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INTRODUCTION

In this chapter, we study the other major three-terminal device: the bipolar junction transistor
(BJT). The presentation of the material in this chapter parallels but does not rely on that for
the MOSFET in Chapter 4; thus, if desired, the BJT can be studied before the MOSFET.
Three-terminal devices are far more useful than two-terminal ones, such as the diodes
studied in Chapter 3, because they can be used in a multitude of applications, ranging from
signal amplification to the design of digital logic and memory circuits. The basic principle
involved is the use of the voltage between two terminals to control the current flowing in the
third terminal. In this way, a three-terminal device can be used to realize a controlled source,
which as we learned in Chapter 1 is the basis for amplifier design. Also, in the extreme, the
control signal can be used to cause the current in the third terminal to change from zero to
a large value, thus allowing the device to act as a switch. As we learned also in Chapter 1,
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the switch is the basis for the realization of the logic inverter, the basic element of digital
circuits.

The invention of the BJT in 1948 at the Bell Telephone Laboratories ushered in the era
of solid-state circuits, which led to electronics changing the way we work, play, and indeed,
live. The invention of the BJT also eventually led to the dominance of information technology
and the emergence of the knowledge-based economy.

The bipolar transistor enjoyed nearly three decades as the device of choice in the
design of both discrete and integrated circuits. Although the MOSFET had been known
very early on, it was not until the 1970s and 1980s that it became a serious competitor to
the BJT. At the time of this writing (2003), the MOSFET is undoubtedly the most widely
used electronic device, and CMOS technology is the technology of choice in the design of
integrated circuits. Nevertheless, the BJT remains a significant device that excels in cer-
tain applications. For instance, the reliability of BJT circuits under severe environmental
conditions makes them the dominant device in automotive electronics, an important and
still-growing area.

The BJT remains popular in discrete circuit design, in which a very wide selection of BJT
types are available to the designer. Here we should mention that the characteristics of the
bipolar transistor are so well understood that one is able to design transistor circuits whose per-
formance is remarkably predictable and quite insensitive to variations in device parameters.

The BIJT is still the preferred device in very demanding analog circuit applications, both
integrated and discrete. This is especially true in very-high-frequency applications, such as
radio frequency (RF) circuits for wireless systems. A very-high-speed digital logic-circuit
family based on bipolar transistors, namely emitter-coupled logic, is still in use. Finally,
bipolar transistors can be combined with MOSFETS to create innovative circuits that take
advantage of the high-input-impedance and low-power operation of MOSFETs and the
very-high-frequency operation and high-current-driving capability of bipolar transistors.
The resulting technology is known as BiMOS or BiCMOS, and it is finding increasingly
larger areas of application (see Chapters 6, 7, 10, and 11).

In this chapter, we shall start with a simple description of the physical operation of the BJT.
Though simple, this physical description provides considerable insight regarding the perfor-
mance of the transistor as a circuit element. We then quickly move from describing current
flow in terms of electrons and holes to a study of the transistor terminal characteristics.
Circuit models for transistor operation in different modes will be developed and utilized in
the analysis and design of transistor circuits. The main objective of this chapter is to develop
in the reader a high degree of familiarity with the BJT. Thus, by the end of the chapter, the
reader should be able to perform rapid first-order analysis of transistor circuits and to design
single-stage transistor amplifiers and simple logic inverters.

{! 5.1 DEVICE STRUCTURE AND PHYSICAL OPERATION

5.1.1 Simplified Structure and Modes of Operation

Figure 5.1 shows a simplified structure for the BJT. A practical transistor structure will be
shown later (see also Appendix A, which deals with fabrication technology).

As shown in Fig. 5.1, the BJT consists of three semiconductor regions: the emitter region
(n type), the base region (p type), and the collector region (n type). Such a transistor is called
an npn transistor. Another transistor, a dual of the npn as shown in Fig. 5.2, has a p-type
emitter, an n-type base, and a p-type collector and is appropriately called a pnp transistor.
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FIGURE 5.2 A simplified structure of the pnp transistor.

A terminal is connected to each of the three semiconductor regions of a transistor, with
the terminals labeled emitter (E), base (B), and collector (C).

The transistor consists of two pn junctions, the emitter—base junction (EBJ) and the
collector—base junction (CBJ). Depending on the bias condition (forward or reverse) of
each of these junctions, different modes of operation of the BJT are obtained, as shown in
Table 5.1.

The active mode, which is also called forward active mode, is the one used if the tran-
sistor is to operate as an amplifier. Switching applications (e.g., logic circuits) utilize both
the cutoff and the saturation modes. The reverse active (or inverse active) mode has very
limited application but is conceptually important.

As we will see shortly, charge carriers of both polarities—that is, electrons and holes—
participate in the current conduction process in a bipolar transistor, which is the reason for
the name bipolar.

TABLE 5.1 BJT Modes of Operation

Mode EBJ CBJ

Cutoff Reverse Reverse
Active Forward Reverse
Reverse active Reverse Forward

Saturation Forward Forward
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FIGURE 5.3 Current flow in an npn transistor biased to operate in the active mode. (Reverse current
components due to drift of thermally generated minority carriers are not shown.)

5.1.2 Operation of the npn Transistor in the Active Mode

Let us start by considering the physical operation of the transistor in the active mode.' This situ-
ation is illustrated in Fig. 5.3 for the npn transistor. Two external voltage sources (shown as
batteries) are used to establish the required bias conditions for active-mode operation. The voltage
Vi, causes the p-type base to be higher in potential than the n-type emitter, thus forward-biasing
the emitter—base junction. The collector-base voltage V-, causes the n-type collector to be
higher in potential than the p-type base, thus reverse-biasing the collector—base junction.

Current Flow In the following description of current flow only diffusion-current compo-
nents are considered. Drift currents due to thermally generated minority carriers are usually
very small and can be neglected. Nevertheless, we will have more to say about these reverse-
current components at a later stage.

The forward bias on the emitter—base junction will cause current to flow across this
junction. Current will consist of two components: electrons injected from the emitter into
the base, and holes injected from the base into the emitter. As will become apparent shortly,
it is highly desirable to have the first component (electrons from emitter to base) at a much
higher level than the second component (holes from base to emitter). This can be accom-
plished by fabricating the device with a heavily doped emitter and a lightly doped base; that
is, the device is designed to have a high density of electrons in the emitter and a low density
of holes in the base.

The current that flows across the emitter—base junction will constitute the emitter current
i, as indicated in Fig. 5.3. The direction of i; is “out of” the emitter lead, which is in the
direction of the hole current and opposite to the direction of the electron current, with the
emitter current i being equal to the sum of these two components. However, since the electron
component is much larger than the hole component, the emitter current will be dominated by
the electron component.

! The material in this section assumes that the reader is familiar with the operation of the pn junction
under forward-bias conditions (Section 3.X).
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FIGURE 5.4 Profiles of minority-carrier concentrations in the base and in the emitter of an npn transistor
operating in the active mode: vz, >0 and vz 2 0.

Let us now consider the electrons injected from the emitter into the base. These electrons
will be minority carriers in the p-type base region. Because the base is usually very thin,
in the steady state the excess minority carrier (electron) concentration in the base will have
an almost straight-line profile, as indicated by the solid straight line in Fig. 5.4. The electron
concentration will be highest [denoted by 7,(0)] at the emitter side and lowest (zero) at the
collector side.> As in the case of any forward-biased pn junction (Section 3.X), the concen-

tration 7,,(0) will be proportional to eV

n,(0) = nype™ T 5.1)
where n,, is the thermal equilibrium value of the minority-carrier (electron) concentration
in the base region, vy is the forward base—emitter bias voltage, and V; is the thermal volt-
age, which is equal to approximately 25 mV at room temperature. The reason for the zero
concentration at the collector side of the base is that the positive collector voltage v causes
the electrons at that end to be swept across the CBJ depletion region.

The tapered minority-carrier concentration profile (Fig. 5.4) causes the electrons injected
into the base to diffuse through the base region toward the collector. This electron diffusion
current /,, is directly proportional to the slope of the straight-line concentration profile,
dn,(x)

AggD,—L—
9Py dx

w22

I

n

(5.2)

? This minority carrier distribution in the base results from the boundary conditions imposed by the
two junctions. It is not an exponentially decaying distribution, which would result if the base region
were infinitely thick. Rather, the thin base causes the distribution to decay linearly. Furthermore, the
reverse bias on the collector—base junction causes the electron concentration at the collector side of
the base to be zero.

Bl
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where A is the cross-sectional area of the base—emitter junction (in the direction perpendi-
cular to the page), ¢ is the magnitude of the electron charge, D, is the electron diffusivity in
the base, and W is the effective width of the base. Observe that the negative slope of the
minority-carrier concentration results in a negative current 7, across the base; that is, 1, flows
from right to left (in the negative direction of x).

Some of the electrons that are diffusing through the base region will combine with holes,
which are the majority carriers in the base. However, since the base is usually very thin, the
proportion of electrons “lost” through this recombination process will be quite small. Never-
theless, the recombination in the base region causes the excess minority-carrier concentration
profile to deviate from a straight line and take the slightly concave shape indicated by the
broken line in Fig. 5.4. The slope of the concentration profile at the EBJ is slightly higher
than that at the CBJ, with the difference accounting for the small number of electrons lost in
the base region through recombination.

The Collector Current  From the above we see that most of the diffusing electrons will
reach the boundary of the collector-base depletion region. Because the collector is more
positive than the base (by vy volts), these successful electrons will be swept across the CBJ
depletion region into the collector. They will thus get “collected” to constitute the collector
current i.. Thus i, = I,, which will yield a negative value for i, indicating that i, flows in
the negative direction of the x axis (i.e., from right to left). Since we will take this to be the
positive direction of i, we can drop the negative sign in Eq. (5.2). Doing this and substituting
for n,(0) from Eq. (5.1), we can thus express the collector current ic as

vge/ Vo

ic = Ige (5.3)
where the saturation current /; is given by
Iy = AEqD,,npO/W

Substituting 7,,, = nf/ N ,,where n; is the intrinsic carrier density and N, is the doping con-
centration of the base, we can express I as

I =
s N,W

5.4

An important observation to make here is that the magnitude of i, is independent of vg.
That is, as long as the collector is positive with respect to the base, the electrons that reach
the collector side of the base region will be swept into the collector and register as collector
current.

The saturation current /g is inversely proportional to the base width W and is directly
proportional to the area of the EBJ. Typically I is in the range of 102 A0 107 A
(depending on the size of the device). Because Iy is proportional to n,2 , itis a strong function
of temperature, approximately doubling for every 5°C rise in temperature. (For the depen-
dence of n,2 on temperature, refer to Eq. 3.X.)

Since I is directly proportional to the junction area (i.e., the device size), it will also be
referred to as the scale current. Two transistors that are identical except that one has an
EBJ area, say, twice that of the other will have saturation currents with that same ratio
(i.e., 2). Thus for the same value of vy the larger device will have a collector current
twice that in the smaller device. This concept is frequently employed in integrated-circuit
design.
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The Base Current The base current i is composed of two components. The first compo-
nent iy, is due to the holes injected from the base region into the emitter region. This current
component is proportional to eV,

2

N,L (5.5)

igy =
P

where D, is the hole diffusivity in the emitter, L, is the hole diffusion length in the emitter,
and N, is the doping concentration of the emitter.

The second component of base current, iy, is due to holes that have to be supplied by the
external circuit in order to replace the holes lost from the base through the recombination
process. An expression for i, can be found by noting that if the average time for a minority
electron to recombine with a majority hole in the base is denoted 7, (called minority-carrier
lifetime), then in 7, seconds the minority-carrier charge in the base, Q,, recombines with
holes. Of course in the steady state, Q, is replenished by electron injection from the emitter.
To replenish the holes, the current iz, must supply the base with a positive charge equal to
0, every T, seconds,

iy = 2 (5.6)

b

The minority-carrier charge stored in the base region, Q,, can be found by reference to Fig. 5.4.
Specifically, Q, is represented by the area of the triangle under the straight-line distribution
in the base, thus

Q, = Aggxin,(OW

Substituting for n,(0) from Eq. (5.1) and replacing n,, by n./N gives
P P i A

2
_ ApgWny v/

= 5.7
0, = =Sy e (5.7)
which can be substituted in Eq. (5.6) to obtain
A 2 Uge/ Vr
igy = l_iW_n_,e v (5.8)
2 ,N,

Combining Egs. (5.5) and (5.8) and utilizing Eq. (5.4), we obtain for the total base current iy
the expression

2
iy = IS(D pNaW LW )e”“/vf (5.9)

D,NpL, 2D,1,

Comparing Egs. (5.3) and (5.9), we see that iz can be expressed as a fraction of i as follows:

. ic
iy = < (5.10)
B
That is,
. 1o\ vp/V
ip = (Bs)e BET (5.11)
where fis given by
2
B = 1/(&’&1}51 114 ) (5.12)
D,NpL, 2D,7,
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from which we see that 3 is a constant for the particular transistor. For modern npn
transistors, 3 is in the range 100 to 200, but it can be as high as 1000 for special devices.
For reasons that will become clear later, the constant f is called the common-emitter
current gain.

Equation (5.12) indicates that the value of f is highly influenced by two factors: the
width of the base region, W, and the relative dopings of the base region and the emitter
region, (N,/Np). To obtain a high 8 (which is highly desirable since J represents a gain
parameter) the base should be thin (W small) and lightly doped and the emitter heavily
doped (N,/Nj small). Finally, we note that the discussion thus far assumes an idealized
situation, where  is a constant for a given transistor.

The Emitter Current Since the current that enters a transistor must leave it, it can be
seen from Fig. 5.3 that the emitter current i, is equal to the sum of the collector current i
and the base current i,

ip = ic+ig (5.13)
Use of Egs. (5.10) and (5.13) gives
i = 81, (5.14)
B
That is,
i = By oV (5.15)
B
Alternatively, we can express Eq. (5.14) in the form
ic = Qg (5.16)
where the constant ¢ is related to by
B
o= 5.17
B+1 >.17)
Thus the emitter current in Eq. (5.15) can be written
vpe/Vr
ir = (Ug/)e (5.18)
Finally, we can use Eq. (5.17) to express 3 in terms of ¢ that is,
o
=% 5.19
p= (519

It can be seen from Eq. (5.17) that « is a constant (for the particular transistor) that is
less than but very close to unity. For instance, if = 100, then o = 0.99. Equation (5.19)
reveals an important fact: Small changes in o correspond to very large changes in . This
mathematical observation manifests itself physically, with the result that transistors of the
same type may have widely different values of . For reasons that will become apparent
later, o is called the common-base current gain.

Finally, we should note that because o and 3 characterize the operation of the BJT in the
“forward active” mode, as opposed to the “reverse active” mode, which we shall discuss
shortly, they are often denoted o and 3. We shall use oz and o interchangeably and, simi-

larly, B and S
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FIGURE 5.5 Large-signal equivalent-circuit models of the npn BJT operating in the forward active mode.

Recapitulation and Equivalent-Circuit Models We have presented a first-order model
for the operation of the npn transistor in the active (or “forward” active) mode. Basi-
cally, the forward-bias voltage vz, causes an exponentially related current i, to flow in the
collector terminal. The collector current i is independent of the value of the collector volt-
age as long as the collector—base junction remains reverse-biased; that is, vz = 0. Thus in
the active mode the collector terminal behaves as an ideal constant-current source where the
value of the current is determined by wvg,. The base current iy is a factor 1/ of the collec-
tor current, and the emitter current is equal to the sum of the collector and base currents.
Since iy is much smaller than i, (i.e., B = 1), i = i.. More precisely, the collector current
is a fraction oy of the emitter current, with o smaller than, but close to, unity.

This first-order model of transistor operation in the forward active mode can be repre-
sented by the equivalent circuit shown in Fig. 5.5(a). Here diode Dy has a scale current I
equal to (/¢/ o) and thus provides a current iy related to vy according to Eq. (5.18). The
current of the controlled source, which is equal to the collector current, is controlled by
ugg according to the exponential relationship indicated, a restatement of Eq. (5.3). This
model is in essence a nonlinear voltage-controlled current source. It can be converted to
the current-controlled current-source model shown in Fig. 5.5(b) by expressing the cur-
rent of the controlled source as o;ig. Note that this model is also nonlinear because of the
exponential relationship of the current iy through diode D and the voltage vgg. From this
model we observe that if the transistor is used as a two-port network with the input port
between E and B and the output port between C and B (i.e., with B as a common termi-
nal), then the current gain observed is equal to 4. Thus ¢ is called the common-base
current gain.

EXERCISES

5.1 Consider an npn transistor with vg; = 0.7 V at i = 1 mA. Find v at i-=0.1 mA and 10 mA.
Ans. 0.64 V;0.76 V
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5.2

53

5.4

Transistors of a certain type are specified to have 3 values in the range 50 to 150. Find the range of their
a values.

Ans. 0.980 to 0.993

Measurement of an npn BJT in a particular circuit shows the base current to be 14.46 uA, the emitter
current to be 1.460 mA, and the base—emitter voltage to be 0.7 V. For these conditions, calculate o, f3,
and /.

Ans. 0.99; 100; 10715 A

Calculate S for two transistors for which o =0.99 and 0.98. For collector currents of 10 mA, find the
base current of each transistor.

Ans. 99; 49; 0.1 mA; 0.2 mA

5.1.3 Structure of Actual Transistors

Figure 5.6 shows a more realistic (but still simplified) cross-section of an npn BJT. Note that
the collector virtually surrounds the emitter region, thus making it difficult for the electrons
injected into the thin base to escape being collected. In this way, the resulting o is close to
unity and f3; is large. Also, observe that the device is not symmetrical. For more details on
the physical structure of actual devices, the reader is referred to Appendix A.

The fact that the BJT structure is not symmetrical means that if the emitter and collector
are interchanged and the transistor is operated in the reverse active mode, the resulting values
of ovand f3, denoted o and f;, will be different from the forward active mode values, o
and By. Furthermore, because the structure is optimized for forward mode operation, o and
Br will be much lower than their forward mode counterparts. Of course, oy and fB; are
related by equations identical to those that relate ¢ and f3;. Typically, o is in the range of
0.01 to 0.5, and the corresponding range of B is 0.01 to 1.

The structure in Fig. 5.6 indicates also that the CBJ has a much larger area than the EBJ.
It follows that if the transistor is operated in the reverse active mode (i.e., with the CBJ
forward biased and the EBJ reverse biased) and the operation is modeled in the manner of
Fig. 5.5(b), we obtain the model shown in Fig. 5.7. Here diode D represents the collector-base
junction and has a scale current /s that is much larger than the scale current Ig; of diode Dp.
The two scale currents have, of course, the same ratio as the areas of the corresponding junc-
tions. Furthermore, a simple and elegant formula relates the scale currents Iy, I5, and I and
the current gains o and o, namely

Oplsp = Ol = I (5.20)

FIGURE 5.6 Cross-section of an npn BJT.
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FIGURE 5.7 Model for the npn transistor when operated in the reverse
E active mode (i.e., with the CBJ forward biased and the EBJ reverse biased).

The large scale current /g has the effect that for the same current, the CBJ exhibits a
lower voltage drop when forward biased than the forward voltage drop of the EBJ, V.. This
point will have implications for the BJT’s operation in the saturation mode.

EXERCISE

5.5 A particular transistor is said to have ;=1 and o = 0.01. Its emitter scale current (Igz) is approxi-
mately 10715 A. What is its collector scale current (I40)? What is the size of the collector junction
relative to the emitter junction? What is the value of f3;?

Ans. 107" A; 100 times larger; 0.01

5.1.4 The Ebers-Moll (EM) Model

The model of Fig. 5.5(a) can be combined with that of Fig. 5.7 to obtain the circuit model
shown in Fig. 5.8. Note that we have relabelled the currents through Dy and D and the cor-
responding control currents of the controlled sources as ip; and iy Ebers and Moll, two

FIGURE 5.8 The Ebers-Moll (EM) model of the
E npn transistor.



@Yo
12 -9 CHAPTER5 BIPOLAR JUNCTION TRANSISTORS (BJTs)

early workers in the area, have shown that this composite model can be used to predict the
operation of the BJT in all of its possible modes. To see how this can be done, we derive
expressions for the terminal currents iy, i, and iy in terms of the junction voltages v, and
uge. Toward that end, we write an expression for the current at each of the three nodes of the
model in Fig. 5.8 as follows:

ip = Ipgp— Ogipc (5.21)
ic = —ipc+ Opipg (5.22)
ig = (L—op)ipp+(1—0ag)ipe (5.23)

Then we use the diode equation to express ipr and ip as

vgp/ Vr

—1) (5.24)

ipe = Isg(e

and

vge/Vr

ipe = Isc(e -1 (5.25)

Substituting for iy and ip into Egs. (5.21), (5.22), and (5.23) and using the relationship in
Eq. (5.20) yield the required expressions:

1 Ugp/ V1 Upc’ Vr
ip = (f)(e RS PR NP (5.26)
F
io= 1™ 1)—(5)(5‘”/”— 1 (5.27)
Og
. IS) vgp/ Vy IS vge/ Vo
i, =[5 —l)+(—)(e —1) (5.28)
s (ﬁF Br
where
Or
- 5.29
Br o (5.29)
and
O
_ 530
b= oL (5.30)

As a first application of the EM model, we shall use it to predict the terminal currents of
a transistor operating in the forward active mode. Here vy is positive and in the range of
0.6 V to 0.8 V, and vy is negative. One can easily see that terms containing e’V will be
negligibly small and can be neglected to obtain

i = (ﬁ)e””/” + 15(1 _ i) (5.31)
Or (293
T AN Is(i - 1) (5.32)
O

= ([Ii)e””/vf - Is(ﬂlF + l%e) (5.33)
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In each of these three equations, one can normally neglect the second term on the right-hand
side. This results in the familiar current-voltage relationships we derived earlier, namely,
Egs. (5.18), (5.3), and (5.11), respectively.

Thus far, we have stated the condition for forward active mode operation as vz = 0
to ensure that the CBJ is reverse biased. In actual fact, however, a pn junction does not
become effectively forward biased until the forward voltage across it exceeds approxi-
mately 0.5 V or so. It follows that one can maintain active mode operation of an npn
transistor for negative vcz down to approximately —0.4 V or so. This is illustrated in Fig. 5.9,
which shows a sketch of i versus v for an npn transistor operated with a constant emit-
ter Ip. Observe that i remains constant at o[ for vz going negative to approximately
—0.4 V. Below this value of vcz, the CBJ becomes forward biased and the transistor leaves
the active mode and enters the saturation mode of operation, where i~ decreases. We
shall study BJT saturation next. For now, however, note that we can use the EM equa-
tions to verify that the terms containing ¢’V remain negligibly small for vg as high
as 0.4 V.

EXERCISE

5.6 For a BJT with oz = 0.99, oz = 0.02, and I = 107'5 A, calculate the second term on the right-hand side
of each of Egs. (5.31), (5.32), and (5.33) to verify that they can be ignored. Then calculate i, ic, and i
for vz =0.7 V.

Ans. —107'7 A; 49 x 1075 A; -3 x 10717 A; 1.461 mA; 1.446 mA; 0.0145 mA

5.1.5 Operation in the Saturation® Mode

Figure 5.9 indicates that as v is lowered below approximately 0.4 V, the BJT enters the
saturation mode of operation. Ideally, u-5 has no effect on the collector current in the active
mode, but the situation changes dramatically in saturation: Increasing v in the negative
direction—that is, increasing the forward-bias voltage of the CBJ—reduces i.. To see this
analytically, consider the Ebers-Moll expression for i in Eq. (5.27) and, for simplicity,
neglect the terms not involving exponentials to obtain

U, I U,
iv = Ise BE/VT_(;S)e vV (5.34)
R

The first term on the right-hand side is a result of the forward-biased EBJ, and the second
term is a result of the forward-biased CBJ. The second term starts to play a role when vg
exceeds approximately 0.4 V or so. As up is increased, this term becomes larger and subtracts
from the first term, causing i. to reduce, eventually reaching zero. Of course, one can operate

? Saturation in a BJT means something completely different from that in a MOSFET. The saturation
mode of operation of the BJT is analogous to the triode region of operation of the MOSFET. On the
other hand, the saturation region of operation of the MOSFET corresponds to the active mode of BJT
operation.
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FIGURE 5.9 The i-—vcp characteristics of an npn transistor fed with a constant emitter current /.
The transistor enters the saturation mode of operation for vz <—0.4 'V, and the collector current

falls off.
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FIGURE 5.10 Concentration profile of the minority carriers (electrons) in the base of an npn transistor
operating in saturation mode.

the saturated transistor at any value of i lower than ol;. We will have more to say about
saturation-mode operation in subsequent sections. Here, however, it is instructive to exam-
ine the minority-carrier concentration profile in the base of the saturated transistor, as shown
in Fig. 5.10. Observe that because the CBJ is now forward biased, the electron concentration
at the collector edge of the base is no longer zero; rather, it is a value proportional to
¢"’'7 Also note that the slope of the concentration profile is reduced in correspondence
with the reduction in i.
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EXERCISE

5.7 (a) Use the EM expressions in Egs. (5.26) and (5.27) to show that the i.—v.; relationship sketched
in Fig. 5.9 can be described by i = ozl + [0y — (1/aR)]e”BC/VT. Neglect all terms not containing
exponentials.

