 ' (3.20)
I=I—op Iy (3.21)
Ly=0-o); + (1-ap)I; (3.22)

The Ebers-Moll parameters are related by the expression
Iogop = I g0 .(3.23)

Thi‘s; expression is referred to as the reciprocity relation.

In the discussion above, we have not taken into consideration the base-spreading resistance (r,) of a
transistor. It is the resistance offered by the base region to the flow of current through it. Typical value of oy
is of the order of 100 Q and it increases with the increase in the reverse-bias collector-base voltage. Its value
also depends on the doping level of the base region. The effects of 7,,, are important at high frequencies.

It may be mentioned here that it is impossible to construct a transistor by simply connecting two diodes
back-to-back in series. A cascade arrangement of two diodes exhibits transistor properties only if the carriers
injected by one junction diffuse into the second junction.

3.8 Transistor Specifications and Maximum Ratings

Selccting the right transistor type number suiting one’s requirements becomes a simple exercise provided
we can appreciate the critical specifications of a transistor and also their significance for different applica-
tions. Some of the important transistor specifications are: DC current gain (8 or A;), AC current gain (8,_ or
he,), gain-bandwidth product {f), transistor breakdown voltages and maximum power dissipation (PD(max)).

DC Current Gain (B or h;)

The variable f§ (also denoted as hgg) is called the DC current gain, that is, the ratio of the collector current
to the base current of the transistor in common-emitter configuration. It specifies the base current
required to keep the transistor conducting for a given collector current. It is an important parameter for
switching transistors as it tells about the minimum base current required to drive the transistor in the
saturation region for a certain collector current. A transistor with smaller Ay needs a harder base drive for
a given collector current.

AC Current Gain (B, or h)
AC current gain is defined as the ratio of the change in the collector current to a small change in the base
current for a constant collector-emitter voltage:
Al
Al

B Vg = constant

fe (324)
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Gain-Bandwidth Product (f,)

The gain-bandwidth product (£;) tells us about the high frequency response of the transistor. It is the frequency
for which gain on the high-frequency side falls to unity or 0 dB. It is an important parameter that needs to be
considered when the transistor is to be used for intermediate frequency/radio frequency (IF/RF) applications.

Transistor Breakdown Voltages

There are two types of breakdown phenomena possible in a transistor, namely the avalanche breakdown and
reach-through phenomenon. The breakdown voltages associated with the avalanche multiplication are V.
and Vi Vg is the maximum voltage that can be applied across the collector-emitter junction with the
base open in the CE configuration. It is the worst case of collector-emitter breakdown voltage and is a very
important specification particularly in switching transistors used in switched-mode power supplies. This
parameter is often specified in different ways. Quite often, V., (collector-emitter breakdown voltage with
a specified resistance typically of the value of 100-200 Q connected between the base and emitter) and Vi
(collector-emitter breakdown voltage with base shorted to the emitter) ratings are also given in addition to
the V., rating of the switching transistors. It may be mentioned that V., is the lowest of all and if the
design is such that the V, rating is not exceeded, the possibility of collector-emitter junction breakdown
gets eliminated. V5, is the reverse output breakdown voltage when the transistor is connected in the CB
configuration with the emitter terminal open.

The second mechanism that leads to transistor breakdown is the reach-through or the punch-through
effect. It results from the increase in the width of the collector-base junction depletion region with increase
in the reverse voltage. As the base region is very thin, even at moderate values of reverse voltages, the deple-
tion region spreads completely across the base and reaches the emitter junction. This results in large flow of
emitter current leading to transistor breakdown. The collector-base breakdown voltage due to the punch-
through effect is independent of the transistor configuration.

The lower of the breakdown voltages either due to avalanche or reach-through breakdown is considered
as the maximum voltage limit.

etnay . e .
It is the peak collector current rating of the transistor. It is specified for continuous or pulsed mode of
operation of a transistor.

Power Dissipation (Py...)
It is the maximum power dissipation capability of a transistor. The curve for maximum power dissipation

can be plotted using the formula
Byagy = Ver ¥ Ic (3.25)

The maximum collector current, collector-emitter voltage and the power ratings limit the active region of
operation of a transistor as shown in Figure 3.20. Vg, specifies the minimum collector-emitter voltage
required to drive the transistor in the active region. The area enclosed by dotted lines represents the safe
operating area of the transistor.

Ppymay 18 usually specified at a given ambient temperature and it should be derated at higher temperatures as
per the derating curve supplied by the manufacturers. The use of heat sink results in increased power dissipation
capability of the transistor. The actual dissipation capability can be determined from known values of maximum
operating junction temperature, ambient temperature and the thermal resistance involved. There are two types
of thermal resistances associated with a transistor: the junction-to-case thermal resistance and the case-to-ambi-
ent thermal resistance. The former tells about how effectively heat is conducted away from the junction to the
case, and the latter tells about how effectively the heat is conducted away from the case to ambient.
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Figure 3.20 | Maximum ratings of a transistor.

Table 3.2 | Typical transistor applications and important specifications

1.

General purpose, low-level amplifier and switching transistors ~ §,

re> dema fro Vero
2. Power-switching applications Veror Vesor #ep Iogman? oo Pogman
3. Low-level IF/RF amplification Tetmaxy fo Vero
4, Audio amplification hee> Teimany Py Vero
5. High-voltage transistors Veror Vesos Pep L (maxy? £

The case-to-ambient thermal resistance depends upon the transistor’s package size. It is, for instance
300°C/W for TO-18 package, 150°C/W for TO-5 and TO-39 packages, 60°C/W for TO-66 package and
only 30°C/W for TO-3 package. The effective case-to-ambient thermal resistance can be reduced by using
an appropriate heat sink that basically increases the effective radiating area.

All specifications are not equally important for all application requirements. Table 3.2 lists some typical
applications and the corresponding transistor parameters that would significantly affect the choice criteria.

3.9 Lead Identification

Bipolar junction transistors are made in a large variety of package styles. Some of the more popular pack-
age styles include the TO-5, TO-18, TO-39, TO-72, TO-237, TO-92, TO-3, TO-66 and TO-220
packages. Transistors in TO-3 and TO-66 packages are high-power devices, while those with small metal can
or plastic body (TO-5, TO-18, TO-39, TO-72, TO-237, TO-92, TO-220) are low- to medium-power
devices. Transistor leads are made of gold, aluminum or nickel and then encapsulated in a container. The
lead arrangement for different transistor package styles is shown in Figure 3.21.
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It is interesting to note that the lead arrangement of different types of transistors with varying
current and voltage specifications, manufactured by different companies is identical only if these devices
happen to have the same package style, except some packages such as TO-92 and TO-106 where different
lead arrangements are possible for different type numbers having the same package style. For instance,
transistors 2N3055 and BU205 have the same lead arrangements as both these transistors are made in
TO-3 package though they have widely different electrical specifications and application areas, with the
former being a low-voltage power-switching transistor and the latter being a high-voltage transistor.
Similarly, transistor type numbers SL/CL100 and 2N2218 made in TO-39 package too have identical
terminal arrangements though the former is an audio transistor and the latter is a low-power switching
transistor.

On the other hand, transistors 2N370H and 2N5401 are both made in TO-92 package but have differ-
ent lead arrangements. Another interesting point to note here is that the terminal identification does not
change with the change in polarity of the transistor (i.e., whether it is a PNP or an NPN transistor), as long

Base Emitter v Base Emitter Base
Case is Caseis @
Collector Collector Emitter Collector
TO-3 TO-66 TO-5
(Bottom view) . (Bottom view) (Bottom view)
Base @ Base
Collector Emitter /@ ..
Emitter Collector Base Emitter Collector
Case
TO-18 TO-39 TO-72
(Bottom view) (Bottom view) (Bottom view)
2 q O .
O N
O
)
Basjr 1r WEmitter
/@\ Collector
Emitter Collector ﬁ\
Base Emitter gl o Collector ‘
TO-237 TO-92B TO-220

Figure 3.21 ’ Transistor package styles and lead identification.
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as the package is the same. For instance, transistor type numbers 2N2222 and 2N2907 have the same lead
arrangements though the former is an NPN transistor and the latter is a PNP transistor.

Remembering the lead arrangement of different transistor package styles becomes simple if we take into
account of the following points

1. Metal can transistor packages (TO-5, TO-18, TO-39) invariably have a notch and the lead adjacent to
the notch is the emitter. The leads are identified as emitter-base-collector starting from the emitter and
moving clockwise.

2. ‘The collector is usually connected internally to the metal can in such packages. One can easily identify
the lead that is common to the metal body by careful observation and even a contmmty check with the
multimeter is not needed.

3. Insome of the plastic packages like TO-106 for instance, there is a dot near the emitter lead.

4. The lead arrangements of TO-66 and TO-3 package styles are identical when both types are viewed in
the same way. The metal body in both these types is the collector and there i is no separate lead for the
collector.

5. Transistors with TO-72 package have four leads ‘with the fourth lead connected to the case 1nternally
The package has a notch near the emitter lead and the leads are identified as emitter-base-collector
starting from the emitter and moving clockwise just like other similar packages with a notch but having
three leads. v v _

6. Another widely used package designation for the transistors is the “SOT”designation, which has much
larger number of package styles than the popular “TO” deslgnauon But for most of the popular transistor
numbers there is a corresponding “TO” designation for a given “SOT” destgnauon and vice versa. For
example, SOT-18 is nothing but TO-72 and SOT-54 is the same as TO-92 package. Also, there are some
popular SOT packages that are only a slight variation of the popular TO packages, for example SOT-93 is
similar to TO-220 but with a slightly larger width. As far as lead identification is concerned, for a given
SOT package, it is the same as that for the corresponding TO package.

7. RF power transistors are packaged in different styles when compared with convcnnonal power transis-
tors. The popular package styles in this category are SOT-119, SOT-120, SOT-121, SOT-122 and
SOT-123 (Figure 3.22). Identifying the leads of these transistors is quite straight forward. Packages
SOT-120 to SOT-123 are more or less identical except for a slight variation in dimensions. Each one of
them has four strips (leads in RF power transistors are in the form of strips) placed 90° with respect to
each other over a 360° circle. The strip with a slight angular cut is always the collector and the strip
opposite to the collector is always the base. The other two strips are both emitters. In SOT-119, there
are six strips out of which the four outer ones are all emitters, the smaller of the two middle ones is
always the collector and the remaining one is the base.

Transistor leads can also be identified using a multimeter. The procedure for identifying the leads is the
same as that for PN junction diodes. The collector—base and emitter—base junctions can be checked with the
multimeter to identify the leads. But such a test gives the correct result only if the device under test is healthy.

In the multimeter identification of transistor leads, if either the collector or the emitter lead is known, the
other two leads can be identified without any problem from a single junction test. If the emitter terminal is known
(emitter is the terminal adjacent to the notch in TO-5, TO-18, TO-39, TO-72 package styles) then the base and
the collector terminals are identified by performing the collector-base diode junction test. If the collector terminal
is known (it is usually connected to the body in the case of TO-5, TO-18, TO-39, TO-72 package styles and is in
fact the body in case of TO-66 and TO-3 packages) then the base and the emitter terminals can be identified by
taking the emitter-base junction diode test. Also, whether the transistor is an NPN or a PNP transistor, the meter
shows an open circuit between the collector and the emitter terminals in both the directions.
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Figure 3.22 ' Package styles and lead identification of RF transistors.

The multimeter tests for identifying the leads of a bipolar junction transistor are illustrated in Figures
3.23(a)-(f) for an NPN transistor and in Figures 3.24(a)-(f) for a PNP transistor. The test arrangements
depicted in these figures are self-explanatory.

3.10 Transistor Testing

s in case of diodes, transistors also can be checked using a multimeter, an chmmeter and a curve tracer.

Using a multimeter, transistors are tested by checking the emitter—base and collector-base junctions in
the same fashion as explained in the case of the PN junction diode. The junction must be tested both in the
forward-biased and reverse-biased modes. As an example, in case of an NPN transistor the emitter-base
junction is forward-biased by connecting the red lead of the multimeter to the base and the black lead to the
emitter. In the case of a healthy transistor, the multimeter will show the voltage corresponding to the for-
ward voltage drop of the emitter-base junction when set to the diode test position. An OPEN reading in
this condition indicates a faulty transistor. The emitter-base junction is reverse-biased by interchanging the
connections and now the meter should show an OL (open) reading. A short circuit or a low resistance in this
case indicates a faulty transistor. Similarly, the collector-base junction. can also be checked. In addition,
collector-emitter terminals should show an open condition in both the directions.

Advanced digital meters provide the value of /4 by placing the transistor in the socket provided for the
purpose. The diode-testing mode provided in these meters can be used to check whether the transistor is
working properly or not.
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Figure 3.24 ’ Lead identification of PNP transistors using a multimeter.
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Figure 3.25 | (a) Circuit symbol for phototransistors; (b) phototransistor connection.

Transistors can be checked using an ohmmeter or the resistance scale of digital multimeters. With the
collector open, forward biasing the emitter-base junction should show a low resistance and reverse biasing
the emitter-base junction should show an OL (open) condition. Similarly, with emitter open, the collector—base
junction can be checked.

Curve tracer can be used for comprehensive testing of transistors as it can be used to display the input and
output characteristics of a transistor. The value of transistor 8 or ke, can be calculated from these curves.

3.11 Phototransistors

hototransistors are solid-state light sensors that possess internal gain. Phototransistors can be viewed as

photodiodes whose output current is fed to the base of a conventional small signal transistor. Figure 3.25(a)
shows the circuit symbol of a phototransistor and Figure 3.25(b) shows its connection diagram. Phototransistor
gain is of the order of 1001500 as compared to unity gain of photodiodes. Although the output of photodiodes
can be amplified through the use of an external operational amplifier, phototransistors offer a cost-effective
option. However, the response time of phototransistors is of the order of few to hundreds of microseconds,
which is much larger than that of photodiodes. _

Phototransistors are discussed in detail in the chapter on optoelectronic devices (Chapter 7).

3.12‘ Power Transistors

Power transistors, as the name suggests, are transistors intended for high-power applications. Improve-
ments in production techniques have resulted in higher transistor power ratings in smaller packages with
increased breakdown voltages and faster switching times.

The power handling capability of the transistor and the collector junction temperature are related to
each other as the power dissipated by the device causes an increase in the junction temperature of the tran-
sistor. The average power dissipated in a transistor is given by the expression

By =V X1, (3.26)

The maximum power rating (Ppy(may) is defined as the maximum power that can be safely dissipated in a
transistor. The transistor can dissipate this power up to a certain case temperature. Above this temperature
the power handling capability of the transistor decreases with increase in the case temperature and becomes
zero at the maximum operating temperature (Figure 3.26). Silicon transistors have higher operating
temperatures as compared to germanium transistors with typical maximum values for the junction tempera-
tures being 150-200°C for silicon transistors and 100—110°C for germanium transistors.



Bipolar Junction Transistors 95

Pomax)

Maximum
power
dissipated

0 50 100 150 200 Case
temperature (°C)

Figure 3.26 | Power derating curve of a transistor.

Power transistors are mounted on large metal cases called heat sinks to provide a large area for better radia-
tion of heat. With the heat sink, the transistor has a larger area from which to radiate the heat into the air,
thereby holding the case temperature to a much lower value than would be possible without the heat sink.