(b) For the case Iy = 1075 A, I;=1mA, o= 1, and oz = 0.01, find i, for vz =-1V,+0.4V,+0.5V,
+0.54 V, and +0.57 V. Also find the value of v at which i = 0.

(c) At the value of vp that makes i, zero, what do you think iz should be? Verify using Eq. (5.28).
Ans. 1 mA; 1 mA; 0.95 mA; 0.76 mA; 0.20 mA; 576 mV; 1 mA; 1 mA

5.1.6 The pnp Transistor

The pnp transistor operates in a manner similar to that of the npn device described above.
Figure 5.11 shows a pnp transistor biased to operate in the active mode. Here the voltage Vi
causes the p-type emitter to be higher in potential than the n-type base, thus forward-biasing
the base—emitter junction. The collector—base junction is reverse-biased by the voltage Vi,
which keeps the p-type collector lower in potential than the n-type base.

Unlike the npn transistor, current in the pnp device is mainly conducted by holes
injected from the emitter into the base as a result of the forward-bias voltage V. Since the
component of emitter current contributed by electrons injected from base to emitter is kept
small by using a lightly doped base, most of the emitter current will be due to holes. The
electrons injected from base to emitter give rise to the first component of base current, ig,.
Also, a number of the holes injected into the base will recombine with the majority carriers
in the base (electrons) and will thus be lost. The disappearing base electrons will have to be
replaced from the external circuit, giving rise to the second component of base current, ig,.
The holes that succeed in reaching the boundary of the depletion region of the collector—
base junction will be attracted by the negative voltage on the collector. Thus these holes will
be swept across the depletion region into the collector and appear as collector current.

Forward-biased Reverse-biased

Injected

| C
electrons Recombined
holes
+ % o
————— 0 U0 —O Upc © .
b q
g 1, || 1
1t [N
Ves Vac

FIGURE 5.11 Current flow in a pnp transistor biased to operate in the active mode.
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FIGURE 5.12 Large-signal model for the pnp transistor operating
in the active mode.

It can easily be seen from the above description that the current-voltage relationships of
the pnp transistor will be identical to those of the npn transistor except that vz, has to be
replaced by ugp. Also, the large-signal active-mode operation of the pnp transistor can be
modeled by the circuit depicted in Fig. 5.12. As in the npn case, another version of this
equivalent circuit is possible in which the current source is replaced with a current-
controlled current source oip. Finally, we note that the pnp transistor can operate in the
saturation mode in a manner analogous to that described for the npn device.

EXERCISES

5.8

5.9

Consider the model in Fig. 5.12 applied in the case of a pnp transistor whose base is grounded, the emit-
ter is fed by a constant-current source that supplies a 2-mA current into the emitter terminal, and the
collector is connected to a—10-V dc supply. Find the emitter voltage, the base current, and the collector
current if for this transistor 8= 50 and Iy = 10"'* A.

Ans. 0.650 V; 39.2 uA; 1.96 mA

For a pnp transistor having I = 107" A and B =100, calculate vgg for ic=1.5 A.

Ans. 0.643 V

'ﬂ 5.2 CURRENT-VOLTAGE CHARACTERISTICS

5.2.1 Circuit Symbols and Conventions

The physical structure used thus far to explain transistor operation is rather cumbersome to
employ in drawing the schematic of a multitransistor circuit. Fortunately, a very descriptive
and convenient circuit symbol exists for the BJT. Figure 5.13(a) shows the symbol for the
npn transistor; the pnp symbol is given in Fig. 5.13(b). In both symbols the emitter is distin-
guished by an arrowhead. This distinction is important because, as we have seen in the last
section, practical BJTs are not symmetric devices.

The polarity of the device—npn or pnp—is indicated by the direction of the arrowhead
on the emitter. This arrowhead points in the direction of normal current flow in the emitter,
which is also the forward direction of the base—emitter junction. Since we have adopted a
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(a) (b) FIGURE 5.13 Circuit symbols for BJTs.
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FIGURE 5.14 Voltage polarities and current flow in transistors biased in the active mode.

drawing convention by which currents flow from top to bottom, we will always draw pnp
transistors in the manner shown in Fig. 5.13 (i.e., with their emitters on top).

Figure 5.14 shows npn and pnp transistors biased to operate in the active mode. It should
be mentioned in passing that the biasing arrangement shown, utilizing two dc sources, is not
a usual one and is used merely to illustrate operation. Practical biasing schemes will be pre-
sented in Section 5.5. Figure 5.14 also indicates the reference and actual directions of current
flow throughout the transistor. Our convention will be to take the reference direction to
coincide with the normal direction of current flow. Hence, normally, we should not encounter
a negative value for ig, i, or ic.

The convenience of the circuit drawing convention that we have adopted should be obvious
from Fig. 5.14. Note that currents flow from top to bottom and that voltages are higher at
the top and lower at the bottom. The arrowhead on the emitter also implies the polarity
of the emitter—base voltage that should be applied in order to forward bias the emitter—base
junction. Just a glance at the circuit symbol of the pnp transistor, for example, indicates that
we should make the emitter higher in voltage than the base (by vg) in order to cause current
to flow into the emitter (downward). Note that the symbol vz means the voltage by which
the emitter (E) is higher than the base (B). Thus for a pnp transistor operating in the active
mode wvgg is positive, while in an npn transistor v is positive.

From the discussion of Section 5.1 it follows that an npn transistor whose EBJ is for-
ward biased will operate in the active mode as long as the collector voltage does not fall
below that of the base by more than approximately 0.4 V. Otherwise, the transistor leaves
the active mode and enters the saturation region of operation.



@Yo\
18 @:i"‘z) CHAPTER 5 BIPOLAR JUNCTION TRANSISTORS (BJTs)

TABLE 5.2  Summary of the BJT Current-Voltage Relationships in the Active Mode

g/ Vo
ic =1
i l_C _ ({;g)evBE/VT
B = =
B \B

. ic _ Is vpp/Vr
ip=—==|=le
(04 o

Note: For the pnp transistor, replace vg; with vgg.

. . . . i
ic = oig 13=(1—0()lE=ﬁf1
ic = Pig ip = (B+1ig

— o :...g__
P=1"2 YT B

Vp = thermal voltage = kT =25 mV at room temperature

In a parallel manner, the pnp transistor will operate in the active mode if the EBJ is for-
ward biased and the collector voltage is not allowed to rise above that of the base by more
than 0.4 'V or so. Otherwise, the CBJ becomes forward biased, and the pnp transistor enters
the saturation region of operation.

For easy reference, we present in Table 5.2 a summary of the BJT current-voltage rela-
tionships in the active mode of operation. Note that for simplicity we use o and S rather than
o and .

The Constant n In the diode equation (Chapter 3) we used a constant n in the exponential
and mentioned that its value is between 1 and 2. For modern bipolar junction transistors the
constant 7 is close to unity except in special cases: (1) at high currents (i.e., high relative to
the normal current range of the particular transistor) the i-—ug; relationship exhibits a value
for n that is close to 2, and (2) at low currents the iz—vg relationship shows a value for n of
approximately 2. Note that for our purposes we shall assume always that n = 1.

The Collector-Base Reverse Current (/50) In our discussion of current flow in transis-
tors we ignored the small reverse currents carried by thermally generated minority carriers.
Although such currents can be safely neglected in modern transistors, the reverse current
across the collector—base junction deserves some mention. This current, denoted /-5, is the
reverse current flowing from collector to base with the emitter open-circuited (hence the
subscript O). This current is usually in the nanoampere range, a value that is many times
higher than its theoretically predicted value. As with the diode reverse current, /-5, contains a
substantial leakage component, and its value is dependent on vg. 15, depends strongly on
temperature, approximately doubling for every 10°C rise.*

*The temperature coefficient of /-, is different from that of /g because /-, contains a substantial
leakage component.
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The transistor in the circuit of Fig. 5.15(a) has §= 100 and exhibits a vgz of 0.7 V at i = 1 mA.
Design the circuit so that a current of 2 mA flows through the collector and a voltage of +5 V
appears at the collector.

+15V
Rc
.=+

L 5V

- _VBE
R
-15V

(a) (b)

FIGURE 5.15 Circuit for Example 5.1.

Solution

Refer to Fig. 5.15(b). We note at the outset that since we are required to design for Vo =+5V, the
CBJ will be reverse biased and the BJT will be operating in the active mode. To obtain a voltage
V=45V the voltage drop across R- must be 15 -5 =10 V. Now, since /- =2 mA, the value of
R should be selected according to

Re = A2V — 5kQ

~ 2mA
Since vz =0.7 V at i =1 mA, the value of vgz ati-=2 mA is

Vyp = O.7+VT1nG) = 0717V

Since the base is at 0 V, the emitter voltage should be

Vg =-0717V
For =100, & = 100/101 = 0.99. Thus the emitter current should be
1
I,=<=2 —20mA
a 099
Now the value required for R can be determined from
Vg — (=15
g, = Ve~ C19)
Ig
_ =0717+15 _ 707 kQ

2.02
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This completes the design. We should note, however, that the calculations above were made with a
degree of accuracy that is usually neither necessary nor justified in practice in view, for instance, of
the expected tolerances of component values. Nevertheless, we chose to do the design precisely in
order to illustrate the various steps involved.

EXERCISES

5.10 In the circuit shown in Fig. E5.10, the voltage at the emitter was measured and found to be —0.7 V. If
B =150, find I, I, I, and V.

+10V

—10V FIGURE E5.10

Ans. 0.93 mA; 18.2 tA; 0.91 mA; +5.45 V

5.11 In the circuit shown in Fig. E5.11, measurement indicates Vj to be +1.0 V and V; to be +1.7 V. What
are o and f3 for this transistor? What voltage V- do you expect at the collector?

+10V

Vp

100 kQ
5kQ

—-10V FIGURE E5.11
Ans. 0.994; 165;-1.75V
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0 SS 015 0I7 >  FIGURE 5.16 The i-—vy characteristic for an npn

g (V) transistor.

5.2.2 Graphical Representation of Transistor
Characteristics

It is sometimes useful to describe the transistor i—v characteristics graphically. Figure 5.16
shows the i-—vg characteristic, which is the exponential relationship

io = Ie™T
which is identical (except for the value of constant n) to the diode i—v relationship. The
ig—vgp and ig—vpp characteristics are also exponential but with different scale currents:
I/ o for ig, and 14/ for ig. Since the constant of the exponential characteristic, 1/V,
is quite high (=40), the curve rises very sharply. For vg; smaller than about 0.5 V, the
current is negligibly small.’> Also, over most of the normal current range v lies in the
range of 0.6 V to 0.8 V. In performing rapid first-order dc calculations we normally will
assume that Vzp = 0.7 V, which is similar to the approach used in the analysis of diode
circuits (Chapter 3). For a pnp transistor, the i-—vgz characteristic will look identical to
that of Fig. 5.16.

As in silicon diodes, the voltage across the emitter—base junction decreases by about
2 mV for each rise of 1°C in temperature, provided that the junction is operating at a constant
current. Figure 5.17 illustrates this temperature dependence by depicting i-—vgg curves at
three different temperatures for an npn transistor.

The Common-Base Characteristics One way to describe the operation of a transistor is
to plot i versus ucp for various values of ir. We have already encountered one such graph,
in Fig. 5.9, which we used to introduce the saturation mode of operation. A conceptual
experimental setup for measuring such characteristics is shown in Fig. 5.18(a). Observe
that in these measurements the base voltage is held constant, here at ground potential, and
thus the base serves as a common terminal between the input and output ports. Conse-
quently, the resulting set of characteristics, shown in Fig. 5.18(b), are known as common-base
characteristics.

° The io—vg characteristic is the BJT’s counterpart of the ip—vgg characteristic of the enhancement
MOSFET. They share an important attribute: In both cases the voltage has to exceed a “threshold” for
the device to conduct appreciably. In the case of the MOSFET, there is a formal threshold voltage, V,,
which lies in the range of 0.6 V to 0.8 V. For the BJT, there is an “apparent threshold” of approximately
0.5 V. The ip—vgs characteristic of the MOSFET is parabolic and thus is less steep than the i-—vgg
characteristic of the BJT. This difference has a direct and significant implication to the value of
transconductance g,, realized with each device.

v
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FIGURE 5.17 Effect of temperature on the i-—vg
- characteristic. At a constant emitter current (broken
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FIGURE 5.18 The i-—v¢p characteristics for an npn transistor.

In the active region of operation, obtained for v.;2>-0.4 V or so, the i-—vqp curves
deviate from our expectations in two ways. First, the curves are not horizontal straight lines
but show a small positive slope, indicating that i~ depends slightly on v¢p in the active mode.
We shall discuss this phenomenon shortly. Second, at relatively large values of ucp, the
collector current shows a rapid increase, which is a breakdown phenomenon we will con-
sider at a later stage.

As indicated in Fig. 5.18(b), each of the characteristic curves intersects the vertical axis
at a current level equal to od, where I is the constant emitter current at which the particular
curve is measured. The resulting value of ¢ is a total or large-signal o; thatis, o = i/ i,
where i and i denote total collector and emitter currents, respectively. Here we recall that
« is appropriately called the common-base current gain. An incremental or small-signal o
can be determined by measuring the change in i, Ai., obtained as a result of changing iy by
an increment Aig, o= Ai./Aig. This measurement is usually made at a constant ugg, as
indicated in Fig. 5.18(b). Usually, the values of incremental and total o differ slightly, but
we shall not make a distinction between the two in this book.
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Finally, turning to the saturation region, the Ebers-Moll equations can be used to obtain
the following expression for the i-—v¢p curve in the saturation region (for iy, = Ip),

iv = oply— Is(ai - aF)eUBC/VT (5.35)

R
We can use this equation to determine the value of v at which i, is reduced to zero. Recall-
ing that the CBJ is much larger than the EBJ, the forward-voltage drop v, will be smaller
than wvg resulting in a collector-emitter voltage, veg, of 0.1 V to 0.3 V in saturation.

EXERCISES

5.12 Consider a pnp transistor with vgz = 0.7 V at iy = | mA. Let the base be grounded, the emitter be fed by a
2-mA constant-current source, and the collector be connected to a —5-V supply through a 1-kQ resis-
tance. If the temperature increases by 30°C, find the changes in emitter and collector voltages. Neglect
the effect of I-pp.

Ans. —-60 mV; 0 V.

5.13 Find the value of v at which i, of an npn transistor operated in the CB configuration with Iz = 1 mA is
reduced (a) to half its active-mode value and (b) to zero. Assume o= 1 and o = 0.1. The value of Vy
was measured for vq; = 0 [see measuring setup in Fig. 5.18(a)] and found to be 0.70 V. Repeat (a) and
(b) for oz = 0.01.

Ans. 0.628 V; 0.645 V; 0.568 V; 0.585 V.

5.2.3 Dependence of i; on the Collector Voltage—The Early Effect

When operated in the active region, practical BJTs show some dependence of the collector
current on the collector voltage, with the result that their i-—vq5 characteristics are not per-
fectly horizontal straight lines. To see this dependence more clearly, consider the conceptual
circuit shown in Fig. 5.19(a). The transistor is connected in the common-emitter configura-
tion; that is, here the emitter serves as a common terminal between the input and output
ports. The voltage V can be set to any desired value by adjusting the dc source connected
between base and emitter. At each value of Vg, the corresponding i-—v characteristic curve
can be measured point-by-point by varying the dc source connected between collector and
emitter and measuring the corresponding collector current. The result is the family of i-—vqg
characteristic curves shown in Fig. 5.19(b) and known as common-emitter characteristics.

At low values of v, as the collector voltage goes below that of the base by more than
0.4 V, the collector—base junction becomes forward biased and the transistor leaves the
active mode and enters the saturation mode. We shall shortly look at the details of the i-—v¢p
curves in the saturation region. At this time, however, we wish to examine the characteristic
curves in the active region in detail. We observe that the characteristic curves, though still
straight lines, have finite slope. In fact, when extrapolated, the characteristic lines meet at a
point on the negative v axis, at vo; = —V,. The voltage V,, a positive number, is a parame-
ter for the particular BJT, with typical values in the range of 50 V to 100 V. It is called the
Early voltage, after J. M. Early, the engineering scientist who first studied this phenomenon.

At a given value of v, increasing vqy increases the reverse-bias voltage on the collector—
base junction and thus increases the width of the depletion region of this junction (refer to
Fig. 5.3). This in turn results in a decrease in the effective base width W. Recalling that I is
inversely proportional to W (Eq. 5.4), we see that /; will increase and that i increases pro-
portionally. This is the Early effect.
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FIGURE 5.19 (a) Conceptual circuit for measuring the i-—v characteristics of the BJT. (b) The i-—vcx
characteristics of a practical BJT.

The linear dependence of i on v can be accounted for by assuming that /g remains
constant and including the factor (1 + v/ V) in the equation for i, as follows:

ic = Ise”“/VT(l + 39'-5) (5.36)
Va

The nonzero slope of the i-—v straight lines indicates that the output resistance looking

into the collector is not infinite. Rather, it is finite and defined by

. -1
r, = [ dic } (5.37)
avCE U p=constant
BE
Using Eq. (5.36) we can show that
= Vat Ve (5.38)
o IC .

where I~ and V; are the coordinates of the point at which the BJT is operating on the partic-
ular i-—v curve (i.e., the curve obtained for vg; = V). Alternatively, we can write

\%
o= A
C

where I is the value of the collector current with the Early effect neglected; that is,

(5.38a)

Vee/Vy

I = Ige (5.38b)

It is rarely necessary to include the dependence of i on v in dc bias design and analy-
sis. However, the finite output resistance r, can have a significant effect on the gain of
transistor amplifiers, as will be seen in later sections and chapters.

The output resistance r,, can be included in the circuit model of the transistor. This is illus-
trated in Fig. 5.20, where we show large-signal circuit models of a common-emitter npn
transistor operating in the active mode. Observe that diode Dz models the exponential depen-
dence of ig on v and thus has a scale current I, = I/ . Also note that the two models
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FIGURE 5.20 Large-signal equivalent-circuit models of an npn BJT operating in the active mode in the
common-emitter configuration.

differ only in how the control function of the transistor is expressed: In the circuit of Fig. 5.20(a),
voltage vz controls the collector current source, while in the circuit of Fig. 5.20(b), the base
current iz is the control parameter for the current source fi;. Here we note that 8 represents the
ideal current gain (i.e., when r, is not present) of the common-emitter configuration, which is
the reason for its name, the common-emitter current gain.

EXERCISES

5.14 Find the output resistance of a BJT for which V, =100 V at I-=0.1, 1, and 10 mA.
Ans. 1 MQ; 100 kQ; 10 kQ

&

AN
Cilhd
(=g

5.15 Consider the circuit in Fig. 5.19(a). At V=1V, Vpzis adjusted to yield a collector current of 1 mA. Then,
while V is kept constant, Vi is raised to 11 V. Find the new value of /.. For this transistor, V, = 100 V.

Ans. 1.1 mA

5.2.4 The Common-Emitter Characteristics

An alternative way of expressing the transistor common-emitter characteristics is illustrated in
Fig. 5.21. Here the base current i rather than the base—emitter voltage vy is used as a param-
eter. That is, each i —vu curve is measured with the base fed with a constant current /. The
resulting characteristics look similar to those in Fig. 5.19 except that here we show the break-
down phenomenon, which we shall discuss shortly. We should also mention that although it is
not obvious from the graphs, the slope of the curves in the active region of operation differs
from the corresponding slope in Fig. 5.19. This, however, is a rather subtle point and beyond
our interest at this moment.

The Common-Emitter Current Gain An important transistor parameter is the common-
emitter current gain 3, or simply f. Thus far we have defined f as the ratio of the total
current in the collector to the total current in the base, and we have assumed that f3 is con-
stant for a given transistor, independent of the operating conditions. In the following we
examine those two points in some detail.

Consider a transistor operating in the active region at the point labeled Q in Fig. 5.21,
that is, at a collector current /-, a base current Iy, and a collector-emitter voltage Vzo. The

25
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FIGURE 5.21 Common-emitter characteristics. Note that the horizontal scale is expanded around the
origin to show the saturation region in some detail.

ratio of the collector current to the base current is the large-signal or dc 3,

B = Teq (5.39)

Igo

which is the B we have been using in our description of transistor operation. It is commonly
referred to on the manufacturer’s data sheets as /g, a symbol that comes from the use of the
hybrid, or A, two-port parameters to characterize transistor operation (see Appendix X and
Appendix Y). One can define another 8 based on incremental or small-signal quantities.
Referring to Fig. 5.21 we see that while keeping v constant at the value Vg, changing iy
from Iy, to (I + Aip) results in ic increasing from I to (1o + Aic). Thus we can define the
incremental or ac S, 3,., as

B, = Al (5.40)
Ai}f; vep=constant
The magnitudes of f3,. and S, differ, typically by approximately 10% to 20%. In this book we
shall not normally make a distinction between the two. Finally, we should mention that the
small-signal f3 or f3, is also known by the alternate symbol /,,. Because the small-signal 3 or
hy, is defined and measured at a constant vc;—that is, with a zero signal component between
collector and emitter—it is known as the short-circuit common-emitter current gain.
The value of 8 depends on the current at which the transistor is operating and the relation-
ship takes the form shown in Fig. 5.22. The physical processes that give rise to this relationship
are beyond the scope of this book. Figure 5.22 also shows the temperature dependence of 3.

The Saturation Voltage V., and Saturation Resistance Rc:,; An expanded view
of the common-emitter characteristics in the saturation region is shown in Fig. 5.23. The fact
that the curves are “bunched” together in the saturation region implies that the incremental 3
is lower than in the active region. A possible operating point in the saturation region is
that labeled X. It is characterized by a base current I, a collector current /-, and a
collector—emitter voltage V. Note that I, < Bplp. Since the value of I, is decided on
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FIGURE 5.22 Typical dependence of fon I and on temperature in a modern integrated-circuit npn
silicon transistor intended for operation around 1 mA.
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FIGURE 5.23 An expanded view of the common-emitter characteristics in the saturation region.

by the circuit designer, a saturated transistor is said to be operating at a forced J given by

1
ﬁforced = — (541)
Iy
Thus,
ﬁforced < ﬁF (542)

The ratio of S to Boreeq s known as the overdrive factor. The greater the overdrive factor,
the deeper the transistor is driven into saturation and the lower V-, becomes.

G
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The i~—vc curves in saturation are rather steep, indicating that the saturated transistor
exhibits a low collector-to-emitter resistance Rge,

Repa= 59—5;@ - (5.43)
C lic=lcg
Typically, R, ranges from a few ohms to a few tens of ohms.