Let us now consider how the transisto'f junction temperature (7)), the case temperature (7)) and the
ambient temperature (7,) are related to the power handling capability of the power transistor. One of the
most important parameters that defines the power handling capability of any device is its thermal resistance.
It provides information about how much temperature change occurs for a given amount of power dissipa-
tion. Thermal resistance is measured in °C/W. Lower the value of the thermal resistance of the device more
is its power handling capability. The temperature of the transistor junction is given by the formula

T, = By0,, + T, (3.27)

where 7 is the transistor junction temperature, P, the power dissipated in the transistor, ), the junction-
ambient thermal resistance and 7, the ambient temperature.

Also
TJ = PDOJC + 1 i (3.28)

where 0. is the junction-case thermal resistance and 7 the case temperature.

Widy'ﬁout the heat sink the typical value of 9J A (OJC + 6,) is in the range of 40-50°C/W (6, is the case—
ambient thermal resistance), and with the heat sink the value of 6,, (GJC + 65 + 6,) is reduced to around
2-5°C/W (O is the case-heatsink thermal resistance; 6, is the heatsink-ambient thermal resistance). Thus, the
use of heat sink results in reduced value of transistor junction to ambient thermal resistance and increase in
power dissipation capability of the transistor.

EXAMPLE 3.5 | What should be the maximum value of junction-to-case thermal resistance of a certain
silicon transistor that has a maximum junction operating temperature of 200°C and that
can safely dissipate a power of 300 W at a case temperature of 25°C.

Solution | 1. The said transistor can safely dissipate a power of 300 W at a case temperature
of 25°C. Therefore, maximum allowable junction-case temperature differential
is (200-25) = 175°C.

2. ‘Therefore, the maximum value of junction-to-case thermal resistance = 175/300 =
0.583°C/W.

s Answer: Maximum value of junction-to-case thermal resistance is 0.583°C/W.
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EXAMPLE 3.6 | A silicon transistor has junction-to-case and junction-to-ambient thermal resistances of
10°C/W and 100°C/W;, respectively. The maximum junction temperature is 200°C.
Determine the power dissipation capability of a transistor:

1. When operating at a case temperature of 50°C.

2. When the ambient temperature is 25°C.

Solution | 1. When the case temperature is 50°C, the maximum allowable junction-case tempera-
ture difference is 150°C. This gives power dissipation capability as 150/10 = 15 W.
2. Maximum allowable temperature difference between ambient and junction =
175°C.
Ambient-junction thermal resistance = 100°C/W
This gives power dissipation capability as 175/100 = 1.75 W

Answer: The power dissipation capability of transistor is (1) 15 W and (2) 1.75 W.

3.13 Transistor Construction Techniques

! l "ransistors can be constructed using various techniques, the important ones being point contact, grown-

junction, alloy-junction, diffusion, epitaxial and annular techniques.

Point-Contact Transistors

The earliest transistors fabricated were point-contact transistors. Point-contact transistors are constructed by plac-
ing two wires into the semiconductor wafer. The wires are N-type and the wafer is P-type for an NPN transistor
(Figure 3.27) and vice versa for a PNP transistor. PN junction is formed between the wire and the wafer by
applying electrical pulses to each of the wire. These transistors suffer from poor reliability and are no longer used.

Grown-Junction Type Transistors

Grown-junction type transistors are fabricated from a single crystal. The crystal is drawn from a melt of sili-
.con or germanium whose impurity concentration is changed by adding the N-type and the P-type
dopants during the crystal drawing operation. The crystal is then sliced into a large number of devices and
the contacts are then made (Figure 3.28).

N-type

E

Figure 3.27 | Point-contact transistors. Figure 3.28 | Grown-junction type transistors.
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Figure 3.29 | Alloy-junction transistors.

Alloy-Junction Transistors

In the case of alloy-junction transistors, the base is a thin wafer. Two dots of impurity elements are placed on
opposite sides of this wafer. In the case of an NPN transistor the wafer is a P-type material and the dots are
of N-type material (Figure 3.29), whereas in the case of PNP transistors the wafer is an N-type material and
the dots are of P-type material. The whole structure is raised for a short time to a temperature high enough
to melt the impurity into the base material. As is clear from Figure 3.29, the collector region is made larger -
than the emitter region. This is done so that the collector region collects maximum ‘number of majority car-
riers from the emitter region and prevents them from diffusing into the base region.

Diffusion Transistors
The most frequently used technique for transistor fabrication is the diffusion technique. In this technique
the semiconductor wafer is subjected to gaseous diffusions of both N-type and P-type impurities to form the
emitter-base and the collector-base junctions. Two types of transistors are fabricated using the diffusion
technique, namely, the planar transistors and the mesa transistors. The planar NPN silicon transistor of the
diffusion type is shown in Figure 3.30(a). The collector—base region is photo-etched on the block of N-type
silicon and a P-type base region is formed by a gaseous diffusion-masking process. The emitter is then dif-
fused onto the base and the whole structure is covered by a layer of silicon oxide.

Mesa transistor is essentially a planar transistor that has been etched at the collector—base junction leaving
a mesa or a flat-topped peak [Figure 3.30(b)]. Mesa transistors are rugged devices with high power-dissipation
capability and can operate at higher frequencies. However, they have higher value of saturation voltage because
of highly resistive collector region. Hence, they are unsuitable for switching applications.

E B E B
Contacts
[N JP ) N-type
P-type
L Collector-base
N-type junction
N-type
c c

(a) (b)

Figure 3.30 l (a) Planar diffusion transistors; (b) mesa diffusion transistors.
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Epitaxial Transistors

Annular transistors.

The epitaxial technique consists of growing a very thin, high purity, single-crystal layer of silicon or
germanium on a heavily doped substrate of the same material. This augmented crystal forms the collector on
which the base and the emitter regions are diffused. Both planar and mesa transistors can be constructed

using this technique.

Annular Transistors

In annular transistors, a heavily doped ring is introduced around the base region. The ring is of the P-type
material for PNP transistors (Figure 3.31) and of the N-type for NPN transistors. It interrupts the induced
channel and isolates the collector-base junction from the surface of the device. It is therefore a high-voltage

device with low collector-base leakage.

| KEY TERMS

NPN transistor

AC current gain (he)

Active region

Alloy-junction transistors
Alpha (@)

Annular transistors
Base-spreading resistance (ry)

Common-base configuration
Diffusion technique

Early effect

Ebers-Moll transistor model
Epitaxial technique
Gain-bandwidth product 728

PNP transistor
Point-contact transistors
Reach-through or the
punch-through effect
Reverse-active region

Beta (f)
Common-collector configuration
Common-emitter configuration

Grown-junction transistor

I

C(max)
Mesa transistor

| OBIECTIVE-TYPE EXERCISES

I
Multiple-Choice Questions

1. A semiconductor transistor operates in the b.
active region only when
a. the emitter-base junction is forward-biased c.

and the collector-base junction is reverse-

biased.

Saturation region
Transistor

both emitter-base and collector-base junc-
tions are forward-biased.
both emitter-base and collector-base junc-
tions are reverse-biased.
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2,

d. the collector-base junction is forward-
biased and emitter-base junction is reverse-

biased.

Which of the following is/are metal can pack-
agels:

a. TO-5

b. TO-18

c. TO-92

d. Both (a) and (b)

When a healthy NPN transistor is connected
to an ohmmeter such that the base terminal is
connected to the red lead of the meter and the
emitter terminal to the black lead then the
meter shows

a. an open circuit.

b. some medium resistance.

c. avery small resistance.

d. none of the above.

A conducting bipolar transistor dissipates least
power when operating in the

a. saturation region.

b. cut-off region.

C. active region.

d. reverse-active region.

A bipolar transistor in sinusoidal oscillator con-
figuration is operating in the

active region.

saturation region.

cut-off region.

reverse-active region.

en oge

Match the Following

Match the terms in Column (a) with the figures in Column (b).

10.

The maximum reverse collector to emitter break-
down voltage with base open is referred to as

a. Vo

- Ve
c Vo

d. Vigo

When a transistor is used as a switch, the base
curreat required to switch on the transistor for
a given collector current is calculated from

a. kg

b. o

c. ¥
d. o

For a=0.9 the value of B is
a. 1

b. 0.9

c 9

d. 10

With increase in the collector-base reverse
voltage

a. the base width increases.

b. the base width decreases.

c. the base width is not affected.

d. the base width can increase or decrease.

Which of the transistor configurations is capable
of providing both voltage and current gains?

a. Common base

b. Common collector

c. Common emitter

d. Both common emitter and common base

NPN transistor FA.




100 Electronic Devices and Circuits

2. TO-5 package
Emitter’ Collector
3. TO-18 package  C.
Base
4. Annular transistor  D. Emi /@
mitter Collector
Case
4+ttt +ttttt bttt )
POCOOOICXXX ] Tl It XOOOIXXOG+—SHO, layer
induced IIIIIIIIW///////‘!HNNIH o ‘ﬂllllil//////%llllmill Heavily doped
5. Diffused N-type P-type ring
M . E. channel g
esa transistor . P-type emitter

N-type substrate

/
P-type substrate
C
B
E
E

Base
c
Emitter Collector

E B
N-type
Ptype Base—collector
H. N-type junction
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REVIEW QUESTIONS

I
1.

“Transistors are current-controlled devices,
whereas vacuum triodes are voltage-controlled
devices.” Comment.

Draw the structure of NPN and PNP transis-
tors showing the direction of flow of currents
through the transistor.

Explain the principle of operation of a PNP
transistor in the active region?

Sketch the typical input and output character-
istics of a bipolar transistor when connected in

a. Common-emitter configuration.
b. Common-base configuration.

Also derive the relationship between o and .

Define and interpret the following transistor
ratings and specifications:

a. VCBO
b. Vo
C. PD(mx)
d o

Explain in detail the early effect phenomenon.
How does it affect the transistor characteristics?

Explain the operation of a transistor using the
Ebers-Moll model?

PROBLEMS

A transistor with v = 0.97 has a reverse satura-
tion current of 1 {LA in the common-base con-
figuration. Calculate the value of leakage
current in the common-emitter configuration.
Also find the collector current and the emitter
current if the value of base current is 20 pA.

Figure 3.32 shows the input characteristics of a
common-emitter transistor. Find the input
resistance for the linear portion of the curves
for collector-emitter voltages of 1 and 20 V.

8.

10.

11.

12.

Compare the common-base, common-emitter
and common-collector configurations of a
transistor?

Explain the manufacturing process for diffused
mes+ and annular transistors. Give one merit
and one demerit for each configuration.

How will you identify the terminals of a tran-
sistor using
a. an ohmmeter?

b. a multimeter?

List any four differences in the characteristic
curves of silicon and germanium transistors.

Give reasons for the following:

a. Why is the collector current slightly less
than the emitter current?

b. Why is a transistor referred to as a bipolar
junction device?

c. The power rating of a transistor decreases
with increase in the ambient temperature.

d. The concentration of minority carriers in
the base region increases with increase in
the reverse-bias voltage of the collector-
base junction.

For the circuit in Figure 3.33, determine the
value of R, given that V;; =0.7V, I, =0.
For the circuit in Figure 3.34, find the voltage
across the load resistance R , given that Vi; =07V,
=098, I, =0.
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ls (RA)
QOL Vee=1V  Vee=10V
80}
70}
sor Vee=0V | [[IVee=20v
50} cE” "
401}
30}
20}t
10}
- ' ! s ’ Vae (V) .
0 0.2 0.4 0.6 0.8 1.0 Figure 3.33 ‘ Problem 3.
Figure 3.32 | Problem 2.
R
1kQ 1kaI U
6V 8V
L T
Figure 3.34 | Problem 4.
| ANSWERS
1 .
Multiple-Choice Questions
1. (@ 3. (0 5. (a) 7. (a) 9. (b)
2. (d) 4. (@ 6. (a) 8. (0 10. (o)
Match the Following
1. C 4. E
2. B 5. H
3. G
Problems
1. 33.33 pA; 0.68 mA; 0.7 mA 3. 17.12kQ
2. 666.67 Q; 1500 Q 4. 52V



Learning Objectives

After completing this chapter, you will learn the following:

® Importance of transistor biasing.
® Designing a transistor-biasing circuit.

Detailed analysis of fixed-bias, emitter-bias, collector-to-base-bias and voltage-divider-
bias with emitter-bias configurations.

Design of common-base and common-collector configurations.

Understanding the importance of stability factors s'co’ SB and SVBE'

Derivation of expressions for stability factors for different biasing configurations.
Phenomenon of thermal runaway.

Bias compensation techniques.

Operation of transistor as a switch.

In the last chapter the fundamentals of transistor construction and operation were discussed. After under-
standing the fundamentals of transistor operation, we are in a position to design a transistor-based ampli-
fier circuit. The design of any electronic amplifier involves two important aspects, namely, the DC response
and the AC response. The choice of parameters to establish the desired DC levels affect the AC response and
vice versa. The DC analysis and the AC analysis are done separately and then superposition theorem is
applied for the complete analysis. :

To design a transistor-based amplifier circuit it is necessary to operate the transistor in the active region.
‘This is done using a transistor-biasing circuit. This chapter focuses on the importance of transistor biasing
and the various transistor-biasing configurations including fixed-bias, emirtter-bias, collector-to-base-bias
and voltage-divider-bias with emitter-bias configuration. The stability offered by each of the configurations
against variations in temperature and other parameters is another topic covered in the chapter. Towards the
end of the chapter, the phenomenon of thermal runaway and design of transistor switch is covered.

4.1 Operating Point

\ x Je have studied in Chapter 3 that a transistor acts as an amplifier when it is operated in the active region
’ of its output characteristics. Therefore, the first step in designing a transistor amplifier is to design a cir-
cuit 5o as to enable the transistor to operate in its linear active region. This is done by using external components
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such as resistors and capacitors and applying DC voltages to the transistor so as to establish proper collector cur-
rent (/) and collector—emitter voltage (V) across the transistor. This process is referred to as sransistor biasing
and the circuit used for transistor biasing is called a biasing circuit. Transistor biasing is done so that the transistor
amplifies the input signal linearly and without distortion.

There are four conditions that should be met for a transistor to act as a faithful amplifier. First, the
emitter—base junction should be forward-biased and the collector—base junction should be reverse-biased for
all levels of input signal. For the emitter—base junction to be forward-biased, the base~emitter voltage (V)
should not fall below 0.3 V for germanium transistors and below 0.7 V for silicon transistors for all values
of input signal.-Second, the collector—emitter voltage (V,;) should not fall below the knee voltage (Vg ,))
for any part of the input signal. For V less than the Vg, (0.5 V for germanium transistor and 1.0 V for
silicon transistor), the collector—base junction is not properly reverse-biased. Third, the value of collector
current (I) when no signal is applied should be at least equal to the maximum collector current due to
signal alone. Finally, the maximum ratings of the transistor (. VCE(mx) and PD(max)) should not be
exceeded at any value of the input signal.

'The DC collector current (/) and the collector—emitter voltage (V) when no input signal is applied
are collectively referred to as the operating point. Since the operating point is a fixed point on the output
characteristics of the transistor, it is also referred to as the quiescent point (Q-point). Judicious selection of
the operating point is important for faithful amplification of the input signal. Figure 4.1 shows the output
characteristics of a common-emitter amplifier with four different operating points. The functioning of the
transistor amplifier for each of these operating points is discussed in the following paragraphs. This will help
in understanding the importance of selecting the correct operating point.

Operating point A represents a condition when no bias is applied to the transistor. The transistor is in
the cut-off region and there is no collector current through the transistor. Also, the base—emitter voltage is
zero. It does not satisfy any of the conditions necessary for faithful amplification and hence A is not a suit-
able operating point.

Point B would allow some positive and negative variations of the output signal but the peak-to-peak output
voltage is limited due to the proximity of the operating point to the knee point (V5 ). Also, non-linearities
will be introduced in the amplification as the spacing between the . curves is not linear near the knee region. -

(max)’

g =
Iomax) b 4 = == \.......‘:T ........ J'.

r| ‘\ lB=5°}LA ]
[ \ '
o . =40pA
1

sy o
4 (AN 1
1 o fg=30 pA,
1 hd 1
30" ~\~ ]
.D 5~ 1

o ;
A ( 1°B =01
s . - - L Vee (V)
Veesay 5 10 15 20 Vogmay @O0

Figure 4.1 | Selecting a-suitable operating point.
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Point C is too close to the P, curve of the transistor. Therefore, the output voltage swing in the
positive direction is limited.

Point D is located in the middle of the active region of the transistor characteristics. It will allow both
the positive and the negative excursions in the output signal. It also provides linear gain and largest possible
output voltage and current swing. Therefore, the operating point for a transistor amplifier is selected to be
in the middle of the active region.

It may be mentioned here that after having selected the operating point, the effect of temperature should
also be taken into account. A rise in the temperature results in increase in the value of transistor gain () and
the leakage current (/). This results in a shift in the operating point. The biasing network should also
provide temperature stability so that there is minimum variation in the operating point with change in tem-
perature. The concept of bias stabilization. is discussed in detail in Section 4.5.

4.2 Common-Emitter Configuration

ommon-emitter configuration is the most popular of the three transistor amplifier configurations

because it offers considerable current gain as well as voltage gain. There are several common-emitter
biasing circuits, namely the fixed-bias, emitter-bias, voltage-divider-bias with emitter-bias and collector-to-
base-bias circuits. The various biasing circuits are discussed in derail in this section. Also DC analysis,
load-line analysis and merits and demerits of each of the configurations are covered.

Fixed-Bias Circuit

Consider the circuit shown in Figure 4.2. It is referred to as the fixed-bias circuit and is one of the simplest
possible transistor-biasing circuits. The biasing components include two resistors, base resistor (R;) and col-
lector resistor (R_), and a supply voltage (V). The base—emitter junction gets forward-biased through V.
and Ry. The supply voltage also reverse biases the collector—base junction through resistor R.. Resistor R;; is
of the order of few hundreds of kilo-ohms whereas typical value of R is of few kilo-ohms. Capacitors C, and

C, are referred to as the input and the output coupling capacitors, respectively.

DC Analysis

DC analysis of a circuit refers to analyzing a circuit so as to establish the operating point in the absence of
any input AC signal. For the purpose of DC analysis, the input and output capacitors are considered as open
and it is assumed that all AC sources are zero (Figure 4.3).

Vc

o AC output
signal

AC input
signal

Figure 4.2 | Fixed-bias circuit. Figure 4.3 | DC équivalent of fixed-bias circuit.
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Before going into detailed analysis of the circuit, let us discuss the notations used in the chapter.
Base—emitter voltage is the voltage at the base terminal with respect to the emitter terminal or the base—emitter
differential voltage. It is denoted by V;; and is given by

Ve =V3 -V (4.1)

where V; is the base voltage wrt ground; V/; the emitter voltage w.r.t. ground.
Collector—emitter voltage is the voltage at the collector terminal w.r.t. the emitter terminal or the
collector—emitter differential voltage. It is denoted by V; and is given by

Ve =V -V; (4.2)
where V. is the collector voltage wrt ground; V;; the emitter voltage w.r.t. ground.
The base—emitter section of the fixed-bias circuit comprises the supply voltage (V,,.), the base resistor

(Rp) and the transistor base—emitter junction. Base current (/;) can be determined by applying Kirchhoff’s
voltage law to the base-emitter section: '

Vo = IpRg = Ve =0 (4.3)
Rearranging the terms in Eq. (4.3) we get the value of base current (1) as
V.-V,
[p=——B 4.4)
- Ry

From Eq. (4.4) it is clear that the base current (Ip) is given by ratio of the voltage drop across the base resis-
tor (Ry) to the value of R;. The value of base—emitter voltage (Vig) is small as compared to the supply voltage
(Vi) and hence can be neglected without causing much error. Therefore, Eq. (4.4) can be approximated as

|7

1’ = _CcC (4.5)
B RB |
The collector current (1) of the transistor is directly related to the base current (Z3) and is expressed as
1o =B,
that is
V.-V V
IC = ﬂ CC BE = B CC (46)
R, R,

where B is the transistor current gain.

We can infer from Eq. (4.6) that the collector current (/) is dependent on the supply voltage (Vo) and
the base resistor (Rp) and is independent of the value of collector resistor (R.). Any change in the value of
R will not have any effect on the base current or the collector current as long as the transistor is operating
in the active region. However, the transistor collector—emitter voltage (V) depends on the value of R..

The collector—emitter section comprises the supply voltage (Vo)s collector resistor (R) and the transis-
tor collector—emitter junction. Applying Kirchhoff’s voltage law to the collector—emitter section we get

Vee =IR. =V =0 (4.7)
Rearranging the terms we get
Vg =Voe — IR (4.8)

Thus, the collector—emitter voltage (V) is equal to the difference between the supply voltage (Vo) and the
voltage across the collector resistor (Ro).
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The values of collector current (o) and collector-emitter voltage (Vp) given in Eqgs. (4.6) and (4.8)
represent the operating point or the quiescent point and are denoted as Ioq and Vg, respectively. The
quiescent point for a fixed-bias circuit is given by

V.-V,
ICQ =ﬁ(__QCR—BE]’ VCEQ =VOC _ICQRC 4.9)
B

Load-Line Analysis
The expression given in Eq. (4.8) relates to two variables, namely, the collector current (Zo) and the
collector—emitter voltage (Vp)- The transistor output characteristics curve also relates these two variables. If
we superimpose the straight line defined by Eq. (4.8) on the transistor output characteristics, we can deter-
mine the operating point of the circuit and also how the operating point changes with change in the value
of circuit parameters. This is referred to as load-line analysis (Figure 4.4).

To draw the load line, substitute I.=0in Eq. (4.8). We get

Vee =Vccblc=o

This point appears on the horizontal axis (0, V) of the output characteristics. /. can be evaluated by sub-
stituting V.. = 0 in Eq. (4.8) as

v
- _CC
Ic =R, Va0

This point appears on the vertical axis (V. /R., 0) of the output characteristics.

The load line is obtained by joining these two points as shown in Figure 4.4. The operating point is estab-
lished on the load line by determining the level of base current (I;) using Eq. (4.4) or Eq. (4.5). The point of
intersection of the load line with the curve corresponding to the calculated value of Z; gives the operating point
as shown in the figure. The operating point shifts with the change in the value of circuit parameters.

‘The operating point moves up the load line if the value of J; increases and moves down the load line
when the value of I decreases (Figure 4.5). The value of /; can be changed by changing the value of resistor

Ic (mA)

Vee/Re !

> Vee (V)
Veea Vee

Figure 4.4 ’ Load-line analysis of the fixed-bias circuit.
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I (mA)

Veo/Re 4

— \'__
Vee (V)

Vee

Figure 4.5 ‘ Variation of operating point with base current.

Ic (mA)
A
Veo/Req \
Rcy< Rea < Acs
Vee/Ree | I
N
laq
Vec/Aes
Vee (V)
Vee

Figure 4.6 ' Variation of operating point with collector resistor.

Ry. If the supply voltage (V) is held constant and the value of the collector resistor (R.) is changed, then
the load line shifts as shown in Figure 4.6. Therefore, the operating point also shifts for the same value of
base current (Z;) as shown in the figure. The variation of the load line and the operating point due to change
in the supply voltage (V) is illustrated in Figure 4.7.

The circuit shown employs NPN transistor and the network equations have been derived for NPN transistors.
Same analysis applies to PNP transistors with the direction of currents and the polarities of the voltages reversed.
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Veci/Ae N\

Vece/Ac N

Veos/Ae N ;

Ic (mA)

o

; o
-poXprokQ -point

N
fATS\ N

Vcca Vccz ch

Vee (V)

Figure 4.7 } Variation of operating point with supply voltage.

Advantages and Disadvantages

Fixed-bias circuit is the simplest possible biasing circuit requiring a very few components. However, the
circuit offers worst stability against variations in temperature or transistor gain () as compared to the other
configurations. It is therefore prone to thermal runaway and is very rarely used.

EXAMPLE 4.1

Solution

For the fixed-bias circuit of Figure 4.8, determine the operating point (given that transistor
gain B= 100, Vyp = 0.7V). Also draw the load line for the circuit.

VCC= 15V

Rg
1 MQ
AC input
signal o)

Figure 4.8 I Example 4.1.

1. The value of collector current (1)) is given by

Vee =V
ICQ=3( ccR BE)
B
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Substituting the values we get
Ioq =100X(15-0.7)/1x10° = 1.43 mA
2. 'The value of the collector—emitter voltage (Vi) is given by
VCEQ =Vec 1, CQRC
That is
Vepq =15-143x107 x4x10° =15-5.72=9.28V
3. The load line equation for a fixed-bias circuit is given by
Ver =Vee —1cRe

4. Substituting /. =0, V; = V.. = 15V, the coordinates of the load line on the

X-axis are obtained as (0 mA, 15 V).

5. Substituting Vip =0, I. = V /R, = 15/4 x 103 = 3.75 mA, the coordinates of
the load line on the Y-axis are obtained as (3.75 mA, 0 V).

6. Joining the two points we get the load line as shown in Figure 4.9.

Answer: The operating point is ]CQ =1.43 mA and VCEQ =9.28 V. The load line
is shown in Figure 4.9.

Ic (mA)

3.75

Vee (V
by ce(V)

Figure 4.9 | Solution to Example 4.1.

Emitter-Bias or Self-Bias Configuration

Emitter-bias configuration, also referred to as self-bias configuration, has an additional emitter resistor (Ry)
between the emitter terminal and ground as compared to the fixed-bias circuit (Figure 4.10). The addition of
the resistor Ry, provides improved stabilization as it introduces negative feedback into the circuit. The feedback
type is current-series feedback as a voltage proportional to the output current is fed-back in series to the input.

DC Analysis

The DC equivalent of the emitter-bias circuit of Figure 4.10 is shown in Figure 4.11. The DC analysis is
done on similar lines as that done for the fixed-bias circuit. Applying Kirchhoff’s voltage law to the
base—emitter loop we get

Ve = IyRy =V = It R =0
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Figure 4.10 | Emitter-bias or self-bias circuit.

Vee

Figure 4.11 | DC equivalent of the emitter-bias circuit.

Substituting the value of emitter current (Ip) as Iy = (B + 1)I; in the above equation and rearranging the
terms, the expression for Z; can be written as '

Ve =V,
cC BE (410)

B R, +(B+DR;
Voltage V; is small as compared to V. and can therefore be neglected. The expression for base current ()
is then given by

V.
J=—_Jcc 4.11

BT R +(B+DR, #.11)
From Eq. (4.10) we can infer that the emitrer resistor (Rp) is reflected into the input circuit as
(B + 1)Ry. In other words, R, which is a part of the collector—emitter loop appears as (8 + 1)R in the
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base—emitter loop. The fixed-bias circuit will have the same value of base current (/) when it has a base
resistor equal to [Ry + (B + 1)R;]. Therefore, the value of the input resistance for the emitter-bias circuit is
given by

Input resistance = Ry +(B+1)R; (4.12)
Applying Kirchhoff’s voltage law to the collector—emitter loop, we get
Voe =R =Vep = 1p R =0
Rearranging the terms of the equation we get the expression for the collector—emitter voltage (V) as
Vap =Vee ~IcRe — IRy

As the emitter current (f) is approximately equal to the collector current (/.), therefore

Vg = Ve — 1 (R + R) (4.13)
The voltage of the emitter terminal of the transistor (V) is given by
Ve=IR =1 R, (4.14)
The Q-point for the emitter-bias circuit is given by
V.-V
—f) —CC " BE = —
Iq _ﬁ(RB+(/3+1)RE} Veeq =V ICQ(RC +R;) (4.15)

The emitter-bias circuit offers stability against variations in collector current due to change in tempera-
ture or change in the transistor gain (). When the collector current increases, the emitter voltage increases.
This results in decrease in the base—emitter potential which further leads to decrease in the value of base cur-
rent. Therefore, the collector current also decreases, thereby compensating for the initial increase in its
value.

Load-Line Analysis
The load-line analysis of the emitter-bias network differs slightly from that of the fixed-bias configuration. The
load line in this configuration is given by

Ver =Voe ~ Ic(Re + Ry) (4.16)
To draw the load line, substitute /. = 0 in Eq. (4.16) following which we get
Ver = Vee ‘Ic =0
This point appears on the horizontal axis (0, V) of the output characteristics. Substituting V; = 0 in
Eq. (4.16), we obtain /. as

Va

I.= C
=
(R +Rg)
This point appears on the vertical axis (V/(R. + R;), 0) of the output characteristics. The load line is
obtained by joining these two points as shown in Figure 4.12. The operating point is established on the load

line by determining the level of I, using Eq. (4.10) or Eq. (4.11).

Ve =0

Advantages and Disadvantages
The emitter-bias circuit offers better stability than the fixed-bias circuit. However, maximum stability is
offered by the circuit when the ratio of the base resistor (R;) to the emitter resistor (Rg), that is Ry/Ry, is as
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Ic (mA)

Vee o
Rc + Re

v Vee (V)
VCEQ Vcc &

Figure 4.12 | Load-line analysis of the emitter-bias circuit.

small as possible. Thus, R; should have a large value or Ry should be small. For large values of resistor Ry,
larger collector supply voltage (V) is needed. Also increase in Rj increases the negative feedback and
reduces the gain of the circuit. For small values of resistor Ry, a separate base supply voltage is needed which
adds to circuit complexity and is often not feasible. The disadvantages of the emitter-bias circuit are removed
in the voltage-divider-bias with emitter-bias circuit.

EXAMPLE 4.2 | Refer 1o Figure 4.13. Find the values of resistors Ry, R and Ry and the transistor gain p,
given that I, = 40 YA, I.=4mA, V=2V, Vg = 12V and supply voltage V.. = 15 V.

Assume that the transistor used in the circuit is a silicon transistor.

Vee

Figure 4.13 | Example 4.2.
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Solution | 1. V, =/.R, =/.R,. Therefore
R, =V, /I =2/4x107 =0.5kQ
2. .= PI;. Therefore,
B=1./I;=(4x107)/(40 x 10~°) =100
3. [ = Voe = Vi
B R +(B+DR,
15-0.7
Ry +101x0.5x 10
40%107° X (R, +50.5%10°) = 14.3
40x107° X R, =14.3-2.02=12.28
Therefore, Ry = 307 kQ.
4 Vg =V~ IR+ Ry)

40x107° =

12=15-4x107 X (R, +0.5x10°)
4x107° X R. =15-12-2=1
Therefore, R =0.25 kQ.
Answer: Ry = 0.5 kQ, Ry =307 kQ, R, =0.25 kQ, f=100.

EXAMPLE 4.3 | For the circuit shown in Figure 4.14, Vo= 15V, Vg =—10V, R.=2kQ R, =5k
Ry = 400 kQ and B = 60. Find the value of collector current (1) and the collector-to-
emitter voltage (V).

VC

Figure 4.14 I Example 4.3.



Transistor Biasing and Thermal Stabilization 115

Solution

5.