Figure 5.24(b) shows one of the i-—v; characteristic curves of the saturated transis-
tor shown in Fig. 5.24(a). It is interesting to note that the curve intersects the g, axis at
VrIn (1/04), a value common to all the ic—vue curves. We have also shown in Fig. 5.24(b)
the tangent at operating point X of slope 1/R g, When extrapolated, the tangent inter-
sects the ygg-axis at a voltage Vg, typically approximately 0.1 V. It follows that the ic—vcy
characteristic of a saturated transistor can be approximately represented by the equivalent circuit
shown in Fig. 5.24(c). At the collector side, the transistor is represented by a resistance Ry, in

ICsat A
| X
Slope =
| P RCEsut
¢ 1 Csat
Iy ——oC
+
VCI:\ 1t -
I T o
Ve B B 0 T V kot Vera
—_ Vi ln ( alR>
(a) (b)
I I “sal
B% ; C 1 B 1 Csat
7 B
+ +
RCEsat
V ; 07 V Ve “sa
BE Chsat Ve 0.7V 02V Ve
B -|- VCEoff B
o ° ° . o R o
o 2 9 c O
o il
(©) (d)

FIGURE 5.24 (a) An npn transistor operated in saturation mode with a constant base current /5. (b) The
ic—vcg characteristic curve corresponding to iz = I3. The curve can be approximated by a straight line of
slope 1/R g () Equivalent-circuit representation of the saturated transistor. (d) A simplified equivalent-
circuit model of the saturated transistor.
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series with a battery V. Thus the saturation voltage V-, can be found from
Vepa = Vero + caRcEsa (5.44)

Typically, Vg, falls in the range of 0.1 V to 0.3 V. For many applications the even simpler
model shown in Fig. 5.24(d) suffices. The offset voltage of a saturated transistor, though
small, makes the BJT less attractive as a switch than the MOSFET, whose i,—vpg character-
istics go right through the origin of the i,—vps plane.

It is interesting and instructive to use the Ebers-Moll model to derive analytical expressions
for the characteristics of the saturated transistor. Toward that end we use Eqgs. (5.28) and
(5.27), substitute iz = I, and neglect the small terms that do not include exponentials; thus,

1 vgp/ Vo 1 vge/ Vo
Se +3e

Iy = (5.45)
" B Br
iC _ Sez/BE/VT _ ﬁevBC/VT (546)
g
Dividing Eq. (5.46) by Eq. (5.45) and writing vz = vg-+ yep enables us to express i in the form
veg/Vr 1
e —_——
. o
ic = (Brlp) £ (5.47)

e”CE/VT " &
Br

This is the equation of the i-—v¢y characteristic curve obtained when the base is driven with a
constant current /. Figure 5.25 shows a typical plot of the normalized collector current i ./ ( 851 ),

( iC )_ Bforccd A

Brls)  Br

0—————————
0.9

0.8

0.7

0.6 VT In (& Slope =10 V—l

05———————
0.4 |
|

031 | ap=0.1  B;= 100

|
02 |
0.1 I

| [ | | -

0 T 100 I 200 300 400 ugp(mV)
VCE()ff |
1 e
Vrin (“R> 50 mV

FIGURE 5.25 Plot of the normalized i, versus u¢ for an npn transistor with 8y = 100 and o = 0.1. This
is a plot of Eq. (5.47), which is derived using the Ebers-Moll model.
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which is equal to (Borcea” Br)» VErsus yeg. As shown, the curve can be approximated by a straight
line coincident with the tangent at the point S,,..q/ Br = 0.5. It can be shown that this tangent
has a slope of approximately 10 v, independent of the transistor parameters. Thus,

Repa = 171001 (5.48)

Other important parameters of the normalized plot are indicated in Fig. 5.25. Finally, we can
obtain an expression for Vi, by substituting i = I'rg = Brorceals aNd ey = Vg in Eq. (5.47),

1+ (ﬁforced + 1)/ﬂR
5.49
1- (ﬁforced/ﬁF) ( )

EXERCISES

5.16 An npn transistor characterized by =100 and o= 0.1 is operated in saturation with a constant base cur-
rent of 0.1 mA and a forced f3 of 10. Find the values of Vg at ic= 0, Rigy, and Vego. Use the latter two
figures to obtain an approximate value for Vi, [i.e., using the equivalent circuit model of Fig. 5.24(c)].
Find a more accurate value for Vi, using Eq. (5.49), and compare results. Repeat for a f3;,..q of 20.

Ans. 58 mV; 10 Q; 120 mV; 130 mV and 118 mV; 140 mV and 137 mV
5.17 Measurements made on a BJT operated in saturation with a constant base-current drive provide the

following data: at i~ = 5 mA, ve =170 mV; at i =2 mA, v = 110 mV. What are the values of the
offset voltage Vp¢ and saturation resistance Rqp, in this situation?

Ans. 70 mV; 20 Q

VCEsal = VT In

5.2.5 Transistor Breakdown

The maximum voltages that can be applied to a BJT are limited by the EBJ and CBJ break-
down effects that follow the avalanche multiplication mechanism described in Section 3.X.
Consider first the common-base configuration. The i-—vp characteristics in Fig. 5.18(b)
indicate that for iy = O (i.e., with the emitter open-circuited) the collector—base junction breaks
down at a voltage denoted by BV .. For iy > 0, breakdown occurs at voltages smaller than
BV po. Typically, BV, is greater than 50 V.

Next consider the common-emitter characteristics of Fig. 5.21, which show breakdown
occurring at a voltage BV, Here, although breakdown is still of the avalanche type, the
effects on the characteristics are more complex than in the common-base configuration. We
will not explain these details; it is sufficient to point out that typically BV, is about half
BV 0. On the transistor data sheets BV, is sometimes referred to as the sustaining voltage
LVego.

Breakdown of the CBJ in either the common-base or common-emitter configuration is not
destructive as long as the power dissipation in the device is kept within safe limits. This, how-
ever, is not the case with the breakdown of the emitter—base junction. The EBJ breaks down in
an avalanche manner at a voltage BV, much smaller than BV 3,. Typically, BVgg, is in the
range of 6 V to 8 V, and the breakdown is destructive in the sense that the f3 of the transistor is
permanently reduced. This does not prevent use of the EBJ as a zener diode to generate refer-
ence voltages in IC design. In such applications, however, one is not concerned with the
[B-degradation effect. A circuit arrangement to prevent EBJ breakdown in IC amplifiers will be
discussed in Chapter 10. Transistor breakdown and the maximum allowable power dissipation
are important parameters in the design of power amplifiers (Chapter 9).
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EXERCISE

5.18 What is the output voltage of the circuit in Fig. E5.18 if the transistor BVz-o =70 V?

+10V
Open
Vo
50 nA
FIGURE E5.18
Ans. 60 V

5.2.6 Summary

We conclude our study of the current-voltage characteristics of the BJT with a summary of
important results in Table 5.3.

TABLE 5.3 Summary of the BJT Current-Voltage Characteristics

Circuit Symbol and Directions

of Current Flow npn Transistor pnp Transistor
C E
o) o)
- VC ) + VE
e I ~ UeB +
ip g
— -
B Ve B Ugc
+ f—
Upp . Ucp .=
l 1
_ \LE n J/ c
o o
E C

Operation in the Active Mode
(for Amplifier Application)

Conditions:
1. EBJ Forward Biased Vs> Virons Vaeen =05V Ve > Vipons Vepon =05V
Typically, vz = 0.7 V Typically, vgg = 0.7V
2. CBJ Reversed Biased V8¢ < Viacons Vacon =04V Vg < Vegons Vepon =04V
= v 203V = 0203V

(Continued)
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TABLE 5.3 (Continued)

vgp/ Vo . veg/ Vo
0 ic=Ige

ic = Igse

m iy=i/B & .= Big
ip=ic/00 & ic= Oig

m B2 o a=LB

-« B+1

m B=pBra=o

W [y =Transistor scale current; proportional to EBJ area; doubles for every 5°C

rise in temperature.

B Vy=Thermal voltage = kT/q =25 mV at room temperature.
V 5| decreases by 2 mV for every 1°C rise in temperature.

Current-Voltage Relationships

M Ataconstant I,

Large-Signal Equivalent-Circuit ig
Model (Including the Early Bo—
Effect)
+
Dy
Ugp +
I
Us/B) N oD
- Us/B)
(R
B o
E Iy
iB _ (Iﬁs eI/BE/VT iB
v/ V
ic =1Ise"™ T(l %C‘E) le
A
Vge/V
r,=Vyi/(Ige *5 T r,
Ebers-Moll Model C E
ey B
. Dc . IpE DE .
lD.C 1\ (Uso) Qrlpg \1’ Usp) apipe
ip Ip
Bo — Bo -
i D D
ipg E ; c ;
\L (ISE) aRlDC iDC1\ (ISC) aFlDE

iw ic\l,
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U/ V. Upp/ V.
ipp = (Igge b ipp = (Ugge B )
Up/V U/ V
ipe = sce " "=1) ipc = (Isce " "=1)
Oplgp = Oplge = I
Is_c _ % _ CBJ Area
Igp, o EBJ Area
Operation in the Saturation Mode
Conditions:
1. EBJ Forward-Biased Use > Vigons Vaeon = 0.5V Vg > Vigons Vepon 0.5V
Typically, vgr =0.7-0.8 V Typically, vgz =0.7-0.8 V
2. CBJ Forward-Biased Use 2 Vacons Vacon =04V Ueg 2 Vepons Vepon = 0.4V
Typically, vz =0.5-0.6 V Typically, vez = 0.5-0.6 V
= Vg = Vega =0.1-02V = Vge = Vecga = 0.1-0.2V
Currents Ioq = Brorceal 5
Br  _ ,
Broreed < Brs = Overdrive factor
ﬁforced
Equivalent Circuits Iy Repa T E

— =
1
B + Ti’ 8
v o —o—o o)
0.7V :Cf)of]f Vv VCEsal +
]- -[ - 0.7V VECO“ VECsal
o —¢—o o)
-
E Iy
Or approximately: Or approximately:

Iy E

ol
s

ICsat
.
+
O

0 : T
0.2 V VCEszu +
-[ - 0.7V 02V Vicsa
¢ O
e B ‘
- C
I

E B I Csat

Ig

1+ (Broreea + 1)/ Br
1% = V.1 [ orce }
‘ CES?“‘ (. 1= ﬁforced/ﬂF

For ﬁforced = ﬁF/2: RCEsat = 1/10BF[B
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ﬂ 5.3 THE BJT AS AN AMPLIFIER AND AS A SWITCH

Having studied the terminal characteristics of the BJT, we are now ready to consider its
two major areas of application: as a signal amplifier,® and as a digital-circuit switch. The
basis for the amplifier application is that when the BJT is operated in the active mode, it
acts as a voltage-controlled current source: Changes in the base—emitter voltage vz, give
rise to changes in the collector current i.. Thus in the active mode the BJT can be used to
implement a transconductance amplifier (see Section 1.5). Voltage amplification can be
obtained simply by passing the collector current through a resistance R, as will be seen
shortly.

Since we are particularly interested in linear amplification, we will have to devise a
way to achieve it in the face of the highly nonlinear behavior of the transistor, namely,
that the collector current i is exponentially related to vgz. We will use the approach
described in general terms in Section 1.4. Specifically, we will bias the transistor to oper-
ate at a dc base—emitter voltage Vp; and a corresponding dc collector current /. Then we
will superimpose the signal to be amplified, v,,, on the dc voltage V.. By keeping the
amplitude of the signal v,, small, we will be able to constrain the transistor to operate on a
short, almost linear segment of the i-—uvy; characteristic; thus, the change in collector cur-
rent, i., will be linearly related to v,,. We will study the small-signal operation of the BJT
later in this section and in greater detail in Section 5.5. First, however, we will look at the
“big picture”: We will study the total or large-signal operation of a BJT amplifier. From
the transfer characteristic of the circuit, we will be able to see clearly the region over
which the circuit can be operated as a linear amplifier. We also will be able to see how the
BJT can be employed as a switch.

5.3.1 Large-Signal Operation—The Transfer Characteristic

Figure 5.26(a) shows the basic structure (skeleton) of the most commonly used BJT ampli-
fier, the grounded-emitter or common-emitter (CE) circuit. The total input voltage v,
(bias + signal) is applied between base and emitter; that is, vg; = v;. The total output voltage
Up (bias + signal) is taken between collector and ground; that is, vy = yqe. Resistor R has
two functions: to establish a desired dc bias voltage at the collector, and to convert the col-
lector signal current i. to an output voltage, v, or v,. The supply voltage V. is needed to
bias the BJT as well as to supply the power needed for the operation of the amplifier.

Figure 5.26(b) shows the voltage transfer characteristic of the CE circuit of Fig. 5.26(a).
To understand how this characteristic arises, we first express v, as

Vg = Ve = Vee—Reic (5.50)

Next, we observe that since vz = vy, the transistor will be effectively cutoff for v; < 0.5 V or
so. Thus, for the range 0 < ;< 0.5 V, i will be negligibly small, and v, will be equal to the
supply voltage V¢ (segment XY of the transfer curve).

As v is increased above 0.5 V, the transistor begins to conduct, and i increases. From
Eq. (5.50), we see that v, decreases. However, since initially v, will be large, the BJT will

® An introduction to amplifiers from an external-terminals point of view was presented in Sections 1.4
and 1.5, and it would be helpful for readers who are not familiar with basic amplifier concepts to
review this material before proceeding with the study of BJT amplifiers.
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Slope = A,
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FIGURE 5.26 (a) Basic common-emitter amplifier circuit. (b) Transfer characteristic of the circuit in (a).

The amplifier is biased at a point Q, and a small voltage signal v, is superimposed on the dc bias voltage V.

The resulting output signal v, appears superimposed on the dc collector voltage V. The amplitude of v, is
larger than that of v; by the voltage gain A,,.

be operating in the active mode, which gives rise to the sharply descending segment YZ of
the voltage transfer curve. The equation for this segment can be obtained by substituting in
Eqg. (5.50) the active-mode expression for i., namely,

vgp/

io=15"""

_ Isevl/ Vi
where we have, for simplicity, neglected the Early effect. Thus we obtain

v/ Vo

vy = Vee—Relge (5.51)

We observe that the exponential term in this equation gives rise to the steep slope of the YZ
segment of the transfer curve. Active-mode operation ends when the collector voltage (v, or veg)

35
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falls by 0.4 V or so below that of the base (v; or vgg). At this point, the CBJ turns on, and the
transistor enters the saturation region. This is indicated by point Z on the transfer curve.
Observe that further increases in vg cause vqp to decrease only slightly: In the saturation
region, vcg = Vg Which falls in the narrow range of 0.1 V to 0.2 V. It is the almost-
constant Vg, that gives this region of BJT operation the name saturation. The collector
current will also remain nearly constant at the value 7,

Vee—V
I e = e (5.52)
C

We recall from our study of the saturation region of operation in the previous section
that the saturated BJT exhibit a very small resistance R g, between its collector and
emitter. Thus, when saturated, the transistor in Fig. 5.26 provides a low-resistance path
between the collector node C and ground and hence can be thought of as a closed switch.
On the other hand, when the BJT is cutoff, it conducts negligibly small (ideally zero) cur-
rent and thus acts as an open switch, effectively disconnecting node C from ground. The
status of the switch (i.e., open or closed) is determined by the value of the control voltage
vgg. Very shortly, we will show that the BJT switch can also be controlled by the base
current.

5.3.2 Amplifier Gain

To operate the BJT as a linear amplifier, it must be biased at a point in the active region.
Figure 5.26(b) shows such a bias point, labeled Q (for quiescent point), and characterized
by a dc base—emitter voltage Vyr and a dc collector—emitter voltage V. If the collector
current at this value of Vy is denoted I, that is,

Ip = I ™" (5.53)
then from the circuit in Fig. 5.26(a) we can write
Veg = Vee—Rel o (5.54)

Now, if the signal to be amplified, v, is superimposed on Vg and kept sufficiently small, as
indicated in Fig. 5.26(b), the instantaneous operating point will be constrained to a relatively
short, almost-linear segment of the transfer curve around the bias point Q. The slope of this
linear segment will be equal to the slope of the tangent to the transfer curve at Q. This slope
is the voltage gain of the amplifier for small-input signals around Q. An expression for the
small-signal gain A, can be found by differentiating the expression in Eq. (5.51) and evalu-
ating the derivative at point Q; that is, for v; = Vi,

A, =% (5.55)
dv[ v =Vpr
Thus,
1 Vee/Vr
A =—-——I R
v VT S C

Now, using Eq. (5.53) we can express A, in compact form:

I.R 1%
A, = ——-—; L —T/’if (5.56)
T T
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R

where Vi is the dc voltage drop across R,
Vee = Vee =Ver (5.57)

Observe that the CE amplifier is inverting; that is, the output signal is 180° out of phase
relative to the input signal. The simple expression in Eq. (5.56) indicates that the voltage
gain of the common-emitter amplifier is the ratio of the dc voltage drop across R to the
thermal voltage V; (= 25 mV at room temperature). It follows that to maximize the voltage
gain we should use as large a voltage drop across R as possible. For a given value of V.,
Eq. (5.57) indicates that to increase Vy. we have to operate at a lower V. However, refer-
ence to Fig. 5.26(b) shows that a lower V. means a bias point Q close to the end of the
active-region segment, which might not leave sufficient room for the negative-output signal
swing without the amplifier entering the saturation region. If this happens, the negative
peaks of the waveform of v, will be clipped off. Indeed, it is the need to allow sufficient
room for output signal swing that determines the placement of the bias point Q on the
active-region segment, YZ, of the transfer curve. Placing Q too high on this segment not
only results in reduced gain (because Vi is lower) but could possibly limit the allowable
range of positive signal swing. At this end, the limitation is imposed by the BJT cutting off,
in which event the positive-output peaks would be clipped off at a level equal to V.
Finally, it is useful to note that the theoretical maximum gain A, is obtained by biasing the
BIJT at the edge of saturation, which of course would not leave any room for negative signal
swing. The resulting gain is given by

Av — _VCC ;/VCESM (558)
T
Thus,
A = —VVCE (5.59)
T

Although the gain can be increased by using a larger supply voltage, other considerations
come into play when determining an appropriate value for V. In fact, the trend has been
toward using lower and lower supply voltages, currently approaching 1 V or so. At such low
supply voltages, large gain values can be obtained by replacing the resistance R, with a
constant-current source, as will be seen in Chapter 6.

Consider a common-emitter circuit with a BJT having Iy = 10715 A, a collector resistance R-=
6.8 k€, and a power supply V=10 V.

(a) Determine the value of the bias voltage Vy; required to operate the transistor at Viz = 3.2 V.
What is the corresponding value of 1.?

(b) Find the voltage gain A, at this bias point. If an input sine-wave signal of 5-mV peak ampli-
tude is superimposed on Vy, find the amplitude of the output sine-wave signal (assume linear
operation).

(c) Find the positive increment in vg; (above Vjg) that drives the transistor to the edge of satura-
tion with vz =0.3 V.
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(d) Find the negative increment in vy that drives the transistor to within 1% of cutoff (i.e.,

Vo= 0'99VCC)'
Solution
(@)
Io = Vee=Ver
Re
_ 106—83.2 — 1 mA
The value of Vy; can be determined from
1x107 = 1075

which results in

Ve = 690.8 mV

(b)
A = _Vcc— Ve
v VT
_10-32 oy
0.025
V, = 272x0.005=136V
(¢) For vz=03V,
io= 10203 _ 617 ma
6.8

To increase i from 1 mA to 1.617 mA, vz must be increased by

Avgy = VyIn (16711)

12 mV

(d) For vy = 0.99V =99V,

i = 106‘.89'9 = 0.0147 mA

To decrease i from 1 mA to 0.0147 mA, vz must change by

Avgp = ViIn (%)

-105.5 mV
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EXERCISE

5.19 While keeping /- unchanged at 1 mA, find the value of R, that will result in a voltage gain of
—320 V/V. What is the largest negative signal swing allowed at the output (assume that vcy is not to
decrease below 0.3 V)? What approximately is the corresponding input signal amplitude? (Assume
linear operation).

Ans. 8 kQ; 1.7 V; 5.3 mV

5.3.3 Graphical Analysis

Although formal graphical methods are of little practical value in the analysis and design of
most transistor circuits, it is illustrative to portray graphically the operation of a simple tran-
sistor amplifier circuit. Consider the circuit of Fig. 5.27, which is similar to the circuit we
have been studying except for an added resistance in the base lead, Rz. A graphical analysis
of the operation of this circuit can be performed as follows: First, we have to determine the
dc bias point. Toward that end we set v; = 0 and use the technique illustrated in Fig. 5.28
to determine the dc base current ;. We next move to the i-—v characteristics, shown in
Fig. 5.29. We know that the operating point will lie on the i-—v¢ curve corresponding to

FIGURE 5.27 Circuit whose operation is to be analyzed

graphically.
iz A Load line
1
Sl = ——
ope Ry
lB __________ A
Vae Vap Upp

FIGURE 5.28 Graphical construction for the determination of the dc base current in the circuit of Fig. 5.27.
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. Load line
Ic “ 1

1 = ——
Slope Re

0 .
IC_ _____

I

! ip=...

VCE VC C

/
Y

UcE

FIGURE 5.29 Graphical construction for determining the dc collector current /- and the collector-to-
emitter voltage V¢ in the circuit of Fig. 5.27.

the value of base current we have determined (the curve for iz = Iz). Where it lies on the
curve will be determined by the collector circuit. Specifically, the collector circuit imposes
the constraint

vep = Vec—icRe
which can be rewritten as

lc = % - 1_21; Uck

which represents a linear relationship between v and i.. This relationship can be repre-
sented by a straight line, as shown in Fig. 5.29. Since R can be considered the amplifier load,
the straight line of slope —1/R,. is known as the load line.” The dc bias point, or quiescent
point, Q will be at the intersection of the load line and the i-—v. curve corresponding to the
base current /. The coordinates of point Q give the dc collector current /- and the dc collector-
to-emitter voltage V. Observe that for amplifier operation, Q should be in the active region
and furthermore should be located so as to allow for a reasonable signal swing as the input
signal v; is applied. This will become clearer shortly.

The situation when v; is applied is illustrated in Fig. 5.30. Consider first Fig. 5.30(a),
which shows a signal v; having a triangular waveform being superimposed on the dc voltage
V. Corresponding to each instantaneous value of Vyz + v;(f), one can draw a straight line
with slope —1/R. Such an “instantaneous load line” intersects the iz—vg; curve at a point
whose coordinates give the total instantaneous values of iz and v, corresponding to the par-
ticular value of Vg + v,(f). As an example, Fig. 5.30(a) shows the straight lines correspond-
ing to v; = 0, v; at its positive peak, and v; at its negative peak. Now, if the amplitude of v; is
sufficiently small so that the instantaneous operating point is confined to an almost-linear
segment of the iz—vgp curve, then the resulting signals i, and v,, will be triangular in wave-
form, as indicated in the figure. This, of course, is the small-signal approximation. In summary,

’ The term load line is also employed for the straight line in Fig. 5.28.
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FIGURE 5.30 Graphical determination of the signal components v,,, i, i., and v,, when a signal
component v; is superimposed on the dc voltage Vi (see Fig. 5.27).
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the graphical construction in Fig. 5.30(a) can be used to determine the total instantaneous
value of iz corresponding to each value of v,

Next, we move to the i-—vgp characteristics of Fig. 5.30(b). The operating point will
move along the load line of slope —1/R as iy goes through the instantaneous values deter-
mined from Fig. 5.30(a). For example, when v is at its positive peak, iz = ip, (from Fig. 5.30(a)),
and the instantaneous operating point in the i-—v; plane will be at the intersection of the
load line and the curve corresponding to iz = ig,. In this way, one can determine the
waveforms of i and v and hence of the signal components i. and v,,, as indicated in
Fig. 5.30(b).

Effects of Bias-Point Location on Allowable Signal Swing The location of the dc bias
point in the i—vq plane significantly affects the maximum allowable signal swing at the
collector. Refer to Fig. 5.30(b) and observe that the positive peaks of v,, cannot go beyond
Ve, otherwise the transistor enters the cutoff region. Similarly, the negative peaks of v,
cannot extend below a few tenths of a volt (usually, 0.3 V), otherwise the transistor enters
the saturation region. The location of the bias point in Fig. 5.30(b) allows for an approximately
equal swing in each direction.