Applying Kirchhoff’s voltage law to the base—emitter loop of the circuit in
Figure 4.14, we get
Vee = IpRy = Vg = IpRg = Vig =0
Substituting /; = (8 + 1)/, in the above equation, we obtain the expression for
Iy as
- Ve = Vir = Vi
B R HB+DR,
_15+10-07
400x10° +61x5%10°

= 24.3/(705 % 10°) = 34.46 pA

B

I.= [3[1;. Therefore, /. = 60 X 34.46 X 106 A=2.07 mA.
Applying Kirchhoff’s law to the collector—emitter loop of the circuit in Figure 4.14,

we get
Voo = IR = Vg = Ig Ry = Vi =0

As I. =1, therefore Vi =V =V — [ (R + Rp).

Ve =15+10-2.07 X 10 x (2 X 10+ 5 x 10%) = 25 — 14.49 = 10.51 V.

Answer: I.=2.07 mA, Vg =10.51V.

Voltage-Divider-Bias with Emitter-Bias Configuration

The stability of the emitter-bias configuration is further improved if its input side is modified as shown in
Figure 4.15. The circuit configuration is referred to as voltage-divider-bias with emitter-bias or simply the
voltage-divider-bias configuration. It is the most commonly used transistor-biasing configuration. The name

Vee

Figure 4.15 | Voltage-divider-bias with emitter-bias circuit.
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Rg4

Figure 4.16 ’ DC equivalent of voltage-divider-bias circuit.

voltage-divider comes from the fact that the input section comprises a voltage divider of resistors Ry, and
Ry, across the supply voltage V... The circuit offers improved stability against variations in the temperature
and the transistor gain.

DC Analysis

The DC equivalent of the voltage-divider-bias circuit of Figure 4.15 is shown in Figure 4.16. The circuit can
be analyzed using two methods, namely, the accurate method and the approximate method. The accurate
method is applicable to all circuits whereas the approximate method can be applied if certain conditions are
met. We will discuss both the methods in subsequent paragraphs.

Accurate Method: Accurate method makes use of Thevenin’s equivalent model of the input section.
The input section of the circuit can be redrawn as shown in Figure 4.17(a) and can be simplified using
Thevenin's equivalent theorem. Figure 4.17(b) shows the Thevenin’s equivalent model. Ry, is the Thevenin’s
equivalent resistance and is determined by replacing the voltage source by a short circuit and calculating
the resultant resistance of the circuit. Ry, is equal to the parallel combination of resistors Ry, and Ry, and is
given by

Figure 4.17 | (a) Input section of the voltage-divider-bias configuration; (b) Thevenin’s equivalent of

the input section of voltage-divider-bias configuration.
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Vee

1]'—4

Figure 4.18 ‘ Thevenin’s equivalent of voltage-divider-bias configuration.

RBI RBZ

Reyy = Ry | Ry, = (4.17)
Ry, + Ry,
V1 is the open-circuit Thevenin’s voltage and is equal to the voltage drop across the resistor Rp:
R,V
_ B2 CC (418)

mET o
RBI +RBZ

Figure 4.18 shows the complete circuit using Thevenin’s equivalent model. Applying Kirchhoff’s voltage law
to the base—emitter loop of the circuit in Figure 4.18, we get

Vi = IRy — Ve — [z Ry =0 (4.19)
Substituting I, = (8 + 1)/, we get the expression for I as
V.-V

[y=—T0 B (4.20)
B Ry +(B+DR; -
The expression is similar to the one derived for emitter-bias configuration with the term Ry being replaced

by Ry, If the base—emitter voltage (V;;) is small as compared to the Thevenin’s voltage (Vy,,), then Eq.
(4.20) can be approximated as

V.
fyz——m (421)
Ry +(B+DR;
After determining the base current (/p), the collector-emitter voltage (Vip) can be determined by applying
Kirchhoff’s voltage law to the collector—emitter loop,
Ve = IR = Vg —1pRg =0
As I = I, the value of collector—emitter voltage (V) is given by
Vg 2Ve — I (R +R;) (4.22)
The operating point is given by
-V

V.
Ig = ﬁ(Rm—T@-flﬁ)—RE) Verq =Vee ~Ieq (R +Ry) (4.23)
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Ri=(B+1)Re

(@) (b)

Figure 4.19 l Approximate method for analysis of voltage-divider-bias configuration.

Approximate Method: The input section of the voltage-divider with emitter-bias configuration can be
redrawn as shown in Figure 4.19(a). The resistance R, is the equivalent resistance between the base terminal
and the ground and is referred to as the input resistance. Its value is given by

R=(B+DR, (4.24)

If the value of resistance R, is much larger than the resistance Ry,, then the base current (Z;) will be much
smaller than the current 7, and can be neglected. In that case it is assumed that the base current Z; is equal
to zero and current /| is equal to current Z, [Figure 4.19(b)]. Therefore, resistors Ry, and Ry, can be consid-
ered as series elements and the voltage at the base terminal (V) is given by

- RVec

(4.25)
Ry, + Ry,

B

The emitter voltage (Vp) is expressed as

v, =V,

iz

- (4.26)

and the emitter current (Z;) is given by

=

I =2t (4.27)
E

As collector current (/) and emitter current (/) are approximately equal, the value of /. is

v
I.= R—E (4.28)
E

The collector—emitter voltage (V) is given by
Vg =Vee = I (R + Ry) 4.29)
It may be mentioned here that the approximate method can be applied if the value of the input resistance R
is equal to greater than 10 times the resistance Ry,. That is
(B+1)R; >210R;, (4.30)

Load-line Analysis: The output circuit of the voltage-divider-bias configuration is the same as thar of the
emitter-bias configuration. This results in the same load line for the two configurations. The level of base
current (/;) is however determined by a different equation in this case.
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Rc

AC output
6o signal

L
Figure 4.20 | Voltage-divider-bias configuration with emitter capacitor.

Advantages and Disadvantages

Voltage-divider-bias configuration is the most commonly used configuration as it provides excellent stabili-
zation against variations in temperature and transistor gain (). This is because the emitter resistor intro-
duces negative feedback in the circuit. But negative feedback results in reduction of AC gain of the circuit.
This problem can be solved by using a capacitor C; in parallel with resistor R, (Figure 4.20). The capacitor
does not affect the DC analysis as it acts as an open circuit for DC voltages. For AC inputs, it acts as a short

circuit, making the voltage across the emitter resistor (Ry) equal to zero and thus removing the problem of
AC negative feedback.

EXAMPLE 4.4 | Determine the values of the resistors R and Ry for the circuit in Figure 4.21 given that
R =5k Ry= 1k =200, Vyy= 0.7V, 1, >> Iy, Vo =5 Vand ly= 2 mA

12V

Figure 4.21 | Example 4.4.

Solution | 1, Applying Kirchhoffs voltage loop to the collector—emitter loop of the circuit, we get
Vee = IcRe = Vg = 1g Ry =0
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2. Assuming that /. = I; and substituting the values in the above equation, we get
12-2Xx107 X R, =5-2x107 X R, =0
Therefore, R + R = 3.5 kQ.

3. Itis given that current /, is much greater that the base current /;. Therefore, the
approximate method can be used to analyze the circuit. The base voltage (V) is
given by Vy=12xR/(R +R)=12X1Xx10%/(5x10°+ 1 X 10%) =2 V.

4. 'The emitter voltage (V}) is given by V; = V} ~ V.. As V. = 0.7 V, therefore
Ve=(2~07)V=13V.

5. Vp=IR;. Therefore, R;=1.3/2 X 107 = 0.65 kQ.

6. Alsoas R+ R, = 3.5 kQ, therefore, R-.=(3.5-10.65) kQ =2.85 kQ.

Answer: The values of resistors R and R, are 2.85 kQ and 0.65 kQ, respectively.

EXAMPLE 4.5 | For the circuit in Figure 4.22, determine the output voltage of the circuit when the adjust
terminal of the potentiometer is at

(@) full-down position (position C);

(6)  middle position (position B);

(c) top-most position (position A).

Figure 4.22 | Example 4.5.

Solution (@) Potentiometer in full-down position (position C)

1. Figure 4.23(a) shows the circuit. Both the base and the emitter voltages are
zero. Therefore Vee = 0. Hence, the transistor is not conducting.

2. Asa result, the output voltage is equal to the supply voltage, that is 10 V.
(b) Potentiometer in the middle position (position B)

1. Figure 4.23(b) shows the circuit. Applying Thevenin’s theorem to the input
section of the circuit in Figure 4.23(b), Thevenin’s equivalent resistance
(Ryyy) is: Rpyy = (50 X 10° x 50 X 10%)/(50 X 103 + 50 x 10%) = 25 kQ2.

2. 'The open-circuit Thevenin’s equivalent voltage (V7. is given by

Vi = (10 x50 x 10%)/(50 x 10> + 50 X 10%) =5V
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© (d)

Figure 4.23 | (a) Solution to part (a) Example 4.5; (b) and (c) solution to part
(b) Example 4.5; (d) solution to part (c) Example 4.5.

3. The simplified circuit is shown in Figure 4.23(c).

4. Applying Kirchhoff’s voltage law to the input circuit, we get
5-25X103 X [~ 61 X 10°X [;—0.7=0

5. Therefore, I, = (4.3/86) X 103 A =50 pA.

6. I.= Bx I Therefore, I. =100 x 50 X 106 =5 mA.

7. Applying Kirchhoff’s voltage law to the output section of the circuit and

solving for output voltage (V, ) we get

V =10-05%x10>x5%x103=75V

out

(¢) Potentiometer in top-most position (position A)
1. Figure 4.23(d) shows the circuit when the adjust terminal of the potentiom-
eter is at position A.
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EXAMPLE 4.6

Solution

2. Applying Kirchhoff’s voltage law to the input section we get
10-61x10°xI, —0.7=0
-3 _
I; =(9.3/61)x10™ A=152pA
3. L=l .=PxI,=100x152x 106 A=152mA.
4. Applying Kirchhoff’s voltage law to the output section and solving for the

output voltage (V. ) we get

our

V.. =10-0.5x10%x15.2x107
=10-7.6=24V

Answer: (a) The output voltage is 10 V; (b) output voltage is 7.5 V; (c) output
voltage is 2.4 V.

Draw the DC equivalent of the circuit shown in Figure 4.24. Calculate the quiescent
value of emitter current (Iyq) using both the approximate and the accurate method.
What is the percentage error introduced using the approximate method, given that tran-
sistor gain f3 is 1657

VCC=18V

Figure 4.24 l Example 4.6.

1. The DC equivalent circuit is shown in Figure 4.25(a). The DC equivalent circuit
is drawn by making all capacitors open and all the AC sources are considered to
be zero. Resistor Ry, is equal to the sum of the resistors R, and Ry,

Using the Accurate Method

2. Applying Thevenin’s theorem to the input section, the circuit reduces to the one
shown in Figure 4.25(b).

3. The value of the Thevenin's equivalent resistance R, is 68 kQ2|16 kQ = 12.95 kQ.
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9.

(@ (b)

Figure 4.25 | Solution to Example 4.6.

The value of the Thevenin’s equivalent voltage ( Vi is
Viy = (18X Ry,)/(Ry, + Ry,)
(18x16x10°)/(68 x10°> +16x10°)
343V
Applying Kirchhoff’s voltage law to the emitter—base loop of the circuit in
Figure 4.25(b), we get
3.43-1295x 10° X I; = 0.7 - 0.8 x 10* X [, =0
Substituting 7 = (B+ 1)/; =166 X I; in the above equation, we obtain
2.73-12.95x10° x I, ~132.8x10° x I, =0
I,=18.7pA
I = BI. Therefore, I, = 165 x 18.7x 107 = 3.08 mA.

Applying Kirchhoff’s voltage law to the collector—emitter loop of the circuit in
Figure 4.25(b), we get

18-22X10°X [~V —08x103x [,=0
Assuming, /. = [ in the above equation, we get
Veg=18-3x10°x1.=18-3x10°x3.08x103=18-9.24=8.76V
Therefore, V., =8.76 V.

The operating point as calculated using accurate method is (/. = 3.08 mA,
Ve =8.76V).

Using the Approximate Method

10.

11.

‘The voltage at the base terminal (V) is

Ve=18X Ry, /(Ry, + Ry,) = 18 X 16 X 103/(68 X 10° + 16 X 10%) =3.43V
Therefore, the voltage at the emitter terminal (Vp) is
V=V —Vpe=0843-07)V=273V
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12. V=R X[ therefore the emitter current (/) is equal to
I;=2.73/0.8 X 10°> = 3.41 mA
13. Applying Kirchhoff’s voltage law to the collector—emitter loop, we get
18-22x 10> X [~ Vip ~0.8X 103X ;=0
Assuming, I. = I, in the above equation, we get
Ve =18-3x10°x341x102=777V
14. The operating point as calculated using the approximate method is (/. =
341 mA, V=7.77V).
15. 'The percentage error in the value of /. using approximate method is
[(3.41 — 3.08)/3.08] x 100% = 10.71%
16. 'The percentage error in the value of V; using the approximate method is
[(7.77 — 8.76)/8.76] x 100% =—11.3%
Answer: Operating point using accurate method is (/. = 3.08 mA, V;; =8.76 V).
Operating point using approximate method is (/. = 3.41 mA, V; =7.77 V).

Percentage error in IC is 10.71% and in VCE is —11.3%.

Collector-to-Base-Bias Configuration

In collector-to-base-bias configuration, the base-bias voltage is obtained from the collector of the transistor
instead of the collector supply voltage (V) as shown in Figure 4.26. This configuration is also referred to
as feedback-bias configuration. The circuit offers better stability of the operating point against variations in
temperature and transistor gain () due to negative feedback. The configuration has voltage-shunt feedback
as the output voltage is fed-back in shunt to the input through base resistor (Rp).

DC Analysis

Figure 4.27 shows the DC equivalent of the collector-to-base-bias circuit in Figure 4.26. The current in the
resistor R through supply voltage V.. is split into two parts at the collector junction, one flowing into the
collector terminal (1) and the other flowing through the base resistor (Rp). The current in resistor Ry is
equal to the base current (f). Therefore, the current through resistor R, is the sum of the base current (/)
and the collector current (7).

Vcc VC

DC equivalent of collector-to-
base-bias configuration.

Figure 4.26 | Collector-to-base-bias configuration. Figure 4.27
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Api;)lying Kirchhoff’s voltage law to the base—emitter loop of the circuit in Figure 4.27, we obtain
Vee U +1o)R. — IyRy =V =0
Substituting /. = BI; in the above equation and solving the equation for I we get

Ve =V,
p= B (4.31)
Ry +(B+1)R.
This equation can be compared with that of emitter-bias configuration where the base current (1) was
given by
=Y~V
PR +(B+DR,
The term R; in the expression for base current (Z;) for emitter-bias configuration has been replaced by the
term R, in the collector-to-base-bias configuration.
The value of collector current (1) is given by I, = BI;. Therefore,

Vig
4.32

e ﬁ[R +(B+1)RC) 432
As the value of B is very large, (8 + 1) can be approximated as f3. Therefore, collector current (1)) is equal to

Yo —Var v
Ic=p
‘ Ry + BRc

If the value of BR. is much greater than Ry, then the term Ry + SR can be approximated as BR_. and in this

case the value of collector current I.is

I = ﬁ( Vee = Ve Jz Voe = Vg
PR Re
Therefore, the collector current becomes independent of the value of transistor gain (). In other words, the
stability offered by the collector-to-base configuration improves as the value of the collector resistor (R_.)
increases. :
Applying Kirchhoff’s voltage law to the collector—emitter loop, we get

Voc ~Ug +1)R. =Vp =0
Ignoring base current (/) because its value is negligible compared to the collector current (/.), we get
Ver 2Voc ~1cRe (4.33)
The value of the operating point for collector-to-base-bias configuration is given by

V.
leg =P [R_HB'I_{};KJ’VCEQ Voe ~leqRe (4.34)

Load-line Analysis: The load-line analysis for collector-to-base-bias configuration can be carried on similar
lines to that done in the case of emitter-bias configuration.

Another variation of the collector-to-base-bias circuit is to place an emitter resistor (Rg) between the
emitter terminal of the transistor and the ground as shown in Figure 4.28. In that case, the equations for the
base current (Zy), collector current (/) and the collector-emitter voltage (V) are as follows:

V.-V,
CcC BE (435)

Iy = Ry +(B+1)(R. +R,)
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AC input
signal

Figure 4.28 ’ Collector-to-base-bias configuration with emitter resistor.

Vo=V,
I = — 4.36
¢ ﬁLRB+(B+1)(RC+RE)) (4.36)
VCE = VCC - IC(RC +RE) (437)

The collector-to-base-bias configuration with emitter resistor offers better stability than emitter-bias
configuration and collector-to-base-bias configuration without emitter resistor.

Advantages and Disadvantages

The collector-to-base-bias circuit provides stability to the operating point against variations in temperature
and transistor gain (). However, due to negative feedback, the AC voltage gain of the amplifier is reduced.
This problem is partially solved by splitting the resistor Ry into two parts and by connecting a capacitor Cj
as shown in Figure 4.29. For the AC signal, capacitor Cj acts as a short circuit and the effective base resis-
tance R, is reduced to half. This reduces the AC negative feedback and increases the AC voltage gain offered
by the circuit.

Vee
S

AC input )
signal le -
4

Figure 4.29 | Collector-to-base bias with capacitor to reduce AC negative feedback.
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Also, the base resistor (Rp) in collector-to-base-bias configuration has a smaller value than that used in
fixed-bias or the emitter-bias configurations. Therefore, in this case the base current changes more with
temperature. Hence, the advantage of better stability factor offered by collector-to-base-bias configuration is
offset by the larger variation in the base current.

EXAMPLE 4.7

Solution

Determine the operating point of the collector-to-base-bias circuit of Figure 4.30. The
value of the transistor gain B is 100 and the base-emitter voltage (V) of the transistor
is 0.7 V. Also find the percentage change in the value of operating point when the value of
B increases by 50%.

15V

AC output
signal
Figure 4.30 | Example 4.7.
1. 'The value of base current is
I = Ve = Ve

B Ry +(B+D(R.+Ry)

_ 15-0.7
200%10° +101x (5% 10% +1x10%)

_ 14.3
_ 806x10°
= 17.74 pA

2. Collector current I = Bl = 100 X 17.74 X 106 = 1.77 mA.
3. The value of collector—emitter voltage is

Vee = Voo —Ic(Re + Ry)
=15-1.77x1072 x (5% 10® +1x10%)
=15-10.62=4.38V

4. The operating point for f= 100 is (1.77 mA, 4.38 V).
5. When the value of f increases by 50%, value of new f is equal to 150.
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6. The value of base current is

I = Ve = Ve
B R, +(B+D(R.+Ry)
~ 15-0.7
" 200%10° +151x (5x 10> +1x10%)
14.3
"~ 1106x10°
= 1293 pA

7. Collector current I = Bl =150 x 12.93 X 107 = 1.94 mA.
8. 'The value of collector—emitter voltage is

Ve =Voe = 1o (Re + Rg)
=15-1.94x107 x (5% 10> +1x10)
=15-11.64=3.36V
9. 'The operating point for f= 150 is (1.94 mA, 3.36 V).
10. Percentage change in collector current = [(1.94-1.77)/ 1.77] X 100% = 9.6%.
11. DPercentage change in collector—emitter voltage = [(3.36—4.38)/4.38] x 100% =
—23.3%.
Answer: 'The operating point for =100 is (1.77 mA, 4.38 V).
The percentage change in collector current is 9.6% and in collector—emitter
voltage is —23.3%.

4.3 Common-Base Circuit

In the common-base circuit, as we have studied in Chapter 3, the input is applied to the emitter terminal
and the output is taken from the collector terminal. The base terminal is common to both the input and
the output sections. Figure 4.31 shows the circuit for common-base configuration. The DC equivalent of
the circuit is shown in Figure 4.32.

The analysis of the input section determines the emitter current (I). Applying Kirchhoff’s voltage law
to the input section (emitter—base loop), we get

Vg ~ TR = Vi =0

AC input <! 0 ac output
inpu o outpu
signal °F 1o signal
Re Ao
Vee

T

Figure 4.31 | Common-base circuit.
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Ic (mA)

=\

DC load line
IV

Ro \ o
The \

» Ves (V)
I I l ” Vesa Vee
Figure 4.32 | DC equivalent of common- Figure 4.33 | Load-line analysis of
base circuit. common-base configuration.

Therefore, the emitter current (/) is equal to
J —-EE_"BE (4.38)

As the collector current (/) = emitter current (), the value of collector current (7.) is also given by
Eq. (4.38). Applying Kirchhoff’s voltage law to the output section (collector—base loop), we get

Voe =Vep = 1R =0

Therefore,
VCB = V(x - ICRC (439)
The operating point for the common-base configuration is given by
Ve = V4
Io = —ER—BE, Vesq =Vee = log Re (4.40)
E

Load-line Analysis The load line is drawn using the output equation given by Eq. (4.39). Substituting
I.=0in Eq. (4.39), we get

Ve =Vee |1, =0
Substituting V.5 = 0 in Eq. (4.39), we get
V.
I.= —<C
Re =0

Joining the two points we can draw the DC load line on the output characteristics (Figure 4.33). The oper-
ating point (I, Vpo) is determined by the point of intersection of the load line with the characteristic
curves at the quiescent value of emitter current given by Eq. (4.38).
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EXAMPLE 4.8 | Determine the operating point for the circuit shown in Figure 4.34 given that the transis-
tor base—emitter voltage (V) is 0.7 V.

Figure 4.34 | Example 4.8.

Solution 1. The value of the emitter current is
|74

I =_VEE_ BE

E
RE

I; =(9.5-0.7)/22x10° =4 mA
2. 'The value of collector current I, = I;.. Therefore, /. = 4 mA.

Vep =Vee IR
3. 'The output voltage is given by =10-4x 107 x 1.8 x 10°.
=10~7.2=28V

4. The operating pointis [.=4 mA, V ;=28 V.
Answer: The operating point is [. =4 mA, V_,=2.8 V.

4.4 Common-Collector Circuit

In the common-collector configuration, also referred to as emitter-follower configuration, the input volt-
age is applied to the base terminal and the output is taken from the emitter terminal. The collector termi-
nal is common to both the input and the output sections. Common-collector configuration exhibits 100%
voltage-series feedback as whole of the output voltage is fed-back in series with the input voltage.

Figure 4.35 shows one of the possible circuits of common-collector configuration. The circuit is similar
to that of voltage-divider bias with the difference that there is no collector resistor (R.) and the output is
taken from the emitter terminal instead of the collector terminal.

Figure 4.36(a) shows another possible common-collector circuit. Figure 4.36(b) shows the DC equiva-
lent of the circuit. Applying Kirchhoff’s voltage law to the base~emitter loop, we get

Iy Ry — Vg — I Ry + Vi =0
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Vee

Figure 4.35 | One possible common-coliector configuration.

~Vee ~Vee
(a) (b)

Figure 4.36 | (a) Another possible common-collector configuration; (b) DC equivalent of the
circuit in part (a).

Substituting I = (B + 1) in the above equation and solving for base current (1), we get
Ve =V,
= —EE . BE (4.41)
Ry +(B+1)R;
Applying Kirchhoff’s voltage law to the emitter—collector loop, we get
~Vep + R, + Vi =0
Vg = Vs — IR (4.42)

Load-line analysis can be done on similar lines as for the common-emitter configuration.

EXAMPLE 4.9 | Determine the output voltage (V) of the circuit shown in Figure 4.37 given that Vg
voltage for transistors Q, and Q, is 0.7 V.
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Figure 4.37 | Example 4.9.

Solution | 1. Applying Kirchhoff’s voltage law to the base—emitter loop of transistor Q,, we get
1.7-0.7 =100 I, =0
L, =10 mA
2. Applying Kirchhoff’s voltage law to the collector—emitter loop of transistor Q,,
we get
15-1X10°x 1, -V, =0
As I, =1, therefore V, =15-1x 10°x 10X 103 =5 V.
The base voltage of the transistor Q, = Collector voltage of transistor Q,.

.

. Therefore, base voltage of the transistor Q,=5V.
. Emitter voltage of transistor Q, is given by V, = Vg, ~ Vi, =5-07=43 V.

N AWV e W

. 'Therefore, output voltage V. =V, =4.3V.

out

Answer: The output voltage V is 4.3 V.

4.5 Bias Stabilization

.
Bias stabilization refers to the ability of a bias circuit to maintain a fixed operating point against variations

in temperature and transistor gain (f3). Bias stabilization is important as the transistor parameters are
strongly dependent on temperature. The transistor gain () increases with increase in temperature, the
base—emitter voltage (V) of the transistor decreases with increase in temperature at a rate of 2.5 mV/°C for
constant collector current and the leakage current (/) doubles itself for every 10°C rise in temperature. As
the base current (I;) depends on Vj;, therefore it also varies with temperature. Collector current (Z.) is given
by the expression I. = BI + (B + 1)I,. Therefore, it varies with change in temperature as all the three
parametets in its expression (B, [, and /) are temperature-dependent.

Figure 4.38 shows the typical output characteristics of a common—emitter transistor at two different
temperatures. As it is evident from the figure, the CE output characteristics shift upwards with increase in
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------------- Ins
Operating point at 25°C

- Characteristic curves at 25°C
=~ = = Characteristic curves at 100°C

Figure 4.38 | Variation in the output characteristics of a transistor with change in temperature.

temperature as the leakage current (/) increases with increase in temperature. The spacing between the
adjacent curves also increases as the gain () of the transistor increases. Thus for the same base current, the
operating point shifts and it may be possible that the transistor biased in the active region at one tempera-
ture finds itself in the saturation region at an elevated temperature.

Another important cause of variation in collector current (1) is the widespread variation in the value of
transistor gain () of the order of three times for two transistors of the same type number. Thus for the same
base current, the collector current varies with change in the transistor used in the circuit. Each of the biasing
circuit described in preceding sections offers different amount of stability to the operating point. The
amount of stability offered by the circuit is measured in terms of stability factor.

Stability Factor
Stability factor defines the extent to which the collector current (1)) of a transistor is stable against variations
in the transistor parameters, namely, the leakage current (7)), the transistor gain (f8) and the base—emitter
voltage (V). The three types of stability factors are defined with respect to transistors, namely, S, , Sgand
Sy . Small value of stability factor indicates good bias stability whereas large value of stability factor indi-
catBeFé poor bias stability. Ideal value of stability factor is zero.
S, is defined as the ratio of the change in the collector current (AZ) with respect to change in the leak-
age current (Al,) with the base—emitter voltage (V) and the transistor gain () held constant. It can be
expressed mathematically as
5, = (4.43)

| P B

® AICO Ve = const., B = const.
Sv is defined as the ratio of change in the collector current (AZ) with respect to change in the base—emitter

voltage (AVyp) with both the leakage current (/) and the transistor gain (B) held constant:

Al
=S (4.44)
BE A VB

E I, = const., B = const.
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Sgis defined as the ratio of the change in the collector current (AZ.) with respect to change in the transistor
gain () keeping both the leakage current (Io) and the base—emitter voltage (V) as constant:

_ A
Sﬁ = A5 (4.45)

1Co = const., VBE = const.
The total change in the collector current (AZ.) due to changes in the leakage current (Al,), the transistor
gain (AB) and the base—emitter voltage (AV;) is given by

Al =8 Aloo+S0B+S, AVyg (4.46)

Stability Factor (S,

In the following paragraphs, we will determine the value of stability factor (S, ) offered by different biasing
circuits. ”

Fixed-Bias Configuration
'The collector current (1) is expressed in terms of the base current (/) as

I =Bl +(B+1)],

Differentiating collector current (1) with respect to the leakage current (Ico) and keeping the transistor
gain (B) and the base~emitter voltage (Vap) as constant, we get

dIC
=(B+1)
dICO

The stability factor S, for a fixed-bias circuit is given by

5, = B+1 (4.47)
If =100, then S, =101, which implies that the collector current increases by 101 times than the increase
in the leakage current. Therefore, for fixed-bias circuit the collector current (Zp) is strongly dependent on the

change in the leakage current (1) and hence on the temperature. In other words, fixed-bias circuit offers
very poor stability against variations in the leakage current.

Emitter-Bias Configuration
As derived in Section 4.1, the voltage-current equation for the base—emitter loop of the emitter-bias con-
figuration is given by
Vi =Vig = IRy — IRy =0 (4.48)
Substituting I = I + I in Eq. (4.48) and rearranging the terms, we get
(Ry+ R )y =V ~ Vi — IRy

V.-V —I.R
[B =-CC 'BE "CE (4.49)
Ry +R;
As Vi <<V, Eq. (4.49) can be rewritten as
V..—I.R
I =€ CE (4.50)
Ry +R;

The collector current (/) is expressed as

Io =Bl +(B+DI, (4.51)
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Substituting the value of 7, given by Eq. (4.50) in Eq. (4.51) we get

(Ve — IR

)
= E
I.=p R <R, +(B+1DI

Rearranging the terms of Eq. (4.52) we get
(Ry + R, + BRI _ BV
Ry + R, Ry +R,
I = BV . (B+D(R, + R) 1,
© Ry+(B+DR, R +(B+DR,

+(B+DI,

Differentiating /. in Eq. (4.53) with respect to I, keeping and V}; constant we get
di.  (B+D(Ry+R)  (B+D(+Ry/R,)

di,  Ry+(B+DR,  1+B+RyR,

Therefore, the stability factor Sfco for emitter-bias configuration is given as
_ (B+D)(1+ R/R;)
lo " 14+ B+RR,
For Ry/R; >> (B + 1), Eq. (4.54) becomes

S, =p+1
For the other extreme, when Ry/R; << 1
S

I51

o

(4.52)

(4.53)

(4.54)

(4.55)

(4.56)

Thus the stability factor (§; ) for an emitter-bias circuit varies from approximately 1 to (8 + 1) as the ratio
of base resistor (Rp) to emitter resistor (Rp) increases from a very small value to a very large value (Figure
4.39). As we know, the stability factor should be as small as possible, therefore the ratio Ry/R; should be as
small as possible. Thus, resistor Ry should be sufficiently large. Increase in the value of R; increases the
negative feedback factor and reduces the gain of the circuit. Therefore, a trade-off needs to be applied that

satisfies both the stability and circuit gain criteria.

S

CcOo

B+

i)
R

Figure 4.39 | Stability factor for emitter-bias circuit.
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To sum up, the emitter-bias configuration offers some stability against variations in the leakage current
I, However, the stability offered is not very high as the ratio of Ry/R; cannot be reduced beyond a certain
value. This problem is overcome in the voltage-divider bias with emitter-bias configuration.

‘The fact that the emitter-bias configuration offers stability can also be explained logically, without going
deep into mathematical calculations, with the help of the expression for the base current (f;) for the con-
figuration given as

I = Ve = Vg ~1cRe (4.57)

B R +R,
When the value of collector current (/) increases due to increase in the leakage current (/), the value of
the base current (Z;) decreases, which in turn reduces the value of the collector current (/). This compen-
sates for the initial increase in /.. Thus, the circuit tries to maintain a constant collector current.