Next consider Fig. 5.31. Here we show load lines corresponding to two values of R.
Line A corresponds to a low value of R, and results in the operating point Q,, where the
value of Vi is very close to V. Thus the positive swing of v., will be severely limited; in
this situation, it is said that there isn’t sufficient “head room.” On the other hand, line B,
which corresponds to a large R, results in the bias point Oz, whose V- is too low. Thus for
line B, although there is ample room for the positive excursion of v,, (there is a lot of head
room), the negative signal swing is severely limited by the proximity to the saturation region
(there is not sufficient “leg room”). A compromise between these two situations is obviously
called for.

ic A
Load-line A

Sy

Load-line B

FIGURE 5.31 Effect of bias-point location on allowable signal swing: Load-line A results in bias point O,
with a corresponding V- which is too close to V- and thus limits the positive swing of v.;. At the other
extreme, load-line B results in an operating point too close to the saturation region, thus limiting the negative
swing of veg.
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EXERCISE

5.20 Consider the circuit of Fig. 5.27 with Vg = 1.7 V, Rz = 100 kQ, V- = 10V, and R- = 5 kQ. Let the
transistor B = 100. The input signal v, is a triangular wave of 0.4 V peak-to-peak. Refer to Fig. 5.30, and
use the geometry of the graphical construction shown there to answer the following questions: (a) If Vi, =
0.7 V, find Iy. (b) Assuming operation on a straight line segment of the exponential iz—vp, curve,
show that the inverse of its slope is V /I, and compute its value. (c) Find approximate values for the
peak-to-peak amplitude of i, and of v,,. (d) Assuming the i-—v; curves to be horizontal (i.e., ignoring
the Early effect), find /- and V. (e) Find the peak-to-peak amplitude of i. and of v,,. (f) What is the
voltage gain of this amplifier?

Ans. (a) 10 uA; (b) 2.5 kQ; (c) 4 uA, 10 mV; (d) 1 mA, 5 V; (e) 0.4 mA, 2 V; (f) -5 V/V

5.3.4 Operation as a Switch

To operate the BJT as a switch, we utilize the cutoff and the saturation modes of opera-
tion. To illustrate, consider once more the common-emitter circuit shown in Fig. 5.32 as
the input v; is varied. For v, less than about 0.5 V, the transistor will be cutoff; thus iz =0,
ic=0, and ve = V. In this state, node C is disconnected from ground; the switch is in the
open position.

To turn the transistor on, we have to increase v; above 0.5 V. In fact, for appreciable
currents to flow, vy should be about 0.7 V and v; should be higher. The base current will be

v — Vg

7 (5.60)

ip =
and the collector current will be
ic = PBig (5.61)

which applies only when the device is in the active mode. This will be the case as long as the
CBJ is not forward biased, that is, as long as v > v3— 0.4 V, where v, is given by

Ve = Vee—Reig (5.62)

Obviously, as v; is increased, iz will increase (Eq. 5.60), i will correspondingly increase
(Eq. 5.61), and v will decrease (Eq. 5.62). Eventually, v, will become lower than vz by 0.4 V,
at which point the transistor leaves the active region and enters the saturation region. This

VC C

FIGURE 5.32 A simple circuit used to illustrate the
different modes of operation of the BJT.
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edge-of-saturation (EOS) point is defined by

Vee—0.3
IC(EOS) = —"C"QR"'—" (5.63)
c

where we have assumed that Vy is approximately 0.7 V, and
1
Iggos) = —C(EOS) (5.64)

The corresponding value of v, required to drive the transistor to the edge-of-saturation can
be found from

Vikos) = LpeosyRe+ Ve (5.65)

Increasing v; above Vjgos) increases the base current, which drives the transistor deeper into
saturation. The collector-to-emitter voltage, however, decreases only slightly. As a reason-
able approximation, we shall usually assume that for a saturated transistor, Vg, = 0.2 V.
The collector current then remains nearly constant at /¢,

Iow = Vee=Vepw (5.66)
R¢

Forcing more current in the base has very little effect on /-, and Vg, In this state the switch
is closed, with a low closure resistance Ry, and a small offset voltage Vg (see Fig. 5.24c).

Finally, recall that in saturation one can force the transistor to operate at any desired
below the normal value; that is, the ratio of the collector current /-, to the base current can
be set at will and is therefore called the forced S,

1 sal
ﬁforced = ; ' (5 67)
B

Also recall that the ratio of I to Ipgos) is known as the overdrive factor.

The transistor in Fig. 5.33 is specified to have S in the range of 50 to 150. Find the value of Ry that
results in saturation with an overdrive factor of at least 10.

+10 V
1 kQ

Ry
+5V

= FIGURE 5.33 Circuit for Example 5.3.

Solution

When the transistor is saturated, the collector voltage will be

Ve = Vepa= 02V
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Thus the collector current is given by
Toge = f = 9.8 mA

To saturate the transistor with the lowest 3, we need to provide a base current of at least

Ic 9.8
I = Gt = 2% = 0.196 mA
BEOS) ﬂmin 0

For an overdrive factor of 10, the base current should be
Iy = 10x0.196 = 1.96 mA

Thus we require a value of R such that

£5-07 _ o
R, '

Ry = 23 - 22%Q
1.94

EXERCISE

5.21 Consider the circuit in Fig. 5.32 for the case Voo =45 V, v;=+45 V, Ry = R = 1 kQ, and 8 = 100.
Calculate the base current, the collector current, and the collector voltage. If the transistor is saturated,
find Bioreeq- What should Ry be raised to bring the transistor to the edge of saturation?

Ans. 4.3 mA; 4.8 mA; 0.2 V; 1.1; 91.5 kQ

9" 5.4 BIT CIRCUITS AT DC

We are now ready to consider the analysis of BJT circuits to which only dc voltages are
applied. In the following examples we will use the simple model in which, |V .| of a con-
ducting transistor is 0.7 V and |V .| of a saturated transistor is 0.2 V, and we will neglect
the Early effect. Better models can, of course, be used to obtain more accurate results. This,
however, is usually achieved at the expense of speed of analysis, and more importantly, it
could impede the circuit designer’s ability to gain insight regarding circuit behavior. Accu-
rate results using elaborate models can be obtained using circuit simulation with SPICE, as
we shall see in Section 5.11. This is almost always done in the final stages of a design and
certainly before circuit fabrication. Computer simulation, however, is not a substitute for
quick pencil-and-paper circuit analysis, an essential ability that aspiring circuit designers
must muster. The following series of examples is a step in that direction.

As will be seen, in analyzing a circuit the first question that one must answer is: In which
mode is the transistor operating? In some cases, the answer will be obvious. In many cases,
however, it will not. Needless to say, as the reader gains practice and experience in transistor
circuit analysis and design, the answer will be obvious in a much larger proportion of prob-
lems. The answer, however, can always be determined by utilizing the following procedure:

Assume that the transistor is operating in the active mode, and proceed to determine the
various voltages and currents. Then check for consistency of the results with the assumption
of active-mode operation; that is, is vy of an npn transistor greater than —0.4 V (or v of a
pnp transistor lower than 0.4 V)? If the answer is yes, then our task is complete. If the answer
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is no, assume saturation-mode operation, and proceed to determine currents and voltages
and to check for consistency of the results with the assumption of saturation-mode opera-
tion. Here the test is usually to compute the ratio /./[; and to verify that it is lower than the
transistor f3; i.e., Bryreea < B. Since B for a given transistor varies over a wide range, one
should use the lowest specified § for this test. Finally, note that the order of these two
assumptions can be reversed.

Consider the circuit shown in Fig. 5.34(a), which is redrawn in Fig. 5.34(b) to remind the reader
of the convention employed throughout this book for indicating connections to dc sources. We
wish to analyze this circuit to determine all node voltages and branch currents. We will assume
that S is specified to be 100.

+10V

Re = 4.7kQ

Re = 33 kQ

(a) (b)

+10V

(3 099 x 1 =099 mA |
47 KO

10 — 099 X 47 =53V
av 0-09 53v (@

—>
(5 1.00 - 0.99 = 0.01 mA

4-07=33v (D
3
Vi3=1ma @

3.3 kQ

FIGURE 5.34 Analysis of the circuit for Example 5.4: (a) circuit; (b) circuit redrawn to remind the reader of
the convention used in this book to show connections to the power supply; (c) analysis with the steps numbered.
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Solution

Glancing at the circuit in Fig. 5.34(a), we note that the base is connected to +4 V and the emitter
is connected to ground through a resistance Rj. It therefore is safe to conclude that the base—
emitter junction will be forward biased. Assuming that this is the case and assuming that Vi is
approximately 0.7 V, it follows that the emitter voltage will be

Vy=4-Vy =4-07 =33V

We are now in an opportune position; we know the voltages at the two ends of R and thus can
determine the current /5 through it,

Since the collector is connected through R to the +10-V power supply, it appears possible
that the collector voltage will be higher than the base voltage, which is essential for active-mode
operation. Assuming that this is the case, we can evaluate the collector current from

I = ol
The value of o is obtained from

__B _ 100 _ (99
“= 81101 7

Thus /- will be given by
Io=099%x1=0.99 mA
We are now in a position to use Ohm’s law to determine the collector voltage V.,
Ve=10-1,R; = 10-0.99 x4.7 =+53 V

Since the base is at +4 V, the collector—base junction is reverse biased by 1.3 V, and the transistor
is indeed in the active mode as assumed.
It remains only to determine the base current /5, as follows:

I 1
I = — = — = 0.0l mA
B B+1 101 m
Before leaving this example we wish to emphasize strongly the value of carrying out the
analysis directly on the circuit diagram. Only in this way will one be able to analyze complex cir-
cuits in a reasonable length of time. Figure 5.34(c) illustrates the above analysis on the circuit
diagram, with the order of the analysis steps indicated by the circled numbers.

We wish to analyze the circuit of Fig. 5.35(a) to determine the voltages at all nodes and the
currents through all branches. Note that this circuit is identical to that of Fig. 5.34 except
that the voltage at the base is now +6 V. Assume that the transistor j is specified to be at
least 50.
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+10V +10V

4.7 kO

4.7 kQ
eV eV 10 - 1.6 X 47 = 24§ (&)
Impossible, not in
active mode
6-07=+53v (D
3.3kQ
33kQ 53
1 Yi3=1omAa @
(a) (b)

4.7 kQ

eV 53+02=+55V (3)

6-07=+53V (D

3.3kQ

FIGURE 5.35 Analysis of the circuit for Example 5.5. Note that the circled numbers indicate the order
of the analysis steps.

Solution

Assuming active-mode operation, we have

Vp=46-V, ~6-07=53V

33 _ | 6mA
33

~
o]
1

<
a
I

+10-47x1.=10-752 = 248V

The details of the analysis performed above are illustrated in Fig. 5.35(b).
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Since the collector voltage calculated appears to be less than the base voltage by 3.52 V, it
follows that our original assumption of active-mode operation is incorrect. In fact, the transistor
has to be in the saturation mode. Assuming this to be the case, we have

Vg =+46-07 = +53V

Vv
IE=—E=E=1.6mA
33 33

Ve =Ve+Vipa = 53402 = +55V

I = % = 0.96 mA

Ip=1,-1,=16-096=0.64 mA
Thus the transistor is operating at a forced 8 of

_1Ie 096 _

ﬁforced - I_B - 0.64 =15

Since Broreeq 18 less than the minimum specified value of B, the transistor is indeed saturated. We
should emphasize here that in testing for saturation the minimum value of 3 should be used. By
the same token, if we are designing a circuit in which a transistor is to be saturated, the design
should be based on the minimum specified . Obviously, if a transistor with this minimum f is
saturated, then transistors with higher values of 8 will also be saturated. The details of the anal-
ysis are shown in Fig. 5.35(c), where the order of the steps used is indicated by the circled
numbers.

We wish to analyze the circuit in Fig. 5.36(a) to determine the voltages at all nodes and the cur-
rents through all branches. Note that this circuit is identical to that considered in Examples 5.4
and 5.5 except that now the base voltage is zero.

+10V

FIGURE 5.36 Example 5.6: (a) circuit; (b) analysis with the order of the analysis steps indicated by
circled numbers.
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Solution

Since the base is at zero volts, the emitter—base junction cannot conduct and the emitter current is
zero. Also, the collector—base junction cannot conduct since the n-type collector is connected
through R to the positive power supply while the p-type base is at ground. It follows that the col-
lector current will be zero. The base current will also have to be zero, and the transistor is in the
cutoff mode of operation.

The emitter voltage will obviously be zero, while the collector voltage will be equal to +10 V,
since the voltage drop across R is zero. Figure 5.36(b) shows the analysis details.

EXERCISES

D5.22 For the circuit in Fig. 5.34(a), find the highest voltage to which the base can be raised while the transis-
tor remains in the active mode. Assume o = 1.
Ans. +4.7 V

D5.23 Redesign the circuit of Fig. 5.35(a) (i.e., find new values for R; and R) to establish a collector current
of 0.5 mA and a reverse-bias voltage on the collector-base junction of 2 V. Assume o = 1.
Ans. R = 6.6 kKQ; R-=8 kQ

5.24 For the circuit in Fig. 5.35(a), find the value to which the base voltage should be changed to so that the

transistor operates in saturation with a forced 3 of 5.
Ans. +5.18 V

We desire to analyze the circuit of Fig. 5.37(a) to determine the voltages at all nodes and the cur-
rents through all branches.

Vi=+10V

~10+46 x1=-54V (@)

1 kQ

—-10V
(a) (b)

FIGURE 5.37 Example 5.7: (a) circuit; (b) analysis with the steps indicated by circled numbers.
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Solution

The base of this pnp transistor is grounded, while the emitter is connected to a positive supply
(VF =+10 V) through R;. It follows that the emitter—base junction will be forward biased with

Vg =V =07V
Thus the emitter current will be given by

.
Iy = V};VE = L0207 - 465ma
E

Since the collector is connected to a negative supply (more negative than the base voltage)
through R, it is possible that this transistor is operating in the active mode. Assuming this to be
the case, we obtain

I- = ol

Since no value for B has been given, we shall assume = 100, which results in & = 0.99. Since
large variations in f result in small differences in ¢, this assumption will not be critical as far as
determining the value of /- is concerned. Thus,
I- =099 x4.65 = 4.6 mA
The collector voltage will be
Vo=V +I.R.

-10+4.6x1 =-54V

Thus the collector—base junction is reverse biased by 5.4 V, and the transistor is indeed in the
active mode, which supports our original assumption.
It remains only to calculate the base current,
Ip 465 _

I, = = — = 0.05mA
BZB+1 101 005

Obviously, the value of S critically affects the base current. Note, however, that in this circuit the
value of 8 will have no effect on the mode of operation of the transistor. Since 3 is generally an
ill-specified parameter, this circuit represents a good design. As a rule, one should strive to design
the circuit such that its performance is as insensitive to the value of 3 as possible. The analysis
details are illustrated in Fig. 5.37(b).

EXERCISES

D5.25 For the circuit in Fig. 5.37(a), find the largest value to which R can be raised while the transistor
remains in the active mode.
Ans. 2.26 kQ

D5.26 Redesign the circuit of Fig. 5.37(a) (i.e., find new values for R; and R) to establish a collector current
of 1 mA and a reverse bias on the collector-base junction of 4 V. Assume o = 1.
Ans. R;=9.3 kQ; R =6 kQ
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EXAMPLE 5.8

We want to analyze the circuit in Fig. 5.38(a) to determine the voltages at all nodes and the cur-
rents in all branches. Assume = 100.

+10V +10 V

= 0.043

= 43 mA
+5V

Ve=10-2x 43
_ sy @

—_—

5-07
©) Is="00 +07vV VE =43+ 0.043
= 0.043 mA @ = 4343 mA
@ (b)

FIGURE 5.38 Example 5.8: (a) circuit; (b) analysis with the steps indicated by the circled numbers.

Solution

The base—emitter junction is clearly forward biased. Thus,

7= P Vee L5207 _ (043 ma
’ R, 100 '

Assume that the transistor is operating in the active mode. We now can write
I = BI; = 100x0.043 = 43 mA
The collector voltage can now be determined as
Ve=410-1,R, = 10-43x2 = +14V
Since the base voltage Vj is
Vg = Ve =407V

it follows that the collector—base junction is reverse-biased by 0.7 V and the transistor is indeed in
the active mode. The emitter current will be given by

I; = (B+ Iz = 101 x0.043 = 43 mA

We note from this example that the collector and emitter currents depend critically on
the value of B. In fact, if § were 10% higher, the transistor would leave the active mode and
enter saturation. Therefore this clearly is a bad design. The analysis details are illustrated in
Fig. 5.38(b).
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EXERCISE

D5.27 The circuit of Fig. 5.38(a) is to be fabricated using a transistor type whose f3 is specified to be in the
range of 50 to 150. That is, individual units of this same transistor type can have f§ values anywhere
in this range. Redesign the circuit by selecting a new value for R so that all fabricated circuits are
guaranteed to be in the active mode. What is the range of collector voltages that the fabricated
circuits may exhibit?

Ans. Re=1.5kQ; V=03V 068V

We want to analyze the circuit of Fig. 5.39 to determine the voltages at all nodes and the currents
through all branches. The minimum value of 3 is specified to be 30.

+5V
+5V
@ 1= 5_(V++07)¢ 1 kQ
1kQ Ve=Vs+07 Q)
@ 7 = V10 40 g
10 kQ Vicsa =02V (5)
= 7VC~:VB+05@
10 kQ @ 1=t 0‘150_ V] g0k
-5V -5V
(2) (b)

FIGURE 5.39 Example 5.9: (a) circuit; (b) analysis with steps numbered.

Solution

A quick glance at this circuit reveals that the transistor will be either active or saturated. Assum-
ing active-mode operation and neglecting the base current, we see that the base voltage will be
approximately zero volts, the emitter voltage will be approximately +0.7 V, and the emitter cur-
rent will be approximately 4.3 mA. Since the maximum current that the collector can support
while the transistor remains in the active mode is approximately 0.5 mA, it follows that the tran-
sistor is definitely saturated.

Assuming that the transistor is saturated and denoting the voltage at the base by V;; (refer to
Fig. 5.39b), it follows that

Vp= VetV =Vp+07

Ve=Vi—View = Vy+07-02 = V,+05
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+5-V, 5-V,-07

Ip=—F"F= ; = 43-V, mA
1%

IB=1—(‘;=0.1VBmA
Ve—(=5 Vg+05+5

Io = £ (3) _ Vs = 0.1V, +0.55 mA

10 10
Using the relationship Iy = Iy + I, we obtain
43-Vy = 01Vp+0.1V;+0.55

which results in

3.75
V, =22 ~313V
BT 12

Substituting in the equations above, we obtain

V, =38V
Ve =363V
I, = 1.17mA
I. = 0.86 mA
I, = 031 mA

It is clear that the transistor is saturated, since the value of forced f is

_ 086 _

ﬁforced - 0.31 2.8

which is much smaller than the specified minimum .

We want to analyze the circuit of Fig. 5.40(a) to determine the voltages at all nodes and the currents
through all branches. Assume = 100.

Solution

The first step in the analysis consists of simplifying the base circuit using Thévenin’s theorem.
The result is shown in Fig. 5.40(b), where

Rpg, _ 1550

= =45V
Ry + Rpo 100 + 50

Vs = +15

Rgp = (Rg, /I Rg,) = (100 // 50) = 33.3 kQ

To evaluate the base or the emitter current, we have to write a loop equation around the loop
marked L in Fig. 5.40(b). Note, though, that the current through R is different from the current
through R;. The loop equation will be

Vg = IgRgp+ Vg + 1R



+15V +tISV

RC =
Rp1 = 5kQ
100 kQ
Rgy, =
R, =
50 kQ E
3 kQ
(a) (b)
+15V +15V

¢ 0.103 mA
100 kQ
0.013 mA

+3.87V
+4.57V 50 kQ
3 kQ
1.29 mA ¢ \L 0.09 mA
(© (d)

FIGURE 5.40 Circuits for Example 5.10.

Substituting for Iz by

and rearranging the equation gives

I — VBB_VBE
E R+ [Ryg/(B+1)]

For the numerical values given we have

= — 5707 oA
3+ (33.3/101)
The base current will be
1, = 122~ 00128 mA

101

X
5.4 BJT CIRCUITS AT DC @ 55
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The base voltage is given by
Vg = Vep+ 1Ry
0.7+129%x3 = 457V

Assume active-mode operation. We can evaluate the collector current as
Io=oal; =099%x1.29 = 1.28 mA
The collector voltage can now be evaluated as
Ve=+15-1IR. =15-128x5 =86V

It follows that the collector is higher in potential than the base by 4.03 V, which means that
the transistor is in the active mode, as had been assumed. The results of the analysis are given in
Fig. 5.40(c).

EXERCISE

5.28 If the transistor in the circuit of Fig. 5.40(a) is replaced with another having half the value of 8
(i.e., B=50), find the new value of I, and express the change in /- as a percentage.

Ans. I-=1.15mA; -10%

We wish to analyze the circuit in Fig. 5.41(a) to determine the voltages at all nodes and the cur-
rents through all branches.

Solution

We first recognize that part of this circuit is identical to the circuit we analyzed in Example 5.10—
namely, the circuit of Fig. 5.40(a). The difference, of course, is that in the new circuit we have
an additional transistor Q, together with its associated resistors Ry, and R,. Assume that Q, is
still in the active mode. The following values will be identical to those obtained in the previous
example:

Vi =+4.57V Iy =129mA
I;,=00128mA I, =128 mA

However, the collector voltage will be different than previously calculated since part of the col-
lector current I; will flow in the base lead of Q, (I,). As a first approximation we may assume
that I, is much smaller than /; that is, we may assume that the current through R, is almost
equal to 1. This will enable us to calculate V,:

Ver = +15-1,R¢

15-128%x5 = +8.6V

Thus Q, is in the active mode, as had been assumed.



+15V

1.252 mA
0.103 mAl i

100 kQ +9.44V

+4.
LTV +743V

(b)

FIGURE 5.41 Circuits for Example 5.11.
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5.4 BJT CIRCUITS AT DC @ 57

As far as Q, is concerned, we note that its emitter is connected to +15 V through Rp,. It is
therefore safe to assume that the emitter—base junction of Q, will be forward biased. Thus the

emitter of @, will be at a voltage V, given by
Vg, = Ve + VEB|Q2 =8.6+0.7 =493V

The emitter current of Q, may now be calculated as

15— -
Iy =~ SR Ve _ 15 =3 = 285mA
E2
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Since the collector of Q, is returned to ground via R, it is possible that Q, is operating in the
active mode. Assume this to be the case. We now find I, as

ley = 0lgy
0.99 x2.85 =2.82 mA (assuming 3, = 100)
The collector voltage of O, will be

Ver = IeaRey = 2.82%2.7 = 762V

which is lower than Vg, by 0.98 V. Thus Q, is in the active mode, as assumed.
It is important at this stage to find the magnitude of the error incurred in our calculations by
the assumption that Iy, is negligible. The value of I, is given by

e _ 285

Iy = = 0.028 mA
527 51T 701 m

which is indeed much smaller than /-, (1.28 mA). If desired, we can obtain more accurate results
by iterating one more time, assuming I, to be 0.028 mA. The new values will be

Currentin Ry = I — 15, = 1.28-0.028 = 1.252 mA

Ve, = 15-5%1.252 = 874V
Vi, = 874407 = 944V
Iy, = %‘ = 278 mA

Iep = 099 %278 = 275 mA

Ve, = 275%2.7 = 743V

Iy, = % = 0.0275 mA
Note that the new value of I, is very close to the value used in our iteration, and no further itera-
tions are warranted. The final results are indicated in Fig. 5.41(b).

The reader justifiably might be wondering about the necessity for using an iterative scheme
in solving a linear (or linearized) problem. Indeed, we can obtain the exact solution (if we can
call anything we are doing with a first-order model exact!) by writing appropriate equations. The
reader is encouraged to find this solution and then compare the results with those obtained above.
It is important to emphasize, however, that in most such problems it is quite sufficient to obtain
an approximate solution, provided that we can obtain it quickly and, of course, correctly.

In the above examples, we frequently used a precise value of « to calculate the collector
current. Since o = 1, the error in such calculations will be very small if one assumes o = 1
and i, = ig. Therefore, except in calculations that depend critically on the value of ¢ (e.g., the
calculation of base current), one usually assumes o = 1.

EXERCISES

5.29 For the circuit in Fig. 5.41, find the total current drawn from the power supply. Hence find the power
dissipated in the circuit.

Ans. 4.135 mA; 62 mW



9
5.4 BJT CIRCUITS AT DC @ 59

5.30 The circuit in Fig. E5.30 is to be connected to the circuit in Fig. 5.41(a) as indicated; specifically, the
base of Qj is to be connected to the collector of Q,. If Q5 has =100, find the new value of V, and the
values of Vi3 and 1.

+15V
To collector 03
of O, in
Fig. 5.41(a)
Vis
470 Q
— FIGURE E5.30

Ans. +7.06 V; +6.36 V; 13.4 mA

We desire to evaluate the voltages at all nodes and the currents through all branches in the circuit
of Fig. 5.42(a). Assume = 100.