Voltage-Divider-Bias with Emitter-Bias Configuration
In the case of voltage-divider-bias configuration, the expression for S, is similar to that of emitter-bias
configuration, with the base resistor (R;) being replaced by Thevenin’s ec;fxivalcnt resistance (Rp;,):

_(B+)(1+Ry/R,)
lo 14+ B+ Ry /R,

The circuit offers highest stability when the value of emitter resistor (R;) is much larger than the Thevenin’s
equivalent resistance (Ryy,). It must be remembered that in voltage-divider configuration, Thevenin’s equiv-
alent resistance (Ry,,) is much smaller than the corresponding base resistor (R;) of the emitter-bias configu-
ration. Thus, the ratio Rp/Ry,, is higher as compared to R./Ry in emitter-bias configuration. Hence, this
configuration offers better stability as compared to the emitter-bias configuration.

(4.58)

Collector-to-Base-Bias Configuration

The expression for S  for collector-to-base-bias configuration can be obtained in a manner similar to that
(o8]

for the emitter-bias configuration. The expression is given as

_ (B+1(1+ Ry/R.)
leo 1+ B+ Ry /R
‘Hence, the ratio Ry/R_. should be as small as possible for better stability.

(4.59)

Stability Factor (S, )

Sy s defined as the ratio of change in the collector current (A/.)) with respect to change in the base—emitter
vdIBtage (AV}p) with both the leakage current (/,) and the transistor gain (B) held constant. In the follow-
ing sub-sections we derive the expression for SVBE for different biasing circuits.

Fixed-Bias Circuit
The expression for collector current (/) is

Io =Bl +(B+D],
In the case of fixed-bias circuit, the expression for base current (/) is given by

Ve =V,
I =————CCR =k (4.60)

B
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Substituting the value of base current (Z) in the expression for collector current (7.), we get

I.= Pl V) | (g, 117 (4.61)

Ry

Differentiating Eq. (4.61) with respect to V5 with /., and JB constant, we get

i, _-p
v, R,

Therefore, the stability factor SVBE for a fixed-bias configuration is given by

S, = ;_/’ (4.62)
B

As is clear from this equation, the stability factor (S, ) of the fixed-bias circuit improves as the value of base
BE
resistor (Ry) increases.

Emitter-Bias Configuration
In the emitter-bias configuration the base current () is given by

I = Vee =V ~IcRe

4.63
B R +R, (4.63)

The equation for collector current (1) is
Io =Bl +(B+ D, (4.64)
Substituting the value of base current (f) in Eq. (4.64), we get

BV, -V, ~I.R)
I.= CCRB fERE CE 4+ (B+D] (4.65)

Rearranging the terms in Eq. (4.65), we get

I = ﬁ(VCC - VBE)+ (ﬁ+ 1)(RB + RE )ICO (4 66)
c R +(B+DR, '

Differentiating I, in Eq. (4.66) with respect to Vg keeping Band I, constant, we get
d/,. _ -B _ —BIR;
dVy Ry +(B+DR; Ry /R, +(B+1)

Thus the stability factor S,, for the emitter-bias configuration is given by
BE

~BIR,

=— T E 4.6
Ve RyIR,+(B+1) (467)

When (8+ 1) >> Ry/Ry, the value of stability factor is given by
—BIR. —
S (4:68)

v hund b=
w  B+1 R,

We can see from Eq. (4.68) the stability of the emitter—bias circuit against variations in base—emitter voltage

(Vg) improves with increase in the value of emitter resistance (Rp).
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Voltage-Divider Bias with Emitter-Bias Configuration
In the case of voltage-divider-bias configuration, the expression for S, is similar to that of emitter-bias
configuration with the base resistor (R;) replaced by Thevenin’s equivaleﬁEt resistance (Rp,):

—BIR,
V,

« R /R +(B+)) (4.69)

Collector-to-Base-Bias Configuration
In the case of collector-to-base-bias configuration, the expression for S, is similar to that of emitter-bias
configuration except that the emitrer resistor (R;) is replaced by collector resistor (Ro):

- PR
Ve T RyIR.+(B+1) @70

Stability Factor (S 5 )
Sy is defined as the ratio of the change in the collector current (A7) with respect to change in the transistor

gain (B) keeping both I, and V; constant.

Fixed-Bias Configuration
The expression for collector current is

I =Bl +(B+DI,
As I o << I, therefore I, = Bl

For §=§,,
I, =By (4.71)
For f=§,,
ICZ = BzIB (4.72)
Subtracting Eq. (4.71) from Eq. (4.72), we get
Icy—1ey =B, = By (4.73)
Substituting (I, — I.,) as Al and (B, ~ B)) as AB in Eq. (4.73), we get
Al = ABI, (4.74)
Equation (4.74) can be rewritten as
Al I
ZCoy =0 (4.75)
AB P B .
Therefore, the value of stability factor S for the fixed-bias circuit is given by
I
5=l (4.76)
B /31

Emitter-Bias Configuration

In the emitter-bias configuration the base current (Z;) is given by
I = Voo =V ~1cRe

4,77
B R +R; “77)
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As we know, the exprcssnon for collector current (/ ) is gzven by :
I = ﬁI + (ﬂ +DI,
Substituting this value of 1 s Biven by Eq (4. 77) in Eq (4 78) we get

ﬂ(Vcc — VBE _]CRE :
I.= +(B+1)1
¢ Ry+R, - (B+Dlco

Rearranging the terms in Eq. (4.79), we get

IC(RBV+ R, +BR)= [3VC_C =BV +(B+ D(Ry + R ),

As V<< Vcc and [, << Ié, Eq. {4.80) can be approximated as
I.(Ry+ Ry +BR,) = /3
For = B, Eq. (4. 81) can be written as
: I (Ry + Ry + B Ry) = BV
For 3= B,, Eq. (4.81) can be written as
I, (Ry+R +[32R ) BZ o
Subtracting Eq. (4.82) from Eq. (4.83), we get

( )(R + R zﬁz =1 1131 = (ﬁz s ﬁl)VCC

Substituting (I, ~ 1) as Al and (B, - /31) as ABin Eq. (4.84), we get
AI (Ry + R )+ 1/ ﬂz IC]ﬁl AITVCC
Adding and stibtracting I, B,R; in Eq. (4.85) and then solving we get
Al (Ry+ R;)+AI B, R, + I, ABR, = APV
Rearranging the terms in Eq. (4.86) we get o .
AI.(Ry+ R, +B,R) = A/}( -I4R)
Rearranging the terms in Eq. (4.82) we get
Vo = I (Ry+ R, +BRy)
cc
| » A
Substituting this value of Ve in Eq. (4.87), we get

I (R + R + BR; )_
B, :

Al (Ry+ R +B2R )—Aﬂ[

Therefore, :
A]C’ I (Ry+Ry)

AB ,B(R +R, +B,R;)
Ale I+ RyR;)

ZB_ B+ B, + Ry/R;)

fo |

(4.78)

(4.79)

(4.80)

(4.81)

(4.82)

(4:83)

(4.84)

(4.85)

(4.86)

4.87)

(488)
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Table 4.1 | Important parameters of different biasing configurations

Fixed

Poed VooV Veo~looke a -8 Iy

1as R, v Ry B,
Emitter Ve Vg | Voo ~lcq(Re+RBe)  (B+1)(1+ Ry/Ry) -BIR; I, (1+ Ry/Ry)
bias Ry +(B+DR; 1+ B+ Ry/R, RJ/R +(B+1) B (1+B,+Ry/Ry)
Voltage- g VoV Voo ~loq (Re + Rg) (B+1)(1+ Rpyy/Ry) -BIR, - I,(+ Ry /Ry)
g;:;d“ Ry, +(B+DR; 1+ B+ Ry, /R, Ry /R +(B+1)  B,(1+B,+ Ry /R;)
Collec- ﬁ( Ve =V ) Vo ~IoqRe  (B+D(+Ry/R) -BIR, I,(1+ Ry/R.)
e \ Ry +(B+DR 1+ B+ Ry/R. RJR.+(B+D) B+, +Ry/R.)

The value of stability factor (Sp) for the emitter-bias confy rationvis jven b:
ty gu given by
1,0+ Ry/R;)
B B (+B, +Ry/Ry)

(4.89)

Voltage-Divider Bias with Emitter-Bias Configuration
In the case of voltage-divider-bias configuration, the expression for Sp is similar to that of emitter-bias
configuration with the base resistor (R;) being replaced by Thevenin’s equivalent resistance (Rp,)):

Io,(1+ R, /Ry) :
S, = Cl E )
B~ B(+B,+RyylRy) (4.90)

Collector-to-Base-Bias Configuration )
In the case of collector-to-base-bias configuration, the expression for Sg is similar to that of emitter-bias

configuration with the resistance R;, being replaced by Rt
’ 5, = Io,(1+ Ry/R.)
B,(1+ B, + RJR.)
Table 4.1 summarizes the values of quiescent collector current (/o) quiescent collector-to-emitter voltage
(Vepq) and stability factors S, Sy, and S for the various transistor-biasing configurations.

(4.91)

EXAMPLE 4.10 | Determine the stability factors S, S, and Sy for each of the following bias arrange-

ments. Also determine the total dza:ge in collector current when the temperature

changes from +25°C to +175°C. The various transistor paramesers at different tem-

peratures are listed in Table 4.2.

(a) Fixed-bias circuit (Ry = 300 kS2, I. =2 mA, B=50).

(b) Emitter-bias circuit (Ry = 300 kS, R, = 2 k€2, I =2 mA, B=50).

(c) Voltage-divider-bias circuit (Ry, = 50 k), Ry, = 10 k2, Ry =2 kS, I =2 mA,
B=50).
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Solution

Table 4.2 | Example 4.10.

-65

25 50 0.7
100 25 80 05
175 3100 125 0.32

(@) Fixed-bias circuit _

1. Sloo = B+ 1. Therefore, S[oo =51.

I
2. S,=-4
B B,
where /., and B, are the values of collector current and transistor gain at
25°C, I, =2 mA and B, = 50.

3. . Therefore, Sg=2 x 10/50 = 4 x 10>
S"u =— BIR; . Therefore, va =-50/(300 x 10%) = -16.6 x 1075
Total change in the collector current A/ is

Al =S, Aloy+SpAB+S, AVy
Aloo=(3x10°-0.2) nA=3x 10’ nA=3 pA.
AB=125-50=75.
AV, =0.32~0.7=-0.38.
Al =[51x3x10°+4x 105X 75 + (~16.6 x 107)(~0.38)] A
= (153 + 3000 + 63.08) pA = 3.22 mA
(b) Emitter-bias circuit
: _ 1+ )1+ RR,)

o 1+B+RyR,
5, = (SDI1+{(300 x 10°)/(2 X 10°)}]/[1 + 50+{(300 X 10°) /(2 x 10*)}]

=51x151/201=38.31
_ I+ RyRy)
P B+, +RylRy)

where /., and B, are the values of collector current and transistor gain at 25°C.

Ic;=2mAand B, =50. B, is the transistor gain at 175°C with f, = 125.

12. Therefore, Sﬁ= (2 x 1073)[1 + {(300 x 10%)/(2 x 10%)})/[50(1 + 125 +

{(300 x 10%)/(2 x 10%)}] = (302 x 1073)/(50 x 276) = 2.19 x 1075
-BIR;

13. §, =——=——

, Ve Ry/Ry+(B+1)

Sy, =1-50/(2x10°)}/[{(300 X 10°)/ (2 X 10°)} + 51]

=-25%107%/201=-0.1243x 10 =~ 12.43 x 107

bl o

¥ % N

10. S,

11.
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14. Total change in the collector current Al is
' Al =8, Mo +SpAB+S, AV
15. AI.=[38.31%x3X 10‘6+ 2.19%107°% 75 + (—12 43 x 107%)(-0.38)]A
=1.8mA
(c) Voltage-divider bias with emitter-bias circuit

Ry, X
16 Rm_R}+R

Ry = (50 103 x10x 103)/(50 x10° +10% 103) 500/60=8.3 k2
_a+ B+ R, /R;)
o 1+ B+ R,/R,
17. S =[6D{IL+@3x10°)/(2x 10°)]1/{1+50+(8.3x 10%)/(2x10°)}
=51x5.15/55.15=4.76
8 s o a0+ RylR)
TR B, Rk
" where I, and B, are the values of collector current and transistor gain at
© 25°C.I;, =2 mA and B, = 50. B, is the transistor gain at 175°C, that is
B,=125. ~ '
Therefore,

S5 =1(2x 107){1+(8.3x10°)/(2 x 10°)})/
(50[1+125 +{(8.3 x 10°)/(2 x 10°)}])
=10.3x107/6507.5=1.58 x 10
BiR,
Rm/R +(f+1)
Sy = {-50/(2 X 10°)}/[{(8.3% 10°) / (2 X 10°)} + 50 + 1]
=-25x107/55.15=0.453 X 10 =~ 45.3x10”’
20. Total change in the collector current AL is
Al =S, Al +SsAB+S, AVy |
=[4.76x3x 107 +1.58 X107 X 75+ (—45.3 X 107)(~0.38)] A

19. 5, =

| . =0305mA
Answer: Fixed-bias circuit: S =51, S =-16.6 X 1075, S =4x107, Al =
' 3.22 mA.
Emitter-bias circuit: §; = 38.31, S =2.19 x 1073, S =-12.43 X

1073, Al.=1.8 mA.
Voltage-dwxder bias with emitter-bias circuit: §; =4.76, S5=1.58 X
107, Sy =-45.3x107%, Al = 0.305 mA. -
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EXAMPLE 4.11

Solution

Design an emitter-bias circuit with the following specifications:

(a)
®
©
@)

10.
11

12.

13.

Given that:

change in collector current dué 1o change in leakage current for a temperature
range of 25°C to 100°C to be less than or equal 10 1 A;

change in collector current due to change in transistor gain B for a temperature
range of 25°C to 100°C to be less than or equal to 400 UA;

change in collector current due to change in base—emitter voltage (Vg for a tem-
perature range of 25°C to 100°C to be less than or equal to 50 UA;

the quiescent collector-to-emitter voltage is 4 V.

At 25°Cl o= 0.1 nd, B=50, V= 0.7;
at 100°Clog = 25.1 nA, B=70, Vyp = 0.4

* 'The desired value of the stability factor S <1x107/(25.1-0.1)x 1072 <

40. Therefore, the maximum value of S “is 40.
For an emitter-bias circuit,

5, = (1+ )1+ Ry/R;)

0 1+ B+ Ry/R,
Subsntutmg B=50 in the above expression we get
‘ 40=[51 x (1 +Ry/R 21/(51 + Ry/R)
Therefore, 40 (51 + Ry/Ry) = [51 x (1 +Ry/R )] Therefore, Ry/R; = 180.8.
The desired value of the stability factor
Sy, $50 % 107/(=0.3) <~16.6 X 10~

The maximum value of Sy, is =16.6 x 107>,

For an emitter-bias circuit,

-B/R;
Y~ R/Ry +(B+D)
Substituing B =50 in the above equation, we get
—16.6 X 107 = (-50/R)/ (R, /R, +51)

Thercfore, -16.6x 1073 (Ry/R; + 51) =—50/R;. That is Ry/R +51=3X
10%/R;. ‘

Substltutlng R, /R = 180.8 in the above equation, we get - -

=(3x10°/231.8=1.294 kQ

'IhevalueofR = 1808X1294k.Q 234 kQ.