+5V +5V

® 0.039 mA
0,
10 kQ 10 kQ
+5V o-MN\— +5V O—AMN—
D
0, _5-07 _
1 kQ @ 10 + 101 x 1
0.039 mA
= @ 0
-5V
(a) (b)

FIGURE 5.42 Example 5.12: (a) circuit; (b) analysis with the steps numbered.

Solution

By examining the circuit we conclude that the two transistors Q; and Q, cannot be simulta-
neously conducting. Thus if Q, is on, Q, will be off, and vice versa. Assume that Q, is on. It
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follows that current will flow from ground through the 1-kQ load resistor into the emitter of
Q,. Thus the base of Q, will be at a negative voltage, and base current will be flowing out of
the base through the 10-kQ resistor and into the +5-V supply. This is impossible, since if the
base is negative, current in the 10-kQ resistor will have to flow into the base. Thus we con-
clude that our original assumption—that Q, is on—is incorrect. It follows that Q, will be off
and Q; will be on.

The question now is whether Q, is active or saturated. The answer in this case is obvious.
Since the base is fed with a +5-V supply and since base current flows into the base of Q,, it
follows that the base of Q; will be at a voltage lower than +5 V. Thus the collector—base junc-
tion of Q, is reverse biased and Q, is in the active mode. It remains only to determine the
currents and voltages using techniques already described in detail. The results are given in
Fig. 5.42(b).

EXERCISE

5.31 Solve the problem in Example 5.12 with the voltage feeding the bases changed to +10 V. Assume that
ﬁmin = 30, and fll’ld VE’ VB, ICI’ and Icz.

Ans. +4.8 V; +5.5 V; 435 mA; 0

t‘ 5.5 BIASING IN BJT AMPLIFIER CIRCUITS

The biasing problem is that of establishing a constant dc current in the collector of the BJT.
This current has to be calculable, predictable, and insensitive to variations in temperature
and to the large variations in the value of  encountered among transistors of the same type.
Another important consideration in bias design is locating the dc bias point in the i-—vqg
plane to allow for maximum output signal swing (see the discussion in Section 5.3.3). In this
section, we shall deal with various approaches to solving the bias problem in transistor circuits
designed with discrete devices. Bias methods for integrated-circuit design are presented in
Chapter 6.

Before presenting the “good” biasing schemes, we should point out why two obvious
arrangements are not good. First, attempting to bias the BJT by fixing the voltage V. by, for
instance, using a voltage divider across the power supply V¢, as shown in Fig. 5.43(a), is
not a viable approach: The very sharp exponential relationship i-—vgr means that any small
and inevitable differences in Vy; from the desired value will result in large differences in /-
and in V. Second, biasing the BJT by establishing a constant current in the base, as shown
in Fig. 5.43(b), where I3 =(V-—0.7)/Rp, is also not a recommended approach. Here the
typically large variations in the value of 8 among units of the same device type will result in
correspondingly large variations in /. and hence in V.

5.5.1 Classical Discrete-Circuit Bias Arrangement

Figure 5.44(a) shows the arrangement most commonly used for biasing a discrete-circuit
transistor amplifier if only a single power supply is available. The technique consists of sup-
plying the base of the transistor with a fraction of the supply voltage V. through the voltage
divider R, R,. In addition, a resistor Ry is connected to the emitter.
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(@) (b)

FIGURE 5.43 Two obvious schemes for biasing the BJT: (a) by fixing Vyz; (b) by fixing /. Both result
in wide variations in /- and hence in V; and therefore are considered to be “bad.” Neither scheme is
recommended.

(a) (b)

FIGURE 5.44 C(lassical biasing for BJTs using a single power supply: (a) circuit; (b) circuit with the
voltage divider supplying the base replaced with its Thévenin equivalent.

Figure 5.44(b) shows the same circuit with the voltage-divider network replaced by its
Thévenin equivalent,

R
Vien = Iy 5.68
BB R1+R2 ccC ( )
R.R
Ry = ——2 (5.69)
R, +R,

The current /5 can be determined by writing a Kirchhoff loop equation for the base—emitter—
ground loop, labeled L, and substituting I, = I,/(B+1):

VBB - VBE

" R R BT o
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To make I insensitive to temperature and f3 variation,® we design the circuit to satisfy the
following two constraints:

Vi > Vg (5.71)
R

R, > =2 5.72

£Z B (5.72)

Condition (5.71) ensures that small variations in Vg (=0.7 V) will be swamped by the
much larger V. There is a limit, however, on how large Vy; can be: For a given value
of the supply voltage V., the higher the value we use for Vg, the lower will be the sum
of voltages across R, and the collector—base junction (V). On the other hand, we want
the voltage across R to be large in order to obtain high voltage gain and large signal
swing (before transistor cutoff). We also want V- (or V) to be large to provide a large
signal swing (before transistor saturation). Thus, as is the case in any design problem,
we have a set of conflicting requirements, and the solution must be a compromise. As
arule of thumb, one designs for Vy; about %VCC, Vep (or V) about %VCC, and IR,
about %VCC.

Condition (5.72) makes I insensitive to variations in 8 and could be satisfied by select-
ing Rz small. This in turn is achieved by using low values for R; and R,. Lower values for R,
and R,, however, will mean a higher current drain from the power supply and normally will
result in a lowering of the input resistance of the amplifier (if the input signal is coupled to
the base), which is the trade-off involved in this part of the design problem. It should be
noted that Condition (5.72) means that we want to make the base voltage independent of the
value of f and determined solely by the voltage divider. This will obviously be satisfied if
the current in the divider is made much larger than the base current. Typically one selects R,
and R, such that their current is in the range of I to 0.1/

Further insight regarding the mechanism by which the bias arrangement of Fig. 5.44(a)
stabilizes the dc emitter (and hence collector) current is obtained by considering the feed-
back action provided by Ry. Consider that for some reason the emitter current increases. The
voltage drop across R, and hence V; will increase correspondingly. Now, if the base volt-
age is determined primarily by the voltage divider R|, R,, which is the case if R is small, it
will remain constant, and the increase in Vi will result in a corresponding decrease in V.
This in turn reduces the collector (and emitter) current, a change opposite to that originally
assumed. Thus Ry provides a negative feedback action that stabilizes the bias current. We
shall study negative feedback formally in Chapter 9.

We wish to design the bias network of the amplifier in Fig. 5.44 to establish a current [ = 1 mA
using a power supply V- = +12 V. The transistor is specified to have a nominal  value of 100.

Solution

We shall follow the rule of thumb mentioned above and allocate one-third of the supply voltage
to the voltage drop across R, and another one-third to the voltage drop across R, leaving one-third

¢ Bias design seeks to stabilize either I or /- since I = ol and o varies very little. That is, a stable I
will result in an equally stable /., and vice versa.
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for possible signal swing at the collector. Thus,

Vp=+4V

Vg =4-Vg =33V
and Ry is determined from

1%
R, = —£ =33kQ
IE

From the discussion above we select a voltage-divider current of 0.1/, = 0.1 x1 = 0.1 mA.
Neglecting the base current, we find

12
R, +R, = == = 120kQ
2700
and
R
2 _Vi.e=4V
R, +R,

Thus R, =40 kQ and R, = 80 kQ.
At this point, it is desirable to find a more accurate estimate for /, taking into account the
nonzero base current. Using Eq. (5.70),

4-07

(30//40)(kQ)
33(kQ) + e

= 0.93 mA

Ip =

This is quite a bit lower than the value we are aiming for of 1 mA. It is easy to see from the above
equation that a simple way to restore I to its nominal value would be to reduce R from 3.3 kQ
by the magnitude of the second term in the denominator (0.267 k€). Thus a more suitable value
for R in this case would be Ry = 3 k€, which results in /; = 1.01 mA = 1 mA.

It should be noted that if we are willing to draw a higher current from the power supply and
to accept a lower input resistance for the amplifier, then we may use a voltage-divider current
equal, say, to I (i.e., | mA), resulting in R, = 8 kQ and R, = 4 kQ. We shall refer to the circuit
using these latter values as design 2, for which the actual value of 7, using the initial value of R,
of 3.3 kQ will be

4-07

= —_— = . =1 A
£ 3370007 0P T Im

In this case, design 2, we need not change the value of R;.
Finally, the value of R can be determined from

12—V,

R
c Ie

Substituting I~ = ol = 0.99 x1 = 0.99 mA = 1 mA results, for both designs, in

RC=12—1‘§=41<Q
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EXERCISE

5.32 For design 1 in Example 5.13, calculate the expected range of I if the transistor used has 3 in the range
of 50 to 150. Express the range of I as a percentage of the nominal value (I = 1 mA) obtained for
B =100. Repeat for design 2.

Ans. For design 1: 0.94 mA to 1.04 mA a 10% range; for design 2: 0.984 mA to 0.995 mA, a 1.1%
range.

5.5.2 A Two Power-Supply Version of the Classical
Bias Arrangement

A somewhat simpler bias arrangement is possible if two power supplies are available, as
shown in Fig. 5.45. Writing a loop equation for the loop labeled L gives

VEE _ VBE

T R R BT) o

This equation is identical to Eq. (5.70) except for Vj replacing Vyp. Thus the two con-
straints of Egs. (5.71) and (5.72) apply here as well. Note that if the transistor is to be used
with the base grounded (i.e., in the common-base configuration), then R can be eliminated
altogether. On the other hand, if the input signal is to be coupled to the base, then Rj is
needed. We shall study the various BJT amplifier configurations in Section 5.7.

EXERCISE

D5.33 The bias arrangement of Fig. 5.45 is to be used for a common-base amplifier. Design the circuit to
establish a dc emitter current of 1 mA and provide the highest possible voltage gain while allowing for
a maximum signal swing at the collector of +2 V. Use +10-V and —5-V power supplies.

Ans. Ry =0; Ry =43 kQ; Ro=8.4kQ

+Vee

FIGURE 5.45 Biasing the BJT using two power supplies. Resistor Ry
is needed only if the signal is to be coupled to the base. Otherwise, the
base can be connected directly to ground, resulting in almost total
independence of the bias current with regard to the value of f3.
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VCC VC C

WCHB:IE

5 O Ve = Vpg + IgRg
S
S 0

(@) (b)

FIGURE 5.46 (a) A common-emitter transistor amplifier biased by a feedback resistor Rp. (b) Analysis of
the circuit in (a).

5.5.3 Biasing Using a Collector-to-Base Feedback Resistor
Figure 5.46(a) shows a simple but effective alternative biasing arrangement suitable for
common-emitter amplifiers. The circuit employs a resistor R; connected between the collec-
tor and the base. Resistor Ry provides negative feedback, which helps to stabilize the bias
point of the BIT. We shall study feedback formally in Chapter 9.

Analysis of the circuit is shown in Fig. 5.46(b), from which we can write

Vee = IgR-+13Rg+ Vi

1
= I Rq+ /3TElRB + Ve
Thus the emitter bias current is given by
Vee—Vae

Iy = ——————>=— 5.74

E Rc+Ry/(B+1) ©79
It is interesting to note that this equation is identical to Eq. (5.70), which governs the opera-
tion of the traditional bias circuit, except that V- replaces Vg and R replaces Ry. It follow
that to obtain a value of I that is insensitive to variation of 3, we select R/ (f +1) < R_.
Note, however, that the value of R; determines the allowable signal swing at the collector
since

RB
B+1

EXERCISE

D5.34 Design the circuit of Fig. 5.46 to obtain a dc emitter current of 1 mA and to ensure a +2-V signal swing
at the collector; that is, design for Vo =+2.4 V. Let V= 10 V and = 100.

Ans. Ry =172 kQ; R-=7.6 kQ. Note that if standard 5% resistor values are used (Appendix H) we select
Rz =180 kQ and R = 7.5 kQ. This results in /; = 1.00 mA and Vo =+2.5 V.

Veg = IgRg = I (5.75)
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Vee
Vee
IRgp \l/ R :\L 1
0, b Q,
Ve
Rp -
] l
Vi
(a) (b)

FIGURE 5.47 (a) A BJT biased using a constant-current source /. (b) Circuit for implementing the
current source /.

5.5.4 Biasing Using a Constant-Current Source

The BJT can be biased using a constant-current source / as indicated in the circuit of
Fig. 5.47(a). This circuit has the advantage that the emitter current is independent of the val-
ues of B and R,. Thus R, can be made large, enabling an increase in the input resistance at
the base without adversely affecting bias stability. Further, current-source biasing leads to
significant design simplification, as will become obvious in later sections and chapters.

A simple implementation of the constant-current source / is shown in Fig. 4.47(b). The
circuit utilizes a pair of matched transistors Q, and Q,, with Q, connected as a diode by
shorting its collector to its base. If we assume that Q, and Q, have high 3 values, we can
neglect their base currents. Thus the current through O, will be approximately equal to Izg,

Vee— (Vgp) =V
Togp = <€ (REE) BE (5.76)

Now, since O, and Q, have the same Vg, their collector currents will be equal, resulting in

I = Ipge = Veet Vip = Ve (5.77)

R
Neglecting the Early effect in Q,, the collector current will remain constant at the value
given by this equation as long as O, remains in the active region. This can be guaranteed by
keeping the voltage at the collector V greater than that at the base (=Vyz + V). The connec-
tion of O, and Q, in Fig. 4.47(b) is known as a current mirror. We will study current mir-

rors in detail in Chapter 6.

EXERCISE

5.35 For the circuit in Fig. 5.47(a) with Voo =10V, I=1 mA, =100, Ry = 100 kQ, and R, = 7.5 k€, find
the dc voltage at the base, the emitter, and the collector. For V= 10V, find the value of R in the circuit of
Fig. 5.47(b).

Ans. =1 V; =1.7V; 42.6 V; 19.3 kQ
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{1 5.6 SMALL-SIGNAL OPERATION AND MODELS

Having learned how to bias the BJT to operate as an amplifier, we now take a closer look
at the small-signal operation of the transistor. Toward that end, consider the conceptual
circuit shown in Fig. 5.48(a). Here the base—emitter junction is forward biased by a dc
voltage Vg (battery). The reverse bias of the collector—base junction is established by
connecting the collector to another power supply of voltage V. through a resistor R.. The
input signal to be amplified is represented by the voltage source v, that is superimposed
on V.

We consider first the dc bias conditions by setting the signal v,, to zero. The circuit
reduces to that in Fig. 5.48(b), and we can write the following relationships for the dc cur-
rents and voltages:

Vee/Vr

I = Ise (5.78)
I, = 1./ (5.79)
I, =1./B (5.80)
Vo= Ve = Vee— IR, (5.81)

Obviously, for active-mode operation, V- should be greater than (V; — 0.4) by an amount
that allows for a reasonable signal swing at the collector.

5.6.1 The Collector Current and the Transconductance

If a signal v, is applied as shown in Fig. 5.48(a), the total instantaneous base—emitter voltage vy
becomes

Vg = Vgt U,
Correspondingly, the collector current becomes
. I e/ Ve I (Vpg+up)/ Vr
ic = Ige = Ige
Vgg/Vy) (0,,/ V)
= Ige e

— Vece 25 — Ve

(a) (b)

FIGURE 5.48 (a) Conceptual circuit to illustrate the operation of the transistor as an amplifier. (b) The
circuit of (a) with the signal source v, eliminated for dc (bias) analysis.

(3
(%

Yo,
Ly 67
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Use of Eq. (5.78) yields

. Upe/Vr
ic =1ce (5.82)
Now, if v,, < V;, we may approximate Eq. (5.82) as
. Upe
=[-1+== 5.83
le c ( VT) ( )

Here we have expanded the exponential in Eq. (5.82) in a series and retained only the first
two terms. This approximation, which is valid only for v, less than approximately 10 mV, is
referred to as the small-signal approximation. Under this approximation the total collector
current is given by Eq. (5.83) and can be rewritten

I
ic = 1C+V—vae (5.84)
T

Thus the collector current is composed of the dc bias value /- and a signal component i,
(5.85)

This equation relates the signal current in the collector to the corresponding base—emitter
signal voltage. It can be rewritten as

ic = 8mUpe (586)

where g, is called the transconductance, and from Eq. (5.85), it is given by

I¢
Em = VT (587)
We observe that the transconductance of the BJT is directly proportional to the collector
bias current /.. Thus to obtain a constant predictable value for g,,, we need a constant pre-
dictable /.. Finally, we note that BJTs have relatively high transconductance (as compared
to MOSFETs, which we studied in Chapter 4); for instance, at /o= 1 mA, g,, =40 mA/V.
A graphical interpretation for g,, is given in Fig. 5.49, where it is shown that g,, is equal
to the slope of the i-—vp; characteristic curve at i = I- (i.e., at the bias point Q). Thus,

di
gm = a_c
UBE|i,.

(5.88)

=1C

The small-signal approximation implies keeping the signal amplitude sufficiently small so
that operation is restricted to an almost-linear segment of the i-—uvgp exponential curve.
Increasing the signal amplitude will result in the collector current having components non-
linearly related to v,,. This, of course, is the same approximation we discussed in the context
of the amplifier transfer curve in Section 5.3.

The analysis above suggests that for small signals (v,, < V), the transistor behaves as a
voltage-controlled current source. The input port of this controlled source is between base
and emitter, and the output port is between collector and emitter. The transconductance of
the controlled source is g,,, and the output resistance is infinite. The latter ideal property is a
result of our first-order model of transistor operation in which the collector voltage has no
effect on the collector current in the active mode. As we have seen in Section 5.2, practical
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ic A

Slope = g,,

FIGURE 5.49 Linear operation of the transistor under the small-signal condition: A small signal v, with
a triangular waveform is superimposed on the dc voltage V. It gives rise to a collector signal current i,, also
of triangular waveform, superimposed on the dc current /... i, = g,,v,., Where g,, is the slope of the i-—vg; curve
at the bias point Q.

BIJTs have finite output resistance because of the Early effect. The effect of the output resis-
tance on amplifier performance will be considered later.

EXERCISE

5.36 Use Eq. (5.88) to derive the expression for g, in Eq. (5.87).

5.6.2 The Base Current and the Input Resistance at the Base

To determine the resistance seen by wv,,, we first evaluate the total base current iz using
Eq. (5.84), as follows:
. ic Io 11,
ip = == —=+=-—1,
TB B BV
Thus,
ig =1Ig+i, (5.89)

where I is equal to I-/f3 and the signal component i, is given by

. 11c
1 = e —
b ﬁVTvbe

(5.90)
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Substituting for /./V, by g,, gives
1. (5.91)

The small-signal input resistance between base and emitter, looking into the base, is denoted
by r, and is defined as

re= (5.92)
Ly
Using Eq. (5.91) gives
Fp = B (5.93)
gﬂ’l

Thus r, is directly dependent on f3 and is inversely proportional to the bias current /.. Substi-
tuting for g,, in Eq. (5.93) from Eq. (5.87) and replacing I./f3 by I gives an alternative
expression for r,

-V

re= (5.94)
B

5.6.3 The Emitter Current and the Input Resistance
at the Emitter

The total emitter current i can be determined from

. ic _ 1o 1,
1 = = = — + —
E7a a «
Thus,
ip=1Ig+i, (5.95)

where I, is equal to -/ o and the signal current i, is given by

. i 1o I

] = — = —— = —, 5 96

e o aVT be VT be ( )
If we denote the small-signal resistance between base and emitter, looking into the emitter,
by r,, it can be defined as

r, = b (5.97)
l(’
Using Eq. (5.96) we find that r,, called the emitter resistance, is given by
r, = Vi (5.98)
Ig
Comparison with Eq. (5.87) reveals that
=21 (5.99)
gﬂl gm

The relationship between r, and r, can be found by combining their respective definitions in
Egs. (5.92) and (5.97) as

Upe = pl'y = LT,
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Thus,
re = (L./1p)r,
which yields
r, = (B+Dr, (5.100)

EXERCISE

5.37 A BJT having 8= 100 is biased at a dc collector current of 1 mA. Find the value of g,, r,, and r, at the
bias point.
Ans. 40 mA/V; 25 Q; 2.5 kQ

5.6.4 Voltage Gain

In the preceding section we have established only that the transistor senses the base—emitter
signal v, and causes a proportional current g,,v,, to flow in the collector lead at a high (ideally
infinite) impedance level. In this way the transistor is acting as a voltage-controlled current
source. To obtain an output voltage signal, we may force this current to flow through a resistor,
as is done in Fig. 5.48(a). Then the total collector voltage v, will be

Ve = Vee—icRe

= Vee—Uc+i)Rc
(Vee—1cRe) —i.Re
Ve—i.Re

(5.101)

Here the quantity V- is the dc bias voltage at the collector, and the signal voltage is given by

v, = —i.Re = =8, 0. Re (5.102)
= (_ngC)vbe .
Thus the voltage gain of this amplifier A,, is
A, = 22 = g R, (5.103)
Upe

Here again we note that because g, is directly proportional to the collector bias current,
the gain will be as stable as the collector bias current is made. Substituting for g,, from
Eq. (5.87) enables us to express the gain in the form

A, = _I_;RC (5.104)
T

which is identical to the expression we derived in Section 5.3 (Eq. 5.56).

EXERCISE

5.38 In the circuit of Fig. 5.48(a), Vy is adjusted to yield a dc collector current of 1 mA. Let Voo =15V,
R-=10kQ, and = 100. Find the voltage gain v,/ v,,. If v,, = 0.005 sin e volts, find v.(r) and ix(7).

Ans. =400 V/V; 5 — 2 sinat volts; 10 + 2 sin ot uA
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5.6.5 Separating the Signal and the DC Quantities

The analysis above indicates that every current and voltage in the amplifier circuit of
Fig. 5.48(a) is composed of two components: a dc component and a signal component. For
instance, vgg = Vg + U, Ic =1+ i, and so on. The dc components are determined from the
dc circuit given in Fig. 5.48(b) and from the relationships imposed by the transistor (Egs. 5.78
through 5.81). On the other hand, a representation of the signal operation of the BJT can
be obtained by eliminating the dc sources, as shown in Fig. 5.50. Observe that since the
voltage of an ideal dc supply does not change, the signal voltage across it will be zero. For
this reason we have replaced V. and V; with short circuits. Had the circuit contained ideal
dc current sources, these would have been replaced by open circuits. Note, however, that the
circuit of Fig. 5.50 is useful only in so far as it shows the various signal currents and volt-
ages; it is not an actual amplifier circuit since the dc bias circuit is not shown.

Figure 5.50 also shows the expressions for the current increments i, i), and i, obtained when
a small signal v, is applied. These relationships can be represented by a circuit. Such a circuit
should have three terminals—C, B, and E—and should yield the same terminal currents indi-
cated in Fig. 5.50. The resulting circuit is then equivalent to the transistor as far as small-signal
operation is concerned, and thus it can be considered an equivalent small-signal circuit model.

5.6.6 The Hybrid-7 Model

An equivalent circuit model for the BJT is shown in Fig. 5.51(a). This model represents the BIT
as a voltage-controlled current source and explicitly includes the input resistance looking into

Re

\th = 8m Upe

+
Uge
Upe . Y FIGURE 5.50 The amplifier circuit of Fig. 5.48(a) with
V“ T the dc sources Vy; and V¢ eliminated (short circuited).
Thus only the signal components are present. Note that
J_ this is a representation of the signal operation of the BJT
= and not an actual amplifier circuit.

8mUbe

Em = /('/V'['
e = Bl&m

(a) (b)

FIGURE 5.51 Two slightly different versions of the simplified hybrid-7 model for the small-signal operation
of the BJT. The equivalent circuit in (a) represents the BJT as a voltage-controlled current source (a transconduc-
tance amplifier), and that in (b) represents the BJT as a current-controlled current source (a current amplifier).
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v

the base, r,;. The model obviously yields i. = g,,v,, and i}, = v,,/r,. Not so obvious, however,
is the fact that the model also yields the correct expression for i,. This can be shown as follows:
At the emitter node we have

. Yp Yp
l, = r_()+gmvbe = r_e(l‘l'gmrn')

T /1
Upe Iz
rﬂ( ﬁ) vbe/(l +ﬂ)
=y, /1,

A slightly different equivalent circuit model can be obtained by expressing the current of
the controlled source (g,,v,) in terms of the base current i, as follows:

EmUpe = gm(ibrn)
= (gu" )iy = Biy

This results in the alternative equivalent circuit model shown in Fig. 5.51(b). Here the tran-
sistor is represented as a current-controlled current source, with the control current being i,.

The two models of Fig. 5.51 are simplified versions of what is known as the hybrid-7
model. This is the most widely used model for the BJT.

It is important to note that the small-signal equivalent circuits of Fig. 5.51 model the
operation of the BJT at a given bias point. This should be obvious from the fact that
the model parameters g,, and r, depend on the value of the dc bias current /., as indicated in
Fig. 5.51. Finally, although the models have been developed for an npn transistor, they
apply equally well to pnp transistors with no change of polarities.

5.6.7 The T Model

Although the hybrid-7 model (in one of its two variants shown in Fig. 5.51) can be used to carry
out small-signal analysis of all transistor circuits, there are situations in which an alternative
model, shown in Fig. 5.52, is much more convenient. This model, called the T model, is shown

(a) (b)

FIGURE 5.52 Two slightly different versions of what is known as the T'model of the BJT. The circuit in
(a) is a voltage-controlled current source representation and that in (b) is a current-controlled current source
representation. These models explicitly show the emitter resistance r, rather than the base resistance r,
featured in the hybrid-7 model.
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in two versions in Fig. 5.52. The model of Fig. 5.52(a) represents the BJT as a voltage-controlled
current source with the control voltage being v,,. Here, however, the resistance between base
and emitter, looking into the emitter, is explicitly shown. From Fig. 5.52(a) we see clearly that
the model yields the correct expressions for i, and i,. For i), we note that at the base node we have

. Up, Up,
Iy = -;lz-_gmvbe = r_b(l _gmre)
:@(1_a):v_}’e(l_i)
r, r, B+1
_ Upe _ Upe
CB+Dr.

as should be the case.
If in the model of Fig. 5.52(a) the current of the controlled source is expressed in terms
of the emitter current as follows:
EmUpe = gm(iere)
= (gmré’)if = aie
we obtain the alternative T model shown in Fig. 5.52(b). Here the BJT is represented as a
current-controlled current source but with the control signal being i,.

5.6.8 Application of the Small-Signal Equivalent Circuits
The availability of the small-signal BJT circuit models makes the analysis of transistor
amplifier circuits a systematic process. The process consists of the following steps:
1. Determine the dc operating point of the BJT and in particular the dc collector current /..
2. Calculate the values of the small-signal model parameters: g,,=1./Vy, r,=fp/g,, and
r, =V, /1z=1/g,.
3. Eliminate the dc sources by replacing each dc voltage source with a short circuit and
each dc current source with an open circuit.

4. Replace the BJT with one of its small-signal equivalent circuit models. Although any
one of the models can be used, one might be more convenient than the others for the
particular circuit being analyzed. This point will be made clearer later in this chapter.

5. Analyze the resulting circuit to determine the required quantities (e.g., voltage gain,
input resistance). The process will be illustrated by the following examples.

We wish to analyze the transistor amplifier shown in Fig. 5.53(a) to determine its voltage gain.
Assume = 100.

Solution
The first step in the analysis consists of determining the quiescent operating point. For this purpose
we assume that v; = 0. The dc base current will be
_ Vs~ Ve
Rpp
_3-07

—— = 0.023 mA
100

Iy



Vee = +10V +10V

0.023 mA
+0.7 V

(¢)

FIGURE 5.53 Example 5.14: (a) circuit; (b) dc analysis; (¢) small-signal model.

The dc collector current will be
I = BI; =100x0.023 = 2.3 mA
The dc voltage at the collector will be
Ve =Vee—IcRe
=+410-23%x3=+43.1V

Since Vj at +0.7 V is less than V., it follows that in the quiescent condition the transistor will be
operating in the active mode. The dc analysis is illustrated in Fig. 5.53(b).
Having determined the operating point, we may now proceed to determine the small-signal

model parameters:

%
re = I_T = —-25 mV = 108 Q
" (23/0.99) mA
g =Jc J23mA _ g gy
mS YT 25 my
rp=L =190 _ 09 ko
&m 92

To carry out the small-signal analysis it is equally convenient to employ either of the two
hybrid-m equivalent circuit models of Fig. 5.51. Using the first results in the amplifier equivalent
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circuit given in Fig. 5.53(c). Note that no dc quantities are included in this equivalent circuit. It is

most important to note that the dc supply voltage V. has been replaced by a short circuit in the

signal equivalent circuit because the circuit terminal connected to V- will always have a con-

stant voltage. That is, the signal voltage at this terminal will be zero. In other words, a circuit

terminal connected to a constant dc source can always be considered as a signal ground.
Analysis of the equivalent circuit in Fig. 5.53(c) proceeds as follows:

"'n

Uy = U,

‘ 'rot Ry
(5.105)
1.09
= v;——— = 0.011y,
“T01.09 o
The output voltage v, is given by
Uy = _gmvbeRC
= -92x0.011y;x3 = -3.04v,
Thus the voltage gain will be
A, =2 = 304 V/V (5.106)

Y;

where the minus sign indicates a phase reversal.

To gain more insight into the operation of transistor amplifiers, we wish to consider the waveforms
at various points in the circuit analyzed in the previous example. For this purpose assume that ; has
a triangular waveform. First determine the maximum amplitude that v, is allowed to have. Then,
with the amplitude of v, set to this value, give the waveforms of iz(f), vgg(?), i(f), and v(?).

Solution

One constraint on signal amplitude is the small-signal approximation, which stipulates that v,
should not exceed about 10 mV. If we take the triangular waveform v, to be 20 mV peak-to-peak
and work backward, Eq. (5.105) can be used to determine the maximum possible peak of v;,
7. — ‘A/be
Vi= goi
To check whether or not the transistor remains in the active mode with v, having a peak value
V: = 0.91 V, we have to evaluate the collector voltage. The voltage at the collector will consist

of a triangular wave v, superimposed on the dc value V= 3.1 V. The peak voltage of the triangu-
lar waveform will be

=091V

Ve = Vixgain = 091 x3.04 = 277 V

It follows that when the output swings negative, the collector voltage reaches a minimum of
3.1 —2.77 =0.33 V, which is lower than the base voltage by less than 0.4 V. Thus the transistor
will remain in the active mode with v; having a peak value of 0.91 V. Nevertheless, we will use a
somewhat lower value for V; of approximately 0.8 V, as shown in Fig. 5.54(a), and complete the
analysis of this problem. The signal current in the base will be triangular, with a peak value [, of
Vi _ 08
Ryg+r, 100+1.09

Iy = = 0.008 mA
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Ui A

08V N
N AN : "\ /\\ _
e N f

(a)
ip (mA) A I, = 0.008 mA
0.03
0.02
0.01 |- ’f Iy = 0.023 mA
. b,
t
(b)
Uge A

~Y

~Y

(d)

=
~Y

0.67 V (e)

FIGURE 5.54 Signal waveforms in the circuit of Fig. 5.53.
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This triangular-wave current will be superimposed on the quiescent base current Iz, as shown in
Fig. 5.54(b). The base—emitter voltage will consist of a triangular-wave component superimposed
on the dc Vg that is approximately 0.7 V. The peak value of the triangular waveform will be
A A T 1.09
Voe = Vi k= V100 + 1.09
The total vy is sketched in Fig. 5.54(c).
The signal current in the collector will be triangular in waveform, with a peak value /.. given by

= 8.6 mV

I.= Bi, = 100x0.008 = 0.8 mA

This current will be superimposed on the quiescent collector current /- (=2.3 mA), as shown in
Fig. 5.54(d).

Finally, the signal voltage at the collector can be obtained by multiplying v; by the voltage
gain; that is,

V. =3.04x08 =243 V

Figure 5.54(e) shows a sketch of the total collector voltage v versus time. Note the phase rever-
sal between the input signal v; and the output signal v,.

We need to analyze the circuit of Fig. 5.55(a) to determine the voltage gain and the signal wave-
forms at various points. The capacitor C is a coupling capacitor whose purpose is to couple the
signal v; to the emitter while blocking dc. In this way the dc bias established by V' and V~
together with R and R will not be disturbed when the signal v; is connected. For the purpose of
this example, C will be assumed to be very large and ideally infinite—that is, acting as a perfect
short circuit at signal frequencies of interest. Similarly, another very large capacitor is used to
couple the output signal v, to other parts of the system.

vi=+10V +10V

0.93 mA ¢

+0.7V

Ui

=0.92 mA\L

—-10V
(a) (b)

FIGURE 5.55 Example 5.16: (a) circuit; (b) dc analysis;
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(©) (d)

FIGURE 5.55 (Continued) (c) small-signal model; (d) small-signal analysis performed directly on the circuit.

Solution
We shall start by determining the dc operating point as follows (see Fig. 5.55b):

10— _
f, = 102 Ve _ 410207 _ g3 10
R, 10

Assuming =100, then a=0.99, and

Io = 0991, = 0.92 mA

Ve = —10+1.R,
-10+0.92x5 = 54V

Thus the transistor is in the active mode. Furthermore, the collector signal can swing from 5.4 V to
+0.4 V (which is 0.4 V above the base voltage) without the transistor going into saturation. However,
a negative 5.8-V swing in the collector voltage will (theoretically) cause the minimum collector volt-
age to be —11.2 V, which is more negative than the power-supply voltage. It follows that if we attempt
to apply an input that results in such an output signal, the transistor will cut off and the negative peaks
of the output signal will be clipped off, as illustrated in Fig. 5.56. The waveform in Fig. 5.56, however,
is shown to be linear (except for the clipped peak); that is, the effect of the nonlinear i-—ug; character-
istic is not taken into account. This is not correct, since if we are driving the transistor into cutoff at the
negative signal peaks, then we will surely be exceeding the small-signal limit, as will be shown later.

Let us now proceed to determine the small-signal voltage gain. Toward that end, we elimi-
nate the dc sources and replace the BJT with its T equivalent circuit of Fig. 5.52(b). Note that
because the base is grounded, the T model is somewhat more convenient than the hybrid-
model. Nevertheless, identical results can be obtained using the latter.

Figure 5.55(c) shows the resulting small-signal equivalent circuit of the amplifier. The model
parameters are

0.99

\%
re:_TZZS—mV:yQ
I, 093mA

[04
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—10F—=V"=—10V

Negative peaks clipped
owing to cutoff

FIGURE 5.56 Distortion in output signal due to transistor cutoff. Note that it is assumed that no distortion
due to transistor nonlinear characteristics is occurring.

Analysis of the circuit in Fig. 5.55(c) to determine the output voltage v, and hence the voltage
gain v,/ v; is straightforward and is given in the figure. The result is

_ Y%

A, =—==1833V/V

v
Y;

Note that the voltage gain is positive, indicating that the output is in phase with the input signal.
This property is due to the fact that the input signal is applied to the emitter rather than to the
base, as was done in Example 5.14. We should emphasize that the positive gain has nothing to do
with the fact that the transistor used in this example is of the pnp type.

Returning to the question of allowable signal magnitude, we observe from Fig. 5.55(c) that
U, = v;. Thus, if small-signal operation is desired (for linearity), then the peak of v, should be lim-
ited to approximately 10 mV. With V; set to this value, as shown for a sine-wave input in Fig. 5.57,

v; (mV) T 10 mV

0

FIGURE 5.57 Input and output waveforms for the circuit of Fig. 5.55. Observe that this amplifier is
noninverting, a property of the common-base configuration.
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the peak amplitude at the collector, Ve, will be

Ve = 1833%x0.01 = 1.833 V

and the total instantaneous collector voltage v-(f) will be as depicted in Fig. 5.57(b).

EXERCISE

5.39 To increase the voltage gain of the amplifier analyzed in Example 5.16, the collector resistance R,
is increased to 7.5 kQ. Find the new values of V., A,, and the peak amplitude of the output sine wave
corresponding to an input sine wave v; of 10 mV peak.

Ans. =3.1 V; 275 V/V; 275V

5.6.9 Performing Small-Signal Analysis Directly
on the Circuit Diagram

In most cases one should explicitly replace each BJT with its small-signal model and analyze
the resulting circuit, as we have done in the examples above. This systematic procedure is par-
ticularly recommended for beginning students. Experienced circuit designers, however, often
perform a first-order analysis directly on the circuit. Figure 5.55(d) illustrates this process for
the circuit we have just analyzed. The reader is urged to follow this direct analysis procedure
(the steps are numbered). Observe that the equivalent circuit model is implicitly utilized; we
are only saving the step of redrawing the circuit with the BJT replaced with its model. Direct
analysis, however, has an additional very important benefit: It provides insight regarding the
signal transmission through the circuit. Such insight can prove invaluable in design, particu-
larly at the stage of selecting a circuit configuration appropriate for a given application.

5.6.10 Augmenting the Small-Signal Models to Account
for the Early Effect

The Early effect, discussed in Section 5.2, causes the collector current to depend not only on
ugg but also on vz The dependence on v can be modeled by assigning a finite output resis-
tance to the controlled current-source in the hybrid-7 model, as shown in Fig. 5.58. The output
resistance r, was defined in Eq. (5.37); its value is given by r, = (V,+ Vp)/ 1o =V, /I,
where V, is the Early voltage and V- and /- are the coordinates of the dc bias point. Note that
in the models of Fig. 5.58 we have renamed v, as v,, in order to conform with the literature.

7
2>
’ o C Bo—‘i ’ oC
Iy Em Vs Ty I'n ¢Blb o

E E
(a) (b)

FIGURE 5.58 The hybrid-7 small-signal model, in its two versions, with the resistance r, included.
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The question arises as to the effect of r, on the operation of the transistor as an amplifier.
In amplifier circuits in which the emitter is grounded (as in the circuit of Fig. 5.53), r,, simply
appears in parallel with R.. Thus, if we include r, in the equivalent circuit of Fig. 5.53(c),
for example, the output voltage v, becomes

Uy = —8nUpe(Rc llT,)
Thus the gain will be somewhat reduced. Obviously if r, > R, the reduction in gain will be
negligible, and one can ignore the effect of r,. In general, in such a configuration r, can be
neglected if it is greater than 10R,.

When the emitter of the transistor is not grounded, including r, in the model can compli-
cate the analysis. We will make comments regarding r, and its inclusion or exclusion on fre-
quent occasions throughout the book. We should also note that in integrated-circuit BJT
amplifiers, r, plays a dominant role, as will be seen in Chapter 6. Of course, if one is per-
forming an accurate analysis of an almost-final design using computer-aided analysis, then
r, can be easily included (see Section 5.11).

Finally, it should be noted that either of the T models in Fig. 5.52 can be augmented to
account for the Early effect by including r, between collector and emitter.

5.6.11 Summary

The analysis and design of BJT amplifier circuits is greatly facilitated if the relationships
between the various small-signal model parameters are at your fingertips. For easy refer-
ence, these are summarized in Table 5.4. Over time, however, we expect the reader to be
able to recall these from memory.

EXERCISE

5.40 The transistor in Fig. E5.40 is biased with a constant current source / = 1 mA and has 8= 100 and
V, =100 V. (a) Find the dc voltages at the base, emitter, and collector. (b) Find g,,, 7, and r,. (c) If ter-
minal Z is connected to ground, X to a signal source v, with a source resistance R, =2 kQ, and Y to an
8-kQ load resistance, use the hybrid-7 model of Fig. 5.58(a), to draw the small-signal equivalent circuit
of the amplifier. (Note that the current source / should be replaced with an open circuit.) Calculate the
overall voltage gain v,/v,. If 7, is neglected what is the error in estimating the gain magnitude? (Note:
An infinite capacitance is used to indicate that the capacitance is sufficiently large that it acts as a short
circuit at all signal frequencies of interest. However, the capacitor still blocks dc.)

+10V

FIGURE E5.40
Ans. () —0.1 V, —0.8 V, +2 V; (b) 40 mA/V, 2.5 kQ, 100 kQ; (c) =77 V/V, +3.9%



©vy
5.6 SMALL-SIGNAL OPERATION AND MODELS @

TABLE 5.4 small-Signal Models of the BJT

Hybrid-7 Model

B (g,v, Version M (Bi,) Version
Iy
B Bo— ¢

+

Um Tr I r,

B Bi

E

T Model
m  (g,vy Version m  (od) Version

C

E

Model Parameters in Terms of DC Bias Currents

1
T N L T L,
VT IE IC IB IC

InTerms of g,,,

=% =8
8m

e = — T
8m

InTerms of r,

o
gm=7 rﬂz(ﬁ+1)r9 Ent— = —

e T e

Relationships Between ocand f3

o« __B -1
P=i" “Tpa P43
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ﬂ 5.7 SINGLE-STAGE BJT AMPLIFIERS

We have studied the large-signal operation of BJT amplifiers in Section 5.3 and identified
the region over which a properly biased transistor can be operated as a linear amplifier for
small signals. Methods for dc biasing the BJT were studied in Section 5.5, and a detailed
study of the small-signal amplifier operation was presented in Section 5.6. We are now
ready to consider practical transistor amplifiers, and we will do so in this section for cir-
cuits suitable for discrete-circuit fabrication. The design of integrated-circuit BJT amplifiers
will be studied in Chapter 6.

There are basically three configurations for implementing single-stage BJT amplifi-
ers: the common-emitter, the common-base, and the common-collector configurations.
All three are studied below, utilizing the same basic structure with the same biasing
arrangement.

5.71 The Basic Structure

Figure 5.59 shows the basic circuit that we shall utilize to implement the various configura-
tions of BJT amplifiers. Among the various biasing schemes possible for discrete BJT
amplifiers (Section 5.5), we have selected, for simplicity and effectiveness, the one employ-
ing constant-current biasing. Figure 5.59 indicates the dc currents in all branches and the dc
voltages at all nodes. We should note that one would want to select a large value for R in
order to keep the input resistance at the base large. However, we also want to limit the dc
voltage drop across R and even more importantly the variability of this dc voltage resulting
from the variation in 3 values among transistors of the same type. The dc voltage V; deter-
mines the allowable signal swing at the collector.

Rc
Ve =Vee — aRcl
I,=I(B +1)
Vo= — IR, o _—
B B+ 1 +
Ve
_ IR
Ry V=~ (.B +”1 + VB[;)
= I
Vi

FIGURE 5.59 Basic structure of the circuit used to realize single-stage, discrete-circuit BJT amplifier
configurations.
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EXERCISE

5.41 Consider the circuit of Fig. 5.59 for the case V¢ = Vg =10 V, =1 mA, Rz = 100 kQ, R = 8 kQ, and
B =100. Find all dc currents and voltages. What are the allowable signal swings at the collector in both
directions? How do these values change as 3 is changed to 50? To 200? Evaluate the values of the BJT
small-signal parameters at the bias point (with 8= 100). The Early voltage V, = 100 V.

Ans. See Fig. E5.41. Signal swing: for §=100,+8 V,-3.4 V; for 8=50,+8 V,-4.4 V; for f=200,+8 V,-2.9 V.

+10V

o C

—1.7V

1 mA

00 kQ
5 kO

V,=100V g, =40 mA/V T,
=0.99 —10V r,=25 0

R ™
o =

rﬂ'
(a) (b)
FIGURE E5.41

5.7.2 Characterizing BJT Amplifiers®

As we begin our study of BJT amplifier circuits, it is important to know how to character-
ize the performance of amplifiers as circuit building blocks. An introduction to this sub-
ject was presented in Section 1.5. However, the material of Section 1.5 was limited to
unilateral amplifiers. A number of the amplifier circuits we shall study in this book are
not unilateral; that is, they have internal feedback that may cause their input resistance to
depend on the load resistance. Similarly, internal feedback may cause the output resis-
tance to depend on the value of the resistance of the signal source feeding the amplifier.
To accommodate nonunilateral amplifiers, we present in Table 5.5 a general set of
parameters and equivalent circuits that we will employ in characterizing and comparing
transistor amplifiers. A number of remarks are in order:

1. The amplifier in Table 5.5 is shown fed with a signal source having an open-circuit
voltage v, and an internal resistance R,. These can be the parameters of an actual
signal source or the Thévenin equivalent of the output circuit of another amplifier
stage preceding the one under study in a cascade amplifier. Similarly, R; can be an
actual load resistance or the input resistance of a succeeding amplifier stage in a cas-
cade amplifier.

? This section is identical to Section 4.7.2. Readers who studied Section 4.7.2 can skip this section.
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TABLE 5.5 Characteristic Parameters of Amplifiers

Circuit

Definitions
Input resistance with no load:
Yi

R.

i

I.
iR, =

Input resistance:

v
A'UU = —.2
Y; R =co
L
Voltage gain:
v
A, ==
U:

A =2

s .

i

R, =0

Current gain:

Short-circuit transconductance:

G, ==

m

ilR,=0

Output resistance of amplifier proper:

v;=0




Output resistance:

R, ==

out

X =
Ysig=

@Yo\
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0

vsig

Open-circuit overall voltage gain:

G

vl)
Vo
Ugi

&R, =c0

Overall voltage gain:

A:

vsig

R, v,

'mUi

G

(Continued)
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TABLE 5.5 (Continued)

Relationships

U; _ Rin G = Rin RL
vsig Rin + Rsig ! Rin + Rsig “ RL + Ru
R R.

Av = Avo——-—"lj‘"— Gvo = = 00
R, +R, R, +Ry,
R

Avo = GmRo Gv = Gvo i

RL + Roul

2. Parameters R, R,, A,,, A;;, and G,, pertain to the amplifier proper, that is, they do not
depend on the values of Ry, and R,;. By contrast, R;,, Ry A,» A, Gy, and G, may
depend on one or both of R, and R,. Also, observe the relationships of related pairs
of these parameters; for instance, R; = Ry [, —... and R, = R

3. As mentioned above, for nonunilateral amplifiers, R;, may depend on R;, and R,
may depend on Rg,. One such amplifier circuit is studied in Section 5.7.6. No such
dependencies exist for unilateral amplifiers, for which R;, = R; and R, = R,,.

=o0?

Ry=0"

4. The loading of the amplifier on the signal source is determined by the input resis-
tance R;,. The value of R;, determines the current i; that the amplifier draws from the
signal source. It also determines the proportion of the signal vy, that appears at the
input of the amplifier proper, that is, v;.

5. When evaluating the gain A, from the open-circuit value A,,, R, is the output resis-
tance to use. This is because A, is based on feeding the amplifier with an ideal voltage
signal v;. This should be evident from Equivalent Circuit A in Table 5.5. On the other
hand, if we are evaluating the overall voltage gain G, from its open-circuit value G,,,
the output resistance to use is R, This is because G, is based on feeding the ampli-
fier with v, which has an internal resistance R,. This should be evident from
Equivalent Circuit C in Table 5.5.

6. We urge the reader to carefully examine and reflect on the definitions and the six
relationships presented in Table 5.5. Example 5.17 should help in this regard.

sig*

A transistor amplifier is fed with a signal source having an open-circuit voltage v,
an internal resistance R

i of 10 mV and
sz Of 100 kQ. The voltage v; at the amplifier input and the output voltage
vy, are measured both without and with a load resistance R; = 10 kQ connected to the amplifier
output. The measured results are as follows:

v;(mV) v, (mV)
Without R, 9 90
With R; connected 8 70

Find all the amplifier parameters.
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Solution
First, we use the data obtained for R, = o to determine

vo

A =%)=10V/V

and
90
G'Uo = E = 9 V/V
Now, since
R.
G‘UD = - vo
R;+ R,
R.
9= ~— x 10
R;+100
which gives
R, = 900 kQ

Next, we use the data obtained when R; = 10 k€2 is connected to the amplifier output to determine

v

A =7§(-)=8.75V/V

and
70
G,=—=T7VIV
‘10
The values of A, and A,, can be used to determine R, as follows:
R
A=A, -t
R, +R,
10
8.75 =10
10+R,
which gives
R, = 143 kQ

to determine R, from

R,
@ = Cur TR,
L out

Similarly, we use the values of G, and G,,

10

7 =922
10+ R,

resulting in
R, = 2.86 kQ

The value of R, can be determined from

Ui — Rin
Rin + Rsig

vsig
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Thus,
8 _ _Ru
10 R, +100
which yields
R, = 400 kQ

The short-circuit transconductance G,, can be found as follows:

A 10
G, =—%=_—"_ =7mA/NV
mT R 1.43

o

and the current gain A; can be determined as follows:

A = /R _ Y Ry
! v,/ Ry, v; Ry
R.
= A0 = g75% 400 _ 350 A/A
R, 10

Finally, we determine the short-circuit current gain A;; as follows. From Equivalent Circuit A, the
short-circuit output current is

i.=A,v/R, (5.107)

However, to determine v; we need to know the value of R;, obtained with R, = 0. Toward this
end, note that from Equivalent Circuit C, the output short-circuit current can be found as

lpe = G ot

/R, (5.108)

vo Ysig

Now, equating the two expressions for i,,. and substituting for G, by

R.