The desired value of the stability facter Sgs (400 x 1079)/(20) < 2 % 10‘5 -
For an emitter-bias circuit, '
__Iq(+RyIR)
s ﬂ,(1+ﬁ2 +RyIR;)

Subsututmg the value of Bx as 50 and ﬂ2 as 70 in the above expressnon,
we get :

2x10%=1x% 181 8/50(71 +180. 8)
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14. I, =2X 1075x 50 x 251.8/181.8 = 1.38 mA.
15. For the emitter-bias circuit the collector current (1)) is given by
o PV~ Vi)
C R +(B+DR;
Therefore, v
1.38 X107 = 50(V. — 0.7)(234 X 10° + 51X 1.294 X 10%)
Ve =898V=9V | o |
- 16. Applying Kirchhoff’s voltage law to the collector—emitter loop, we get
9~ IR~ Ve — IRy =0
9-138x 107X R, —4— 138X 1073 x 1.294 X 103=0

17. Therefore, R =2.3 kQ.
18. Figure 4.40 shows the design.

Figure 4.40 | Example 4.11.

4.6 Bias Compensation

he biasing techniques discussed so far offer stability to the operating point (/. VCEQ) by virtue of

negative feedback. Although, negative feedback improves stability but it also reduces the gain of the
circuit. In applications where the reduction in gain is intolerable, compensation techniques are used to
reduce the drift in the operating point.

Compensation techniques make use of temperature-sensitive devices such as diodes, thermistors, transis-
tors, sensitors, etc. to compensate for the changes in the operating point caused due to changes in tempera-
ture. In the following sub-sections, we will discuss few of the commonly used compensation circuits.

Diode Compensation for Base—Emitter Voltage (V)
Figure 4.41 shows a circuit using diode for compensation against variations in base—emitter voltage (V3;) due
to change in temperature. The diode is made of the same material as the transistor so that there is same variation
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Vee

Figure 4.41 | Diode compensation for base—emitter voltage (V).

in the transistor’s base—emitter voltage (V) and diode’s forward voltage (V) due to temperature. If we exam-

ine the circuit, we will see that the circuit is basically an emitter-bias circuit with an additional diode circuitry

in the emitter leg. The diode is kept in forward-bias mode through voltage (Vpp) and resistance (Rp).
Applying Kirchhoff’s voltage law to the base—emitter loop, we get :

Vi — IpRy — Vg — Iy Ry +V, =0

Substituting [ =(B+1)/; in the above equation and solving for base current (Z), we get
Vg — Vo =V,
Iy=-E0—Bk__D. Ve — Vo) 4.92)
Ry +(B+DR;
Collector current (1)) is rela}ted to the base current by the expression
Ic =Bl +(B+1)1,

Substituting the value of /; in the expression for collector current, we get

BlVeg — (Ve ~Vp)]
= +(B+1)1 4.93
€ R +(B+DRy (B+Dlco : (4.93)
As is clear from Eq. (4.93), the change in the base—emitter voltage (V) of the transistor due to the change
in temperature will be nullified by a similar change in the forward voltage (V) of the diode. In other words,
the diode’s forward voltage (V) tracks the changes in the base—emitter voltage (V) of the transistor and
compensates for its changes.

Diode Compensation for Leakage Current (I ;)

To compensate for the variation in the leakage current (/.), a diode is placed across the base—emitter terminals
of the transistor as shown in Figure 4.42. The diode is reverse-biased and hence the reverse saturation current (7))
flows through it. The diode is chosen to be of the same material as the transistor, so that the reverse saturation
current of the diode increases with temperature at the same rate as the leakage current of the transistor.

N
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Figure 4.42 l Diode compensation for leakage current (/). Figure 4.43 ‘ Thermistor compensation.

The base current (/) in Figure 4.42 is equalvto

| a L=1-1,

Subsgitu;ing this value of base current (/) in the expression for collector current (..), we get

: ' =B~ 1)+ (B+ D,

As Band (B + 1) are nearly equal, the expression for /. can be writtén as

I =ABI"'B]D+ﬁ‘_{c0

Rearranging the terms we get 8
Io=BI-Blp-1y) = . B (4.94)

The diode reverse current (/) tracks the transistor leakage current (/) over the desired temperature range.

Thermistor Compensation

Figure 4.43 shows a thermistor-based compensation circuit. The thermistor having négative temperature
coefficient of resistance is placed in parallel with resistor Ry,. Values of the resistances are so chosen as to
establish the desired value of collector current (/) at the normal operating temperature. As the temperature
increases, the value of the thermistor resistance decreases. This reduces the forward bias and hence the base
and collector currents of the transistor. When the temperature decreases, the thermistor resistance increases
which results in an increase in the value of base—emitter voltage. This in turn increases the base and the col-
lector currents. Therefore, the thermistor compensates for the change in collector current due to change in
temperature.

47 »Th.e'rmal Runaway

he power dissipation capability of a transistor depends upon its physical size, its construction and its
mounting arrangement in the system. The maximum power rating is limited by the temperature that the
collector-to-base junction can withstand and the ambient temperature. As the ambient temperature increases,
the power rating of the transistor decreases. This is referred to as power derating. The power dissipation capa-
bility of transistors vary from few to several hundreds of milliwatts in the case of small signal transistors to
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Power
dissipation (Pp)

Pomax)

‘Maximum operating
temperature

Case
75 j 200 ~ temperature (°C)

Figure 4.44 | Typical power derating curve of a transistor.

around 250 W in the case of power transistors. As mentioned in Chapter 3, the maximum permissible tem-
perature that the collector-to-base junction of a transistor can-handle is in the range of 150°C to 225°C for
silicon transistors and 60°C t0:100°C for germanium transistors. Figure 4.44 shows the typical power derat-
ing curve of a silicon transistor with change in transistor case temperature. It may be mentioned here thatin
the case of small signal transistors, the case temperature is slightly larger than the ambient temperature and
the case and the ambient temperatures are generally considered to be equal. However, in the case of power
transistors, case temperature may exceed the ambient temperature by a large amount.

If the transistor circuit is not designed properly, it may lead to the phenomcnon of thermal runway.
When the transistor is in operation it dissipates power and its junction temperature rises, which in turn
causes the collector current to increase. This may lead to more power dissipation and further increase in
temperatuire and subsequently a further increase in collector current. If this cycle continues, it may result in
permanently damaging the transistor. This phenomenon is referred to as thermal runaway. Proper design of
the transistor circuit-and selection of a suitable operating pdint is necessary to prevent the phcnomenon of
thermal runaway.

The steady-state temperature rise at the transistor collector junction is given by

T,-T, =OF, (4.95)
where T is the transistor junction temperature; 7, the ambient temperature; P, the power dissipated in the
transistor; O the thermal resistance (°C/W). Thermal resistance is defined as the ratio of the rise in transistor

junction temperature to the amount of power dissipated. The value of thermal resistance depends upon the
transistor size, the size of heat sink used and other cooling methods used such as forced-air cooling, etc.:

T T, dT;
B, dp,
The inverse of the thermal resistance glvcs the tcmpcrature rate at which the power is dissipated under
steady-state conditions:

(4.96)

n _1 (4.97)

d7;, ©

The condition for thermal stability is that the rate at which heat is generated at the collector j Junctxon should
not exceed the rate at which it can be dissipated under steady-state conditions. :
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Operating-Point Considerations in Thermal Runaway -

The position of the operating point of the transistor amplifier determines whether the transistor isinherenty
stable against thermal runaway or not. Figure 4.45 shows the various power dissipation curves of a transistor
and a typical DC load line for an emitter-bias configuration. Let us consider the operating point Q. The
DC load line is tangent to the 200 mW power dissipation curve at the operating point. An increase in the
collector current due to internal heating or increase in the ambient temperature causes the operating point
to shift upwards on the DC load line. The operating point is now between the 100 mW and the 200 mW
power dissipation curves. Therefore, with increase in temperature the power generated decreases. Hence, the
circuit is inherently stable against variations in temperature.

For the operating point Q,, the increase in collector current causes the operating point to shift upwards
and move towards the 100 mW curve. This results in reduction in the power generated. Hence, the circuit
is inherently thermally stable. However, if the operating point is at Q, increase in the collector current
causes the operating point to shift upwards towards the 200 mW curve. This results in increase in the power
generated. Hence, the circuit is not inherently thermally stable and may lead to thermal runaway. Such a
circuit needs to be checked for thermal stability.

The thumb rule to decide whether the operating point is in the safe region of operation is that for oper-
ating point with collector-to-emitter voltage (Vg less than V{,/2 the circuit is thermally stable as increase
in collector current results in reduced power generation. In the case of operating points having V{;, greater
than V/2, the circuit is not inherently thermally stable. In such cases, it is necessary to check the thermal
charactenstlcs of the transistor and the circuit design to ensure thermal stability.

For such circuits to be thermally stable they should satisfy the following condition:

Ve =20 (Ry + RIS, )(0.071,)<1/© (4.98)

where V.. is the supply voltage; /. the collector current; Ry the emitter resistor; R, the collector resistor;
SI the stability factor; /., the lcakagc current; © the thcrmal resistance of the transistor. This equation
is valid for the emitter-bias circuit of Figure 4.11 redrawn again in Figure 4.46 for the convenience of the
readers. In the case of fixed-bias circuit, Eq. (4.98) is valid with R, = 0.

The mathematical treatment to the theoretical concepts descnbed for thermal runaway phenomenon is
given in the subsequent paragraphs.

Ic (mA)
Ve
Rc + Re !
(@)}
Q
Pp = 300 mW
Py = 200 mW
Py = 100 mW
Vee Vee (V)

Figure 4.45 | Operating-point considerations against thermal runaway.
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Figure 4.46 l Emitter-bias circuit.

For the emitter-bias circuit in Figure 4.46, the power produced in the transistor is given by
. » Po=1 V=1V, - (499
where P is the power produced in the transistor; /. the collector current; Vg the collector—base voltage;
Vi the collector—emitter voltage. Now Vg = Vi + V. Assuming Vg to be negligible as compared to V,

and Vi, we have Vi = V. -
The collector—emitter voltage (V) in emitter-bias circuit is expressed by

Vg =V IR~ IR (4.100)
As I; = I, Eq. (4.100) can be approximated as '
\ Vg =V I (Rg +R) . (4.101)
Substituting the value of V; given in Eq. (4.101) in Eq. (4.99), we get
| ‘ P=I Vo —I (R +R) (4.102)
Differentiating Eq. (4.102) with respect to collector current (1), we get
dr, =
E[—=VCC —2I.(R;+R:) - (4.103)
. c

The required condition for thermal stability is that the rate at which heat is produced at the collector
junction should not exceed the rate at which it can be dissipated by the transistor under steady-state con-
ditions. Rate of heat generated at the collector junction is given by differentiating the power generated
(P) with respect to the junction temperature. Therefore, for thermal stability the following equation

should be satisfied:
s 45 (4.104)
d7; dT;

From Eq.-(4.97) we know that

|5

1
)

a.
-3
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Therefore, the requirement for thermal stability is given by

% 1 (4.105)
d7; ©
Multiplying and dividing the LHS of Eq. (4.105) by d/_. we get
4 A 1
TASTANC
Rearranging the terms in the LHS of the equation we get
4 e 1
. d7, ©
where d/./d7 is the rate at which the collector current changes with junction temperature. Since 1/© and

d//dT; are both positive, therefore the above equation is always true when dP/dl, is negative. From
Eq. (4.103) we know that

(4.106)

. :
—E =V -2I.(R +R.)

d.I CC
C
Therefore to ensure thermal stébility, the following equatidn should Be satisfied:
] Voe =2 (Ry +R) <0 - (4.107)
Rearranging the»ierms in Eq. (4.107), we get

1>$— S (4.108)
©7 AR, +R.) : '

We know that in emitter-bias configuration
Vee =Vee ~Ic(Re +R.)

Substituting the value of /. in the equation we infer that when the collector—emitter voltage (V) is less
that half the supply voltage (V. < V/2), then the circuit is thermally stable under all conditions. For
Ve > Vic/2, the term dPc/d] is positive and therefore the circuit design should be done such that
Eq. (4.106) is satisfied. ,

The collector current (1) changes with the change in temperature as the léakage current (Ic)s the
base—emitter voltage (Vg) and the transistor gain (B) change with temperature. The rate of change of col-
lector current with junction temperature is given by

de o ey dy o B
dTJ Slco dTJ +SVu dTJ +SB dTJ
However in r’nostvc'ases the effect of leakage current (I is far more than that of transistor gain () and the
base—emitter voltage (V;). Therefore, : ' ‘

(4.109)

d. d/
—L=zg O (4.110)
dT, Lo d7;

Substituting the value of dIc/dTJ in Eq. (4.106), we get

i Ao |1 |
(d]c )(SICO)[ 7 )< S 4.111)
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d//dT; = 0.071, as the reverse saturation current increases at a rate of approximately 7%/°C. Substitut-

ing the value of dP./di. [Eq (4.103)] and the value of d]CO/dT in Eq. (4.111), we get
Voo ~ 2L (Re + RIS, )(0.07 1) <é (4.112)

From Eq. (4.112) we can infer that for small signal transistors the problem of thermal runaway is not so
critical as these transistors have small value of collector current (/) and small value of stability factor (8 )

However, power transistors have higher value of collector current ( o) and stablllty factor and hence thermal
management is a major problem in the case of power transistors. One of the thermal management tech-
niques to increase the power handling capability of transistors is to make use of heat sinks. Design of heat
sinks is discussed in detail in the chapter on power transistors. .

EXAMPLE 4.12 | Figure 4.47 shows the circuit.of a transformer-coupled power amplifier. Determine
whether the circuit is thermally stable. If not, determine the junction to ambient ther-

_mal resistance ( @ _) required so that the transistor.operates safely at an ambient tem-
perature of 25° C It is given that the transistor gain B ar 25°C is 100, the leakage
current I at 25°C is 1 mA, the maximum junction operating temperature is 1 00° G
the base—emitter voltage of the transistor is 0.7 V.

" signal

AC input )
p o—-)

Figure 4.47 | Example 4.12.

Solution | 1. - /_=pBI, +(B+DI,,
= 100X [y +101x1x107
= 1007, +0.101

2. ‘Applying Kirchhoff’s voltage law to the emitter—base loop, we get
40-10x10°X [, ~0.7-5x ;=0
Subtituting /; = (B+ 1)I; = 1017 | we get ;=374 mA, [.=374mAand I, =
I =374 mA.
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3. Applying Kirchhoff’s voltage law to the collector—emitter loop, we get
40-20X 1.~V —5x1;=0
Vg =40 —20 X 374 X 107 - 5 x 374 X 107 = 30.65

4. As V> V2, therefore the circuit is not inherently thermally stable.
5. 'The quiescent power generated is given by

Vepq X g =30.65 X 374 X 10 = 11.46 W
6. The power dissipation capability is given by ( T,-TYIO; .
7. For thermal stability (100 — 25)/ (@J_A) 2 11.46. Therefore, (QJ_A) <6.54°C/W.

Infact, transformer-coupled transistor amplifiers are very much susceptible to
thermal runaway as they have very small DC resistance in the collector circuit
(transformer primary and the emitter resistor).

Answer: The circuit is not thermally stable. The maximum value of thermal
resistance is 6.54°C/W.

4.8 Transistor Switch

A:other major application of transistors is their use as switching devices in computers and other control
pplications. Figure 4.48 shows the use of a transistor as an inverting switch, that is the transistor output
is at logic-HIGH level for a logic-LOW input applied at its base terminal and the output is at logic-LOW
level for a logic-HIGH input. When a logic-LOW input is applied, the transistor is in the cut-off region and
acts as an open switch. It is in the saturation region for a logic-HIGH input and acts as a closed switch.
While designing the transistor-based switch, the designer should ensure that the transistor is heavily
saturated for a logic-HIGH input signal. The saturation collector current (/) is given by the equation

V.
VCC n
y Vinp------
oV t
ut

° Vout

ov t
(a) (b)

Figure 4.48 | Transistor switch.
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v
Iy =—% (4.113)

(sat) — R(‘

The level of base current (Z) in the active region just before the saturation region can be approximated by
1

_ Clay
] Blsat) — B
The base current (I ) is generally kept to be 20—-25% more than the value of Ty qap 50 a5 to ensure that

the transistor is in deep saturation. Therefore, the ratio of the collector current to the base current when the
logic-HIGH input is applied is less than the transistor current gain (). The minimum value of input voltage
(V};y) required to drive the transistor into deep saturation so that it acts as a closed switch is given by

Vi = Inioma R + Vi (4.114)

The resistance between the emitter and the collector terminals when the transistor is in saturation is
given by '

V.
R, =—2%0 , (4.115)
[C(sat)

The resistance offered by the transistor switch when in saturation is equal to R . The value of R_ is in the
range of few ohms to few tens of ohms.

For input voltage equal to zero, the collector current (7)) is equal to the leakage current (/) which is negligi-
ble. Therefore the collector voltage is at the logic-HIGH level and the value of collector—emitter resistance is very

high in the range of several hundreds of kilo-ohms to few mega-ohms. The circuit thus acts as an open circuit.

Transistor Switching Delays
Figure 4.49 shows the response of a transistor switch when an input pulse is applied to it. When the input
voltage is 0V, the transistor is in the cut-off region. It is in the saturation region when the input voltage is at

Vin
ViH

I

IC(sat)
0.9 IC(sat)

0.1 Ig(say

Figure 4.49 | Transistor switching times.
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© Vout

Figure 4.50 | Fast switching transistor circuit.

the voltage level V},;. When the input voltage changes from 0 V to V|, the transistor does not immediately
respond to the input signal and there is a time delay before the collector current reaches the saturation value.
The time delay between the time the input pulse is applied to the time the collector current rises to 10% of
the final value is called the delay time (z)).

The time required for the collector current to rise from 10% to 90% of the final value is called the rise
time (t). The total time (¢, + ¢) is known as the turn-ON time (t ) of the transistor. Delay time (z,) is
contributed by three factors: First, the time required to charge the emltter-]unctlon capacitance so that the
transistor is brought from the cut-off to the active region; second, the time required to move the carriers
from the base junction to the collector junction; third, the time required by the collector current to rise to

10% of its final value. Rise time (t) is due to the time taken by the collector current to traverse the actwe
region. ’

When the input signal returns to 0 V, again there is a delay between the transition of the input wave-
form and the time when the collector current reduces to zero. The time interval between the input pulse
transition to the time when the collector current drops to 90% of its value at saturation is called the storage
time (¢). Storage time delay is because the transistor in saturation has a saturation charge of excess minority
carriers stored in the base region and the transistor cannot respond until this excess charge has been
removed. Fall time (1) is the time required by the collector current to fall from 90% to 10% of the satura-
tion level. Fall time is caused due to the time required by the collector current to traverse the active region.
Turn-OFF time (¢ FF) is defined as the sum of the storage time (#) and the fall time (7).

When the transistor is used in fast switching applications, a capacitor (C) is added across the base resis-
tor (Ry) to reduce the storage time (Figure 4.50). The capacitor will act as a short circuit when switching
occurs and an impulse current will flow out of the base at the negative transition of the input pulse.

EXAMPLE 4.13 | An input pulse is applied to the transistor switch shown in Figure 4.51. What is the
1 miriimum input voltage required to make the LED glow? Also, find out the minimum
input voltage required to put the transistor in saturation. It is given that the
minimum current required by the LED to glow is 10 mA, voltage drop across the
LED is 1.5V, base—emitter voltage of the transistor is 0.7 V, collector—emitter voltage
of the transistor in saturation is 0.5 V. .
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Solution

EXAMPLE 4.14

Figure 4.51 | Example 4.13.

1. The minimum current required to make the LED glow is 10 mA and the volt-
age drop across the LED is 1.5 V.

2. 'Therefore, the collector current required to make the LED glow is 10 mA. As
B of the transistor is 100, therefore the base current (/) required is 100 pA.

3. Applying Kirchhoff’s voltage law to the base~emitter loop, we get
Vp—2x10°x100x10¢-0.7-15=0
V=24V
4. 'Therefore, the minimum voltage required to make the LED glow is 2.4 V.

5. When the transistor is in saturation, Vi ., = 0.5 V. Therefore, applying
Kirchhoft’s voltage law to the collector—emitter loop, we get

12-200x I,y —0.5-15=0
Io(qy =50 mA

6. Thevalueof Iy, (san) 15 500 PA.

7. The value of ., is kept 1.25 times this value-of /. to ensure that the
transistor is in saturation. Therefore, /=625 pA.

8. Applying Kirchhoff’s voltage law to the base—emitter loop and solving for V,,

we get

corresponding to this value of /,

(max

Vpo=07+15+2%x10°x625x10%=345V
9. 'The input voltage required to put the transistor into saturation is 3.45 V.

Answer: 'The minimum voltage required to make the LED glow is 2.4 V.
The input voltage required to put the transistor into saturation is 3.45 V.

A simple logic circuit is configured as shown in Figure 4.52(a). The input voltages V,
and V, applied to the circuit are plotted in Figure 4.52(b). Draw the output waveform
across resistor Ry, Assume Vg = 0.



156 Electronic Devices and Circuits

Solution

o

(a)
Vs
5V
0 23 4 s~ 1(ms)
Ve
5V
0 2 4 g " fms)

(b)
Figure 4.52 | Example 4.14.

When either or both of the inputs are low, then one or both of the diodes D,
and D, are conducting. Therefore, the voltage at the R —R; node is 0.7 V. The
transistor is not-conducting and the collector—emitter voltage is 6 V.

When both inputs are high, then both the diodes D, and D, are not conduct-
ing and the base voltage is determined by voltages V| and V, and resistors R),
R, and R;.

The base voltage can be determined using superposition theorem.

Assuming V, = 0 [Figure 4.53(a)], the voltage due to V, at base terminal is

6 6
Vo, ==(5+15) X ————=—-20X —=—17V
== O+1) 5+15+50 70

. Assuming V, = 0 [Figure 4.53(b)], the voltage due to V] at base terminal

6 6
VB1= SOXm=50X%=4.3 \%
Base voltage =43V —-17V=2.6V.
This base voltage drives the transistor into saturation. As is given, the value of
collector—emitter voltage when the transistor is in saturation is zero. The wave-
form across R; is the same as that of the collector—emitter voltage of the tran-

5
sistor (Figure 4.54).
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@)

(b)

| KEY TERMS

I
Collector-to-base-bias
configuration
Compensation techniques

l OBJECTIVE-TYPE EXERCISES
I
Multiple-Choice Questions

1. In the fixed-bias circuit if the base resistor is
shorted then
a. the transistor may get damaged.
b. the base voltage will be zero.
c. the collector voltage will be equal to the
supply voltage.
d. the collector current is zero.
2. The common-collector bias and emitter-bias
are examples of
a. voltage-series feedback.

Operating point

Emitter-bias configuration
Fixed-bias configuration

Figure 4.53 | Solution to Example 4.14.

Vrs

BV |--n-mn = ey - —
1 4 5 t(ms)
Figure 4.54 | Solution to Example 4.14.

Stability factor
Voltage-divider bias with
emitter-bias configuration

b. voltage-series feedback and voltage-shunt
feedback, respectively.

c. voltage-series feedback and current-series
feedback, respectively.

d. current-series feedback and current-shunt -
feedback, respectively.

3. Which of the following conditions ensures that
the transistor does not undergo thermal run-
away?

a. V=V /2



158 Electronic Devices and Circuits

b. V<V /2 7. The biasing configuration that offers least sta-
¢ V<V bility is
d. V>V /2 a. fixed-bias configuration.
4. The delay time of the transistor switch is due to b. collector-to-base-bias configuration.
a. time required to charge the emitter-junction c. voltage-divider-bias configuration.
capacitance so that the transistor is brought d. none of the above.
from the cut-off to the active region. 8. The input resistance in case of emitter-bias cir-
b. time required to move the carriers from the cuit is equal to
base to the collector junction. a. (B+DR,+R,
c. time required by the collector current to b. BR,+(B+ DR,
rise to 10% of its final value. ¢ Ry+(B+ DR,
d. all the above. d. Ry+R,

5. In a transistor switch the relationship between

. 9. A transistor switch operates in
collecror current (/) and the base current (Z) is P

a. either saturation or cut-off region.

a. I.=1 . X
c 2 b. active region.
b. I.= ﬁIB . . .
c. I.>BI c. either active or cut-off region.
- C B d. either saturation or active region.
d. I <pIy

10. In the emitter-bias circuit the voltage across the
emitter resistance is equal to
a. voltage between the emitter and collector.
b. voltage between the emitter and ground.
c. voltage between the collector and base.
d. voltage between the collector and ground.

6. In the fixed-bias configuration if the supply
voltage changes, the slope of the load line

increases.

decreases.

remains the same.

may increase or decrease.

anoep

Match the Following

Choose the correct one from among the alternatives A, B, C, D after matching an item from Group 1 with
the most appropriate item in Group 2.

1:  Emirter bias P: operating point

2: Transistor switch ~ Q: - negative feedback

3: Thermal runaway R: positive feedback

4:  Active region S: forward-biased base-emitter junction and reverse-biased collector-emitter junction
T: cut-off and saturation
U: zero Vi and V¢

A 1-Q,2-T,3-B 4-S (B) 1-R,2-T, 3-R,4-Q

(O 1-U,2-B 3-§,4-R D) 1-T,2-Q, 3-B 4-S

| REVIEW QUESTIONS

1. With the help of common-emitter amplifier of a suitable operating point and the factors
configuration, explain the criteria for selection affecting its stability.
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Derive the mathematical expression to prove that
the operating point in voltage-divider-bias con-
figuration is independent of transistor gain f3.

Draw the circuit for collector-to-base-bias con-
figuration and derive the value of stability fac-

tors §, Sp and Sy for the circuit.
CO BE

Explain the operation of a transistor switch.
What are the steps to be followed to design a
transistor switch?

Derive the expressions for the stability factor
(, ) for

a. fixed-bias configuration;

b. self-bias configuration;

c. voltage-divider-bias configuration.

What is the drawback of emitter-bias configura-
tion? How is the drawback removed in the volt-
age-divider bias with emitter-bias configuration?
Draw the following circuits using PNP transis-
tors and derive the expressions for the operat-
ing point for each of the cases:

PROBLEMS

Figures 4.55(a) and (b) show a fixed-bias cir-
cuit and the output characteristics of the tran-
sistor used in the circuit (assume base—emitter

voltage of transistor = 0.7 V). Determine:
a. DC load line;

a. fixed-bias configuration;
b. voltage-divider-bias configuration;
c. collector-to-base-bias configuration.

8. When is a transistor amplifier circuit inherently

stable against thermal runaway? Support the

answer with relevant mathematical expressions.

Give reasons for the following:

a. Why is bias compensation required?

b. Power transistors are more prone to ther-
mal runaway as compared to small signal
transistors?

c.  Why is fixed-bias circuit not commonly used?

d. Why is the operating point chosen near the
center of the active region of the transistor
characteristics in a transistor amplifier?

Define the following terms

power derating;

thermal resistance of a transistor;

turn-ON time of a transistor switch;

bias compensation.

aoge

b. the value of resistor R; for base current of
40 pA;

c. the operating point (I, Vp);

d. the value of transistor gain f.

10 ~——
120 pA
P s - 700 pA
< 8
£ - /
3 " |_—[BouA
= e
= 6 "
‘(:} // h
c 4
] emmmamarass.
g —r ___.—-_..-——-—————"—-""40#‘\
8 2 ,‘__-———""'_—_
S ey
_____———--"_'— IB=20]J.A

(@

Figure 4.55

0 2

4 6 8 10 12 14

Collector-to-emitter voltage (Vcg), V

(b)

Problem 1.
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2. Find the operating point of the emitter-bias
circuit shown in Figure 4.56. Design a voltage-
divider bias with emitter-bias circuit having the
same operating point (assume base—emitter
voltage of transistor = 0.7 V).
122v
Figure 4.58 | Problem 4.
5. For the network in Figure 4.59, find the value of
S, » S, and Sjand the total change in collec-
tor current for a temperature change of 25°C to
+100°C. It is given that at 25°C: [ = 0.2 nA,
B=50and V;; =0.7 V; and at 100°C: [, =
25nA, B=80and Vi =0.5V.
= 2V
Figure 4.56 | Problem 2.
3. Figure 4.57 shows a circuit using a PNP tran- 240 knsg
sistor. Find the value of V . Assume
base—emitter voltage of transistor = 0.7 V.
8V
3kQ
Figure 4.59 | Problem 5.
2kQ Design an emitter-bias circuit with the follow-
‘ -10V ing specifications: [, =10 mA, V; =4V, V.
=15V, R/R; = 10. It is given that § is 130
Viut and Vi is 0.7 V.
Figure 4.57 | Problem 3. . Figure 4.60 shows the transistor-based inverter
: circuit with the desired output waveform
4. Draw the DC equivalent of the circuit shown

in Figure 4.58. Also find the collector voltage
of transistors Q, and Q,? Assume Vg, =

Vieqe=07 V.

for the given input waveform. Find the value
of V.., R and Ry given that B =80, [ =
10 mA, the output voltage V. when the tran-

sistor is off is 12V, V;; =0.7 V.
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Vin
4V |-emmeeeae-

Figure 4.60 | Problem 7.

8. (a) Refer to Figure 4.61. Calculate the value of Ry if Viz =5V.

(b) For Ry =50 kQ, determine the value of VCEQ. Also, determine whether the circuit is inherently
thermally stable. It is given that the base—emitter voltage of the transistor is 0.7 V.

AC

=100
input b

oY
o)

Figure 4.61 | Problem 8.

| ANSWERS

|
Multiple-Choice Questions

1. (a) 3. b 5. (d) 7. (@ 9. (a
2. (0 4, (d) . 6. (o) 8. (0 10. (b)
Match the Following

Answer (A).
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Problems
1. (a) Figure 4.62; (b) 232.5 k; (c) (2.7 mA, 6.6 V); (d) 67.5

10 — o
s 120 pA
/140HA/ /
100 pA
< 8 /] ] —] s
£ /
- I~ " /SO]JA
L I
5 "1
5 B // 60 A
3 e K
:‘; 4 — |
k3] sl
2 -Point I ol
3 -/ \g,%"____,—— 70
2 "—"———_—‘ ! \
¢ .’
__d'———' f3=20}1A
” 1
0 2 4 6 8 10 12 14

Collector-to-emitter voltage (Vcg), V

Figure 4.62 | Solution to part (a) of Problem 1.

2. (5.62 mA, 3.57 V); Figure 4.63 4. Figure 4.64; VCQ, =8.58YV; VCQ2 =307V
15V

Figure 4. lution to Problem 4.
Figure 4.63 | Solution to Problem 2. Igure 4.64 | Solution to Problem

— - -3 -
3. -5.14V 5. 5, =4224, 5, =-0.17x107,5; =292
105, Al =0.911 mA
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8. (a) 153.57 kQ, (b) 2.6 V; the circuit is
thermally stable

Rs
172.73 kQ

Figure 4.65 | Solution to Problem 6.

7. Vee=12V,R.=12kQ, Ry=21.12kQ