L

vo = vo
R;+Rg,

and for v, from

Ri"lRL=0

v; = USigR» |
in|g, =0

R.\/R
R.|._o = R [(1+ﬁ)(ﬂ)_1]
mlRL 0 sig R. Ro

= 81.8 kQ

+ R,

results in

We now can use

Lose = AvoliRianL=0/Ro

to obtain

A= l"—“ =10x81.8/1.43 =572 A/A

I}
I
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EXERCISE

5.42 Refer to the amplifier of Example 5.17. (a) If Ry, is doubled, find the values for R;,, G, and R,,,.. (b) Repeat
for R, doubled (but R, unchanged; i.e., 100 kQ). (c) Repeat for both R;, and R, doubled.

Ans. (a) 400 kQ, 5.83 V/V, 4.03 kQ; (b) 538 k€2, 7.87 V/V, 2.86 kQ; (c) 538 k€2, 6.8 V/V, 4.03 kQ

5.7.3 The Common-Emitter (CE) Amplifier

The CE configuration is the most widely used of all BJT amplifier circuits. Figure 5.60(a)
shows a CE amplifier implemented using the circuit of Fig. 5.59. To establish a signal
ground (or an ac ground, as it is sometimes called) at the emitter, a large capacitor Cy, usually
in the uF or tens of UF range, is connected between emitter and ground. This capacitor

0 v,

FIGURE 5.60 (a) A common-emitter amplifier using the structure of Fig. 5.59. (b) Equivalent circuit
obtained by replacing the transistor with its hybrid-z model.
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is required to provide a very low impedance to ground (ideally, zero impedance; i.e., in
effect, a short circuit) at all signal frequencies of interest. In this way, the emitter signal cur-
rent passes through Cj to ground and thus bypasses the output resistance of the current
source / (and any other circuit component that might be connected to the emitter); hence
Cy is called a bypass capacitor. Obviously, the lower the signal frequency, the less effective
the bypass capacitor becomes. This issue will be studied in Section 5.9. For our purposes
here we shall assume that Cy, is acting as a perfect short circuit and thus is establishing a zero
signal voltage at the emitter.

In order not to disturb the dc bias currents and voltages, the signal to be amplified,
shown as a voltage source vy, with an internal resistance Rg,, is connected to the base
through a large capacitor C,. Capacitor C;, known as a coupling capacitor, is required to
act as a perfect short circuit at all signal frequencies of interest while blocking dc. Here
again we shall assume this to be the case and defer discussion of imperfect signal coupling
as a result of the rise of the impedance of C¢, at low frequencies to Section 5.9. At this point
we should point out that in situations where the signal source can provide a dc path for the
dc base current I, without significantly changing the bias point we may connect the source
directly to the base, thus dispensing with C; as well as Rp. Eliminating Ry has the added
beneficial effect of raising the input resistance of the amplifier.

The voltage signal resulting at the collector, v,, is coupled to the load resistance R; via
another coupling capacitor C,. We shall assume that C, also acts a perfect short circuit at
all signal frequencies of interest; thus the output voltage v, = v.. Note that R, can be an
actual load resistor to which the amplifier is required to provide its output voltage signal, or
it can be the input resistance of a subsequent amplifier stage in cases where more than one
stage of amplification is needed. (We will study multistage amplifiers in Chapter 7).

To determine the terminal characteristics of the CE amplifier, that is, its input resistance,
voltage gain, and output resistance, we replace the BJT with its hybrid-7 small-signal model.
The resulting small-signal equivalent circuit of the CE amplifier is shown in Fig. 5.60(b). We
observe at the outset that this amplifier is unilateral and thus R;, = R; and R, = R,. Analysis
of this circuit is straightforward and proceeds in a step-by-step manner, from the signal
source to the amplifier load. At the amplifier input we have

v

w=2=R,IIR, (5.109)

R .
L

where R;, is the input resistance looking into the base. Since the emitter is grounded,
Ry =1, (5.110)
Normally, we select Rg > r,, with the result that

R,=r, (5.111)

Thus, we note that the input resistance of the CE amplifier will typically be a few kilohms,
which can be thought of as low to moderate. The fraction of source signal v, that appears
across the input terminals of the amplifier proper can be found from
R
V; = Ugg (5.112)
Rin +R sig
(RB ” r ﬂ)

= MNe(R, 1)+ R,
B T sig

ig

(5.113)
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which for R, > r, becomes
R (5.114)

Next we note that
(5.115)
At the output of the amplifier we have

v, = —8me(ro I RCIIRy)

Replacing v, by v; we can write for the voltage gain of the amplifier proper; that is, the voltage
gain from base to collector,

A, = =g, (r,IRcIIRy) (5.116)

This equation simply says that the voltage gain from base to collector is found by multiply-
ing g,, by the total resistance between collector and ground. The open-circuit voltage gain
A, can be obtained by setting R, = o in Eq. (5.116); thus,

A, = =g, 11 Re) (5.117)

from which we note that the effect of r, is simply to reduce the gain, usually only slightly
since typically r, > R, resulting in

A,, =—g,R¢ (5.118)

vo =

The output resistance R, can be found from the equivalent circuit of Fig. 5.60(b) by look-
ing back into the output terminal while short-circuiting the source w,. Since this will result
in v, =0, we see that

Ry =Rl r, (5.119)

Thus r, reduces the output resistance of the amplifier, again usually only slightly since typi-
cally r,> R and

Ry, = R (5.120)

Recalling that for this unilateral amplifier R, = R, we can utilize A,, and R, to obtain the
voltage gain A, corresponding to any particular R;,

A, = AwL
R, +R,
The reader can easily verify that this approach does in fact lead to the expression for A, in
Eq. (5.116), which we have derived directly.
The overall voltage gain from source to load, G
from Eq. (5.114) by A, from Eq. (5.116),

G- (Rellry
(RB ” rﬂ,’) + Rsig

k%

can be obtained by multiplying (v;/ vg,)

gu(r, IRCIIR,) (5.121)
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For the case R > r, this expression simplifies to

G,= _w (5.122)
r,[+RSig

From this expression we note that if R, > r,, the overall gain will be highly dependent on S.
This is not a desirable property since [ varies considerably between units of the same tran-
sistor type. At the other extreme, if R; << r,, we see that the expression for the overall voltage
gain reduces to

Gv = _gm(RC ” RL “ ro) (5123)

which is the gain A,; in other words, when R, is small, the overall voltage gain is almost
equal to the gain of the CE circuit proper, which is independent of 5. Typically a CE ampli-
fier can realize a voltage gain on the order of a few hundred, which is very significant. It fol-
lows that the CE amplifier is used to realize the bulk of the voltage gain required in a given
amplifier design problem. Unfortunately, however, as we shall see in Section 5.9, the high-
frequency response of the CE amplifier can be rather limited.

Before leaving the CE amplifier, we wish to evaluate its short-circuit current gain, A;,.
This can be easily done by referring to the amplifier equivalent circuit in Fig. 5.60(b). When
R, is short circuited, the current through it will be equal to —g,,v,,

los = —8mUn
Since v, is related to i; by
U= v = iRy,

the short-circuit current gain can be found as

i
Ay=" = —g,R,, (5.124)
i
Substituting R;, = Ry Il r, we can see that in the case Rz > r,, |A, | reduces to B, which is
to be expected since f is, by definition, the short-circuit current gain of the common-emitter
configuration.

In conclusion, the common-emitter configuration can provide large voltage and current

gains, but R;, is relatively low and R, is relatively high.

EXERCISE

5.43 Consider the CE amplifier of Fig. 5.60(a) when biased as in Exercise 5.41. In particular, refer to
Fig. ES.41 for the bias currents and the values of the elements of the BJT model at the bias point. Evaluate
R;, (without and with Ry taken into account), A,, (without and with r, taken into account), R, (without
and with r, taken into account), and A;; (without and with R taken into account). For R, = 5 kQ, find
A, If R;=5 kQ, find the overall voltage gain G,. If the sine-wave v, is to be limited to 5 mV peak, what
is the maximum allowed peak amplitude of v, and the corresponding peak amplitude of v,,.

Ans. 2.5 kQ, 2.4 kQ; -320 V/V, -296 V/V; 8 kQ, 7.4 kQ; —100 A/A, —-98 A/A; —-119 V/V; -39 V/V;
15mV; 0.6 V
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5.7.4 The Common-Emitter Amplifier with an Emitter Resistance
Including a resistance in the signal path between emitter and ground, as shown in Fig. 5.61(a),
can lead to significant changes in the amplifier characteristics. Thus such a resistor can be
utilized by the designer as an effective design tool for tailoring the amplifier characteristics
to fit the design requirements.

Vee (0V)

Yo

Usig Cir

Usig

in

Ve Rou
re
. i
E \L/" - r, + R,
Re

(b)

FIGURE 5.61 (a) A common-emitter amplifier with an emitter resistance R,. (b) Equivalent circuit
obtained by replacing the transistor with its T model.
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Analysis of the circuit in Fig. 5.61(a) can be performed by replacing the BJT with one of
its small-signal models. Although any one of the models of Figs. 5.51 and 5.52 can be used,
the most convenient for this application is one of the two T models. This is because we have
a resistance R, in the emitter that will appear in series with the emitter resistance r, of the
T model and can thus be added to it, simplifying the analysis considerably. In fact, when-
ever there is a resistance in the emitter lead, the T model should prove more convenient to
use than the hybrid-7 model.

Replacing the BJT with the T model of Fig. 5.52(b) results in the amplifier small-signal
equivalent-circuit model shown in Fig. 5.61(b). Note that we have not included the BJT out-
put resistance r,; including r, complicates the analysis considerably. Since for the discrete
amplifier at hand it turns out that the effect of r, on circuit performance is small, we shall not
include it in the analysis. This is not the case, however, for the IC version of this circuit, and
we shall indeed take r, into account in the analysis in Chapter 6.

To determine the amplifier input resistance R;,, we note from Fig. 5.61(b) that R;, is the
parallel equivalent of R, and the input resistance at the base R;,

Ry, = Rgll R, (5.125)
The input resistance at the base R;, can be found from
Y;
Ry =—
Ly
where
. , i,
i, = (l-wi, = B+l
and
U:
, = —— 5.126
fe r,+R, ( )
Thus,
Ry, = (B+1)(r,+R,) (5.127)

This is a very important result. It says that the input resistance looking into the base is (B+ 1)
times the total resistance in the emitter. Multiplication by the factor (8 + 1) is known as the
resistance-reflection rule. The factor (8 + 1) arises because the base current is 1/(+ 1)
times the emitter current. The expression for R;, in Eq. (5.127) shows clearly that including
a resistance R, in the emitter can substantially increase R;. Indeed the value of R; is
increased by the ratio

R;, (with R, included)  (B+1)(r,+R,)
R, (without R,) ~  (B+1D)r,

R
=1+—<=1+g,R

e

(5.128)

e

Thus the circuit designer can use the value of R, to control the value of R;, and hence R;,. Of
course, for this control to be effective, R; must be much larger than R;,; in other words, R;,
must dominate the input resistance.

To determine the voltage gain A,, we see from Fig. 5.61(b) that

Uy = _ic(RC ” RL)
~0i (RcIIR))

(5.129)
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Substituting for i, from Eq. (5.126) gives

A=Y _ _a(RC”RL)
vy, r,+R,
Since ax=1,
R-IIR
A, =- cllR, (5.130)
r,+R,

This simple relationship is very useful and is definitely worth remembering: The voltage
gain from base to collector is equal to the ratio of the total resistance in the collector to
the total resistance in the emitter. This statement is a general one and applies to any
amplifier circuit. The open-circuit voltage gain A,, can be found by setting R; = oo in
Eq. (5.129),

R
A, = -2 (5.131)
r,+R,
which can be expressed alternatively as
A —_o__Re
v r, L+R,/r,
R R
AUO - _ Emlc =_ Emlc (5132)
1+(R,/T1,) 1+g,.R,

Including R, thus reduces the voltage gain by the factor (1 + g,,R,), which is the same factor
by which R;, is increased. This points out an interesting trade-off between gain and input
resistance, a trade-off the designer can exercise through the choice of an appropriate value
for R,.

The output resistance R, can be found from the circuit in Fig. 5.61(b) by inspection:

Ry = R (5.133)

At this point we should note that for this amplifier, R;, = R; and R, = R,,.
The short-circuit current gain A;; can be found from the circuit in Fig. 5.61(b) as follows:

l,, = —01

i, = v;/R;,

e

Thus,
A = R

s
Y;

Substituting for i, from Eq. (5.126) and for R, from Eq. (5.125),

4, = AR IRy) (5.134)
’ r,+R,
which for the case Ry > R;, reduces to
__a(ﬂ—"_l)(re-i_Re) _ ﬁ

r,+R,

A.

s

the same value as for the CE circuit.
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The overall voltage gain from source to load can be obtained by multiplying A, by
(vi/ Usig)a

Substituting for R; by Ryl R;,, assuming that R, > R,,, and substituting for R;, from
Eq. (5.127) results in

o BRIR)

" TRt (B DR, (5.135)

We note that the gain is lower than that of the CE amplifier because of the additional term
(B+ DR, in the denominator. The gain, however, is less sensitive to the value of 3, a desir-
able result.

Another important consequence of including the resistance R, in the emitter is that it
enables the amplifier to handle larger input signals without incurring nonlinear distortion.
This is because only a fraction of the input signal at the base, v;, appears between the base
and the emitter. Specifically, from the circuit in Fig. 5.61(b), we see that

Up_ _Te 1

;_re+RE:1+ng

(5.136)
Thus, for the same v,, the signal at the input terminal of the amplifier, v;, can be greater than
for the CE amplifier by the factor (1 + g,,R,).

To summarize, including a resistance R, in the emitter of the CE amplifier results in the

following characteristics:

1. The input resistance R;, is increased by the factor (1 + g,R,).

2. The voltage gain from base to collector, A,, is reduced by the factor (1 + g,,R,).

3. For the same nonlinear distortion, the input signal v; can be increased by the factor
(I +g,R.).

4. The overall voltage gain is less dependant on the value of £.

5. The high-frequency response is significantly improved (as we shall see in Chapter 8).

With the exception of gain reduction, these characteristics represent performance improve-
ments. Indeed, the reduction in gain is the price paid for obtaining the other performance
improvements. In many cases this is a good bargain; it is the underlying principle for the use
of negative feedback. That the resistance R, introduces negative feedback in the amplifier
circuit can be seen by reference to Fig. 5.61(a). If for some reason the collector current
increases, the emitter current also will increase, resulting in an increased voltage drop across
R,. Thus the emitter voltage rises, and the base—emitter voltage decreases. The latter effect
causes the collector current to decrease, counteracting the initially assumed change, an indi-
cation of the presence of negative feedback. In Chapter 9, where we shall study negative
feedback formally, we will find that the factor (1 — g,,R,) which appears repeatedly, is the
“amount of negative feedback” introduced by R,. Finally, we note that the negative feedback
action of R, gives it the name emitter degeneration resistance.

Before leaving this circuit we wish to point out that we have shown a number of the cir-
cuit analysis steps directly on the circuit diagram in Fig. 5.61(a). With practice, the reader
should be able to do all of the small-signal analysis directly on the circuit, thus dispensing
with the task of drawing a complete small-signal equivalent-circuit model.
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EXERCISE

5.44 Consider the emitter-degenerated CE circuit of Fig. 5.61 when biased as in Exercise 5.41. In particular
refer to Fig. E5.41 for the bias currents and for the values of the elements of the BJT model at the bias
point. Let the amplifier be fed with a source having Ry, = 5 kQ, and let R, = 5 kQ. Find the value of R,
that results in R;, equal to four times the source resistance Ry;,. For this value of R,, find A, Ry, A, G,
and A;,. If v, is to be limited to 5 mV, what is the maximum value v, can have with and without R,
included. Find the corresponding v,,.

Ans. 225 Q; =32 V/V; 8 kQ; —12.3 V/V; -9.8 V/V; 62.5 mV; 15 mV; 0.6 V

ig

5.75 The Common-Base (CB) Amplifier

By establishing a signal ground on the base terminal of the BJT, a circuit configuration aptly
named common-base or grounded-base amplifier is obtained. The input signal is applied
to the emitter, and the output is taken at the collector, with the base forming a common ter-
minal between the input and output ports. Figure 5.62(a) shows a CB amplifier based on the
circuit of Fig. 5.59. Observe that since both the dc and ac voltages at the base are zero, we
have connected the base directly to ground, thus eliminating resistor R altogether. Coupling
capacitors C¢; and Cg, perform similar functions to those in the CE circuit.

The small-signal equivalent circuit model of the amplifier is shown in Fig. 5.62(b).
Since resistor Ry;, appears in series with the emitter terminal, we have elected to use the
T model for the transistor. Although the hybrid-7 model would yield identical results, the
T model is more convenient in this case. We have not included r,. This is because including
r, would complicate the analysis considerably, for it would appear between the output and
input of the amplifier. Fortunately, it turns out that the effect of r, on the performance of a
discrete CB amplifier is very small. We will consider the effect of r, when we study the IC
form of the CB amplifier in Chapter 6.

From inspection of the equivalent circuit model in Fig. 5.62(b), we see that the input
resistance is

R, =r

(5.137)

e

This should have been expected since we are looking into the emitter and the base is
grounded. Typically r, is a few ohms to a few tens of ohms; thus the CB amplifier has a low
input resistance.

To determine the voltage gain, we write at the collector node

v, = ~ai,(RcIR,)

and substitute for the emitter current from

to obtain

v

A, = % = rﬂ‘(Rc IR,) = g.(RcIIR,) (5.138)

e

which except for its positive sign is identical to the expression for A, for the CE amplifier.
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FIGURE 5.62 (a) A common-base amplifier using the structure of Fig. 5.59. (b) Equivalent circuit
obtained by replacing the transistor with its T model.

The open-circuit voltage gain A,, can be found from Eq. (5.138) by setting R; = oo:

Avo = ngC (5139)

Again, this is identical to A, for the CE amplifier except that the CB amplifier is noninvert-
ing. The output resistance of the CB circuit can be found by inspection from the circuit in
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Fig. 5.62(b) as
Rout = RC

which is similar to the case of the CE amplifier. Here we should note that the CB amplifier
with r, neglected is unilateral, with the result that R;, = R; and R, = R,,.
The short-circuit current gain A, is given by
A =% % _ (5.140)

s . .
i —i

e

which corresponds to our definition of ¢ as the short-circuit current gain of the CB configuration.
Although the gain of the CB amplifier proper has the same magnitude as that of the CE

amplifier, this is usually not the case as far as the overall voltage gain is concerned. The low

input resistance of the CB amplifier can cause the input signal to be severely attenuated,

specifically

R; r

! = £ (5.141)
+R,; Rsig+re

U;

vsig Rsig
from which we see that except for situations in which Ry, is on the order of r,, the signal
transmission factor v,/ vy, can be very small. It is useful at this point to mention that indeed
one of the applications of the CB circuit is to amplify high-frequency signals that appear on
a coaxial cable. To prevent signal reflection on the cable, the CB amplifier is required to
have an input resistance equal to the characteristic resistance of the cable, which is usually
in the range of 50 Q to 75 Q.

The overall voltage gain G, of the CB amplifier can be obtained by multiplying the ratio

v,/ vg, Of Eq. (5.141) by A, from Eq. (5.138),
r
G,= —>—g,.(R-IIR
v RSig regm( C ” L)
_ (RN R;) (5.142)
Rsig +7r, ’

Since =1, we see that the overall voltage gain is simply the ratio of the total resistance in
the collector circuit to the total resistance in the emitter circuit. We also note that the overall
voltage gain is almost independent of the value of 8 (except through the small dependence
of o on f), a desirable property. Observe that for R, of the same order as R and R,, the
gain will be very small.

In summary, the CB amplifier exhibits a very low input resistance (7,) a short-circuit
current gain that is nearly unity (&), an open-circuit voltage gain that is positive and equal
in magnitude to that of the CE amplifier (g,,R.), and like the CE amplifier, a relatively
high output resistance (R.). Because of its very low input resistance, the CB circuit alone
is not attractive as a voltage amplifier except in specialized applications, such as the cable
amplifier mentioned above. The CB amplifier has excellent high-frequency performance
as well, which as we shall see in Chapter 8 makes it useful together with other circuits in
the implementation of high-frequency amplifiers. Finally, a very significant application of
the CB circuit is as a unity-gain current amplifier or current buffer: It accepts an input
signal current at a low input resistance and delivers a nearly equal current at very high output
resistance at the collector (the output resistance excluding R and neglecting r, is infinite).
We shall study such an application in the context of the IC version of the CB circuit in
Chapter 6.

sig
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EXERCISES

5.45 Consider the CB amplifier of Fig. 5.62(a) when designed using the BJT and component values speci-
fied in Exercise 5.41. Specifically, refer to Fig. E5.41 for the bias quantities and the values of the com-
ponents of the BJT small-signal model. Let R, = R, = 5 kQ. Find the values of R;,, A,,, R,, A,, v;/ vy,
and G,. To what value should Rg;, be reduced to obtain an overall voltage gain equal to that found for
the CE amplifier in Exercise 5.43, that is, =39 V/V?

Ans. 25 Q; +320 V/V; 8 kQ; +123 V/V; 0.005 V/V; 0.6 V/V; 54 Q

D5.46 Tt is required to design a CB amplifier for a signal delivered by a 50-Q coaxial cable. The amplifier is
to provide a “proper termination” for the cable and to provide an overall voltage gain of +100 V/V.
Specify the value of the bias current /; and the total resistance in the collector circuit.

Ans. 0.5 mA; 10 kQ

5.7.6 The Common-Collector (CC) Amplifier
or Emitter Follower

The last of the basic BJT amplifier configurations is the common-collector (CC) circuit, a
very important circuit that finds frequent application in the design of both small-signal and
large-signal amplifiers (Chapter 7) and even in digital circuits (Chapter 11). The circuit is
more commonly known by the alternate name emitter follower, the reason for which will
shortly become apparent.

An emitter-follower circuit based on the structure of Fig. 5.59 is shown in Fig. 5.63(a).
Observe that since the collector is to be at signal ground, we have eliminated the collector
resistance R.. The input signal is capacitively coupled to the base, and the output signal is
capacitively coupled from the emitter to a load resistance R;.

Since, as far as signals are concerned, resistance R; is connected in series with the emit-
ter, the T model of the BIT would be the more convenient one to use. Figure 5.63(b) shows
the small-signal equivalent circuit of the emitter follower with the BJT replaced by its
T model augmented to include r,. Here it is relatively simple to take r, into account, and we
shall do so. Inspection of the circuit in Fig. 5.63(b) reveals that r, appears in effect in paral-
lel with R;. Therefore the circuit is redrawn to emphasize this point, and indeed to simplify
the analysis, in Fig. 5.63(c).

Unlike the CE and CB circuits we studied above, the emitter-follower circuit is not uni-
lateral; that is, the input resistance depends on R;, and the output resistance depends on Rg,.
Care therefore must be exercised in characterizing the emitter follower. In the following we
shall derive expressions for Ry,, G,, G,,, and R,,.. The expressions that we derive will shed
light on the operation and characteristics of the emitter follower. More important than the
actual expressions, however, are the methods we use to obtain them. That is what we hope
the reader will become proficient in.

Reference to Fig. 5.63(c) reveals that the BJT has a resistance (r, |l R;) in series with
the emitter resistance r,. Thus application of the resistance reflection rule results in the
equivalent circuit shown in Fig. 5.64(a). Recall that in reflecting resistances to the base side,
we multiply all resistances in the emitter by (8 + 1), the ratio of i, to i,. In this way the volt-
ages remain unchanged.

Inspection of the circuit in Fig. 5.64(a) shows that the input resistance at the base, R, is

Ry = (B+ Dlr.+(r,IR)] (5.143)
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FIGURE 5.63 (a) An emitter-follower circuit based on the structure of Fig. 5.59. (b) Small-signal equivalent
circuit of the emitter follower with the transistor replaced by its T model augmented with r,. (¢) The circuit in
(b) redrawn to emphasize that r, is in parallel with R;. This simplifies the analysis considerably.
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(R\ig//Rli) B lh%

B+ Dr,
O

(B + Dr, -
v,

(B+ DR,
B ‘ ‘ U, Ry B+ 1)(r,//Ry)
Rin - Rli’//(ﬁ + 1)[11’ + (’“//RL)] G“ N Usig B Rsig + RB (R\iil//RB) + (B + 1)[1'1, + (}",,//R[_)J
(a) (b)

FIGURE 5.64 (a) An equivalent circuit of the emitter follower obtained from the circuit in Fig. 5.63(c) by
reflecting all resistances in the emitter to the base side. (b) The circuit in (a) after application of the Thévenin
theorem to the input circuit composed of V,, Ry, and Rp.

from which we see that the emitter follower acts to raise the resistance level of R, (or
R, |l r, to be exact) by the factor (8 + 1) and presents to the source the increased resistance.
The total input resistance of the follower is

Ry, = Ry Il R

from which we see that to realize the full effect of the increased R;,, we have to choose as
large a value for the bias resistance Ry as is practical (i.e., from a bias design point of view).
Also, whenever possible, we should dispense with R altogether and connect the signal source
directly to the base (in which case we also dispense with C,)).

To find the overall voltage gain G,, we first apply the Thévenin theorem at the input side
of the circuit in Fig. 5.64(a) to simplify it to the form shown in Fig. 5.64(b). From the latter
circuit we see that v, can be found by utilizing the voltage divider rule; thus,

o - R B+ 1)(r, IRy
7 Ryt Ry Ry TRp) + (B+ Dlr,+ (r, 1R,)]

(5.144)

We observe that the voltage gain is less than unity; however, for R > R, and (B + 1)[r,+
(r, I R;)1> (R, I Rp), it becomes very close to unity. Thus the voltage at the emitter (v,)
follows very closely the voltage at the input, which gives the circuit the name emitter
follower.

Rather than reflecting the emitter resistance network into the base side, we can do the
converse: Reflect the base resistance network into the emitter side. To keep the voltages
unchanged, we divide all the base-side resistances by (8 + 1). This is the dual of the resis-
tance reflection rule. Doing this for the circuit in Fig. 5.63(c) results in the alternate emitter-
follower equivalent circuit, shown in Fig. 5.65(a). Here also we can simplify the circuit by

applying the Thévenin theorem at the input side, resulting in the circuit in Fig. 5.65(b).
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(Rye//R)
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“" Uiy Ry, + Ry (Ryg/Rp)
g W + r, + (}‘”//RL)
(a) (b)

FIGURE 5.65 (a) An alternate equivalent circuit of the emitter follower obtained by reflecting all
base-circuit resistances to the emitter side. (b) The circuit in (a) after application of the Thévenin theorem
to the input circuit composed of Vg, Rg./(B+ 1), and R/ (B+1).

Inspection of the latter reveals that the output voltage and hence v,/ v,
simple application of the voltage-divider rule, with the result that

Ry (r,IIR,)

Rsig + RB si ” RB
B+1

which, as expected, is identical to the expression in Eq. (5.144) except that both the numera-

tor and denominator of the second factor on the right-hand side have been divided by

(B + 1). To gain further insight regarding the operation of the emitter follower, let’s simplify
this expression for the usual case of Ry > R, and r, > R, . The result is

can be found by a

(5.145)

S

+re+(r0”RL)

Yo R L

N

_— (5.1406)
Ui Rag o4 p
B+1 <

which clearly indicates that the gain approaches unity when Rg,/(S+ 1) becomes much
smaller than R, or alternatively when (8 + )R, becomes much larger than Rg,. This is the
buffering action of the emitter follower, which derives from the fact that the circuit has a
short-circuit current that is approximately equal to (8 + 1).

It is also useful to represent the output of the emitter follower by its Thévenin equivalent

circuit. The open-circuit output voltage will be G,,v,, where G,, can be obtained from
Eq. (5.145) by setting R; = oo,

Ry r

o = i - (5.147)
Rsig+RB sig RB+I’6+7‘0

B+

G
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Note that r, usually is large and the second factor becomes almost unity. The first factor
approaches unity for Rz > Ry, . The Thévenin resistance is the output resistance R, It can
be determined by inspection of the circuit in Fig. 5.65(b): Reduce vy, to zero, “grab hold” of
the emitter terminal, and look back into the circuit. The result is

Ry
Ro.=r, ||( ; -B%'}l-) (5.148)

Usually r, is much larger than the parallel component between the parentheses and can be
neglected, leaving

Ry =r, + Ry I Ry (5.149)

B+1

Thus the output resistance of the emitter follower is low, again a result of its impedance
transformation or buffering action, which leads to the division of (R, Il Rg) by (B +1).
The Thévenin equivalent circuit of the emitter follower is shown together with the formu-
las for G, and R, in Fig. 5.66. This circuit can be used to find v, and hence G, for any
value of R;.

In summary, the emitter follower exhibits a high input resistance, a low output resis-
tance, a voltage gain that is smaller than but close to unity, and a relatively large current
gain. It is therefore ideally suited for applications in which a high-resistance source is to be
connected to a low-resistance load—namely, as the last stage or output stage in a multistage
amplifier, where its purpose would be not to supply additional voltage gain but rather to
give the cascade amplifier a low output resistance. We shall study the design of amplifier
output stages in Chapter 7.

Before leaving the emitter follower, the question of the maximum allowed signal
swing deserves comment. Since only a small fraction of the input signal appears between
the base and the emitter, the emitter follower exhibits linear operation for a large range of
input-signal amplitude. There is, however, an absolute upper limit imposed on the value
of the output-signal amplitude by transistor cutoff. To see how this comes about, consider
the circuit of Fig. 5.63(a) when the input signal is a sine wave. As the input goes negative,

Rnul E

G,

sig

G RB’ Ty
0 Rg, + Ry (ng//R/;)
- e 5 r
(B+1) FIGURE 5.66 Thévenin equivalent circuit of the
R, /Ry output of the emitter follower of Fig. 5.63(a). This
Ry =1, // < [3 T circuit can be used to find v, and hence the overall

voltage gain v,/ v, for any desired R; .
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the output v, will also go negative, and the current in R, will be flowing from ground into
the emitter terminal. The transistor will cut off when this current becomes equal to the
bias current /. Thus the peak value of v, can be found from

7,

=1
R,
or
‘70 = IRL
The corresponding value of v, will be
N IR,
VS = —_—
G

v

Increasing the amplitude of v, above this value results in the transistor becoming cut off and
the negative peaks of the output-signal waveform being clipped off.

EXERCISE

5.47 The emitter follower in Fig. 5.63(a) is used to connect a source with Ry, = 10 k€ to a load R, = 1 k€.
The transistor is biased at / = 5 mA, utilizes a resistance R = 40 k<, and has =100 and V, = 100 V.
Find Ry, Ry, G, G, and R,. What is the largest peak amplitude of an output sinusoid that can be used
without the transistor cutting off? If in order to limit nonlinear distortion the base—emitter signal voltage
is limited to 10 mV peak, what is the corresponding amplitude at the output? What will the overall volt-
age gain become if R; is changed to 2 kQ? To 500 Q?

Ans. 96.7 k€; 28.3 kQ; 0.735 V/V; 0.8 V/V; 84 Q; 5 V; 1.9 V; 0.768 V/V; 0.685 V/V

5.7.7 Summary and Comparisons

For easy reference and to enable comparisons, we present in Table 5.6 the formulas for
determining the characteristic parameters of discrete single-stage BJT amplifiers. In addi-
tion to the remarks already made throughout this section about the characteristics and
areas of applicability of the various configurations, we make the following concluding
points:

1. The CE configuration is the best suited for realizing the bulk of the gain required in
an amplifier. Depending on the magnitude of the gain required, either a single stage
or a cascade of two or three stages can be used.

2. Including a resistor R, in the emitter lead of the CE stage provides a number of per-
formance improvements at the expense of gain reduction.

3. The low input resistance of the CB amplifier makes it useful only in specific applica-
tions. As we shall see in Chapter 8, it has a much superior high-frequency response
than the CE amplifier. This will make it useful as a high-frequency amplifier, espe-
cially when combined with the CE circuit. We shall see one such combination in
Chapter 6.
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4. The emitter follower finds application as a voltage buffer for connecting a high-
resistance source to a low-resistance load and as the output stage in a multistage
amplifier.

Finally, we should point out that the Exercises in this section (except for that relating to the
emitter follower) used the same component values to allow numerical comparisons.

TABLE 5.6 Characteristics of Single-Stage Discrete BJT Amplifiers

Common Emitter

Ry, =Rpllr,=Ryll(B+1)r,

A, = -g,(r, IR-IIR))
Roul =T, ” RC
Ryl r
G, = -l o o IRNR)
(RB ” rn) + Rsig
e _ B, IRCIRY)
r,r+RSig

Aix = _ngin = _ﬂ

Common Emitter with Emitter Resistance

VC C

Neglecting r,:
v,

Rin = RB” (ﬁ+ 1)(re+Re)

R..
i . oRCIIRy) _~gu(RellRy)
L A1,=— =
r,+R, 1+g,R,
vsig — Rout = RC
oo BRIR)
g o Rsig+(B+1)(re+Re)
&r:;
Y B 1 +nge
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Common Base

Neglecting r,:

Yy Rin =T,
A, = g.(RcIIRy)
R,
Roul = RC
= G = (R IRy)
Roul b Rsig + e
As=o
vsig
Vi
Common Collector or Emitter Follower
Vee
Rin = RB” (ﬂ+ 1)[re+(r0” RL)]
Av — (ro ” RL)
(ro ” RL) + re
R.. IR
Roul = ra ” [re+ = ” B}
v, B+1
vsig
R “ R RBR R EIIR(rO o
+R.. R,
B sig ~'si B+re+(r0 ” RL)
— B+1
Rnur Aix = ﬁ+ 1

5.8 THE BJT INTERNAL CAPACITANCES
K AND HIGH-FREQUENCY MODEL

Thus far we have assumed transistor action to be instantaneous, and as a result the transistor
models we have developed do not include any elements (i.e., capacitors or inductors) that
would cause time or frequency dependence. Actual transistors, however, exhibit charge-
storage phenomena that limit the speed and frequency of their operation. We have already
encountered such effects in our study of the pn junction in Chapter 3 and learned that they
can be modeled as capacitances. In the following we study the charge-storage effects that
take place in the BJT and take them into account by adding capacitances to the hybrid-7
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model. The resulting augmented BJT model will be able to predict the observed dependence
of amplifier gain on frequency and the time delays that transistor switches and logic gates
exhibit.

5.8.1 The Base-Charging or Diffusion Capacitance C,

When the transistor is operating in the active or saturation modes, minority-carrier charge is
stored in the base region. In fact, we have already derived an expression for this charge, Q,,
in the case of an npn transistor operating in the active mode (Eq. 5.7). Using the result in
Eq. (5.7) together with Egs. (5.3) and (5.4), we can express Q, in terms of the collector current

icas
w2
Qn = i—-b——lc = TFiC (5150)
where 7, is a device constant,
2
1, = 2“1; (5.151)

with the dimension of time. It is known as the forward base-transit time and represents the
average time a charge carrier (electron) spends in crossing the base. Typically, 7 is in the
range of 10 ps to 100 ps. For operation in the reverse active mode, a corresponding constant
T applies and is many orders of magnitude larger than 7.

Equation (5.151) applies for large signals and, since i, is exponentially related to vy,
0, will similarly depend on vg. Thus this charge-storage mechanism represents a nonlinear
capacitive effect. However, for small signals we can define the small-signal diffusion
capacitance Cy,

Cu= d0, (5.152)
dugg
B deBE
resulting in
1
Coe = Trgn = Tri;- (5.153)
T

5.8.2 The Base—Emitter Junction Capacitance C,
Using the development in Chapter 3, and in particular Eq. (3.X), the base—emitter junction
or depletion-layer capacitance C;, can be expressed as

= i (5.154)

Jje ‘7
(1 — _EE)m
Oe

where C,, is the value of C;, at zero voltage, V,,, is the EBJ built-in voltage (typically, 0.9 V),
and m is the grading coefficient of the EBJ junction (typically, 0.5). It turns out, however,
that because the EBJ is forward biased in the active mode, Eq. (5.154) does not provide an
accurate prediction of C,,. Alternatively, one typically uses an approximate value for C;

jes

C;.=22Cju (5.155)

je =
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5.8.3 The Collector-Base Junction Capacitance C,
In active-mode operation, the CBJ is reverse biased, and its junction or depletion capaci-

tance, usually denoted Cy, can be found from

__ Cw (5.156)

Cc
s (e
VOL‘
where C is the value of C, at zero voltage, V), is the CBJ built-in voltage (typically, 0.75 V),
and m is its grading coefficient (typically, 0.2-0.5).

5.8.4 The High-Frequency Hybrid-7 Model

Figure 5.67 shows the hybrid-7 model of the BJT, including capacitive effects. Specifically,
there are two capacitances: the emitter—base capacitance C, = C,, + C;, and the collector—base
capacitance C,,. Typically, C,is in the range of a few picofarads to a few tens of picofarads, and
C, is in the range of a fraction of a picofarad to a few picofarads. Note that we have also added
a resistor r, to model the resistance of the silicon material of the base region between the base
terminal B and a fictitious internal, or intrinsic, base terminal B” that is right under the emitter
region (refer to Fig. 5.6). Typically, r, is a few tens of ohms, and its value depends on the cur-
rent level in a rather complicated manner. Since (usually) r, << r, its effect is negligible at low
frequencies. Its presence is felt, however, at high frequencies, as will become apparent later.

The values of the hybrid-z equivalent circuit parameters can be determined at a given
bias point using the formulas presented in this chapter. They can also be found from the
terminal measurements specified on the BJT data sheets as described in Appendix X. For
computer simulation, SPICE uses the parameters of the given IC technology to evaluate the
BJT model parameters (Section 5.11).

Before proceeding, a note on notation is in order. Since we are now dealing with volt-
ages and currents that are functions of frequency, we have reverted to using symbols that are
uppercase letters with lowercase subscripts (e.g., V,, 1..). This conforms to the notation system
used throughout this book.

5.8.5 The Cutoff Frequency

The transistor data sheets do not usually specify the value of C,. Rather, the behavior of 3
or hy, versus frequency is normally given. In order to determine C, and C,, we shall derive an
expression for A, the CE short-circuit current gain, as a function of frequency in terms of

Iy B'
+ l
7 C

™ V;T T ™ ng;r

FIGURE 5.67 The high-frequency hybrid-7 model.

i
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sCuVr I.=(gn—sCOV;
B’ — 1] =
i

9]
3
D
I
~
0

mo

1

FIGURE 5.68 Circuit for deriving an expression for h,(s)=1,./1,.

the hybrid-7 components. For this purpose consider the circuit shown in Fig. 5.68, in which
the collector is shorted to the emitter. A node equation at C provides the short-circuit collector
current /, as

I = (8, 5C)V, (5.157)

A relationship between V, and I, can be established by multiplying 7, by the impedance seen
between B’ and E:

1,

e (5.158)
Urg+sCrt+sC,

Vo= 1L,(r  1CLIIC) =

Thus Ay, can be obtained by combining Eqgs. (5.157) and (5.158):

I 8 -sC
] c m u
f

‘T I, Urg+s(Co+Cp)

At the frequencies for which this model is valid, g,, > @C,; thus we can neglect the sC, term
in the numerator and write

h ~ gmrﬂ
fe
1+s(C,+ C#)r,,

Thus,

hy = L (5.159)
1+s(C,+ Cﬂ)r,[

where f3 is the low-frequency value of . Thus A, has a single-pole (or STC) response10

with a 3-dB frequency at @ = wg, where

op = — L
(Cxt C)ra

Figure 5.69 shows a Bode plot for |A,|. From the —6-dB/octave slope it follows that the fre-
quency at which |%;,| drops to unity, which is called the unity-gain bandwidth . is given by

(5.160)

or = Bowg (5.161)

' The frequency response of single-time-constant (STC) networks was reviewed in Section 1.6. Also,
a more detailed discussion of this important topic can be found in Appendix X.
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FIGURE 5.69 Bode plot for |/;,|.

Thus,
S
Oy = 5.162
TC+C, ( )
and
- R— (5.163)
27(C,+ C,)

The unity-gain bandwidth f; is usually specified on the data sheets of the transistor. In
some cases f is given as a function of I and V. To see how f; changes with I, recall
that g,, is directly proportional to I, but only part of C, (the diffusion capacitance C,,) is
directly proportional to /. It follows that f;- decreases at low currents, as shown in Fig. 5.70.
However, the decrease in f; at high currents, also shown in Fig. 5.70, cannot be ex-
plained by this argument; rather it is due to the same phenomenon that causes f3, to
decrease at high currents. In the region where f;-is almost constant, C, is dominated by the
diffusion part.

Typically, f; is in the range of 100 MHz to tens of GHz. The value of f; can be used in
Eq. (5.163) to determine C, + C,. The capacitance C, is usually determined separately by
measuring the capacitance between base and collector at the desired reverse-bias voltage V3.

Jr A

FIGURE 5.70 Variation of f; with /.
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Before leaving this section, we should mention that the hybrid-7 model of Fig. 5.68 char-
acterizes transistor operation fairly accurately up to a frequency of about 0.2 f;. At higher fre-
quencies one has to add other parasitic elements to the model as well as refine the model to
account for the fact that the transistor is in fact a distributed-parameter network that we are
trying to model with a lumped-component circuit. One such refinement consists of splitting r,
into a number of parts and replacing C,, by a number of capacitors, each connected between
the collector and one of the taps of r,. This topic is beyond the scope of this book.

An important observation to make from the high-frequency model of Fig. 5.68 is that at fre-
quencies above 5 to 10, one may ignore the resistance r,. It can be seen then that r, becomes
the only resistive part of the input impedance at high frequencies. Thus r, plays an important
role in determining the frequency response of transistor circuits at high frequencies. It follows
that an accurate determination of r, should be made from a high-frequency measurement.

EXERCISES

5.48 Find Cy,, C;,, Cy, Cy, and f7 for a BJT operating at a dc collector current /o = 1 mA and a CBJ reverse
bias of 2 V. The device has 7= 20 ps, C;,y=20 F, C;y=20fF, V;,, =09V, V.= 0.5V, and mg; = 0.33.

Ans. 0.8 pF; 40 {F; 0.84 pF; 12 fF; 7.47 GHz

5.49 For a BJT operated at I = 1 mA, determine fy and C,if C, =2 pF and || = 10 at 50 MHz.

Ans. 500 MHz; 10.7 pF

5.50 If C, of the BJT in Exercise 5.49 includes a relatively constant depletion-layer capacitance of 2 pF, find

frof the BJT when operated at /- = 0.1 mA.
Ans. 130.7 MHz

5.8.6 Summary

For convenient reference, Table 5.7 provides a summary of the relationships used to com-
pose the values of the parameters of the BJT high-frequency model.

TABLE 5.7 The BJT High-Frequency Model

m
B o—AM— —— ——oC
+ l
V.

gn =1c/Vr ro = ‘VA‘/IC Tz = Bo/8&n

a
5
+
a
=
1]
o
3
a
5
I
a
&
+
a

je Coe = Trgm C,.=2C;,

je —
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5.9 FREQUENCY RESPONSE OF THE
1 COMMON-EMITTER AMPLIFIER

In this section we study the dependence of the gain of the BJT common-emitter amplifier of
Fig. 5.71(a) on the frequency of the input signal.

5.9.1 The Three Frequency Bands

When the common-emitter amplifier circuit of Fig. 5.71(a) was studied in Section 5.7.3, it
was assumed that the coupling capacitors Cq; and Cc, and the bypass capacitor Cp were

Vo
Rsig
Vsig
(a)
A
V| @B)
e Low-frequency i Midband i High-frequency band
band
: * All capacitances can be neglected : * Gain falls off
* Gain falls off | § ¢ | due to the eﬂec?s

due to the effects V) 3 dB | ?}f ngz}rnd C, of

of Cey, Cen, —,f ©

and Cp, | |
| |
| |
| 20 log |A,| (dB) |
| |
| |
| |
| |
| | .

L fu £ (Hz)

(b)

FIGURE 5.71 (a) Capacitively coupled common-emitter amplifier. (b) Sketch of the magnitude of the gain
of the CE amplifier versus frequency. The graph delineates the three frequency bands relevant to frequency
response determination.
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acting as perfect short circuits at all signal frequencies of interest. We also neglected the inter-
nal capacitances of the BJT. That is, C; and C,, of the BJT high-frequency model (Fig. 5.67)
were assumed to be sufficiently small to act as open circuits at all signal frequencies
of interest. As a result of ignoring all capacitive effects, the gain expressions derived in
Section 5.7.3 were independent of frequency. In reality, however, this situation only applies
over a limited, though usually wide, band of frequencies. This is illustrated in Fig. 5.71(b),
which shows a sketch of the magnitude of the overall voltage gain, |G,|, of the common-
emitter amplifier versus frequency. We observe that the gain is almost constant over a wide
frequency band, called the midband. The value of the midband gain A,, corresponds to the
overall voltage gain G, that we derived in Section 5.7.3, namely,

Vo _ (RB “ rn')

Vsig - (RB ” l"”) + Rsig

AM = gm(ro”RC " RL) (5164)

Figure 5.71(b) shows that the gain falls off at signal frequencies below and above the
midband. The gain falloff in the low-frequency band is due to the fact that even though
Ce1, Ces, and Cy are large capacitors (typically, in the uF range), as the signal frequency is
reduced their impedances increase and they no longer behave as short circuits. On the other
hand, the gain falls off in the high-frequency band as a result of C,, and C,,, which though
very small (in the fraction of a pF to the pF range), their impedances at sufficiently high fre-
quencies decrease; thus they can no longer be considered as open circuits. Our objective in
this section is to study the mechanisms by which these two sets of capacitances affect the
amplifier gain in the low-frequency and the high-frequency bands. In this way we will be
able to determine the frequencies f; and f;, which define the extent of the midband, as shown
in Fig. 5.71(b).

The midband is obviously the useful frequency band of the amplifier. Usually, f; and f5
are the frequencies at which the gain drops by 3 dB below its value at midband; that is, at f;
and fy, |gain| = |A,|/(+/2). The amplifier bandwidth or 3-dB bandwidth is defined as the
difference between the lower ( f;) and upper or higher ( f) 3-dB frequencies:

BW=f, —f, (5.165)

Since usually f;, < fy,
BW = fy

A figure-of-merit for the amplifier is its gain—bandwidth product, defined as
GB = |Ay|BW (5.166)

It will be shown at a later stage that in amplifier design, it is usually possible to trade-off
gain for bandwidth. One way of accomplishing this, for instance, is by including an emitter-
degeneration resistance R,, as we have done in Section 5.7.4.

5.9.2 The High-Frequency Response

To determine the gain, or the transfer function, of the amplifier of Fig. 5.71(a) at high fre-
quencies, and in particular the upper 3-dB frequency fy, we replace the BJT with its high-
frequency model of Fig. 5.67. At these frequencies C¢;, Cc,, and Cp will be behaving as
perfect short circuits. The result is the high-frequency amplifier equivalent circuit shown in
Fig. 5.72(a).
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The equivalent circuit of Fig. 5.72(a) can be simplified by utilizing Thévenin theorem
at the input side and by combining the three parallel resistances at the output side. Specif-
ically, the reader should be able to show that applying Thévenin theorem rwice simplifies
the resistive network at the input side to a signal generator V}, and a resistance R}

sig sig?
C
Rie B 1 B’ | C
c o)
+ | +
1% r R. SRV,

sig CiD RB I V’JT T Cn v
gm m

(@)
C
® O
+
s{ig Ri Vn
gh‘lVTf
O

=y RB Iz
e e RB + Rsig I + Ty + (Rsig//RB)

Ri = ro//RC//RL

Rs/ig = r‘rr//[rx + (RB//Rsig)]

(b)

Rg B’ L

1Y)
g Ci) V== C
T 1

* ®
Cin el
Cin = C’n’ + Ceq Vz) = _ngiv#

=C, + C( +g,Rp)
()

FIGURE 5.72 Determining the high-frequency response of the CE amplifier: (a) equivalent circuit;
(b) the circuit of (a) simplified at both the input side and the output side; (¢) equivalent circuit with C,
replaced at the input side with the equivalent capacitance C,,;
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14

V.

sig

(dB)

—20 dB/decade

/

20 log |A,,|
_ 1
fH 27TcinR;ig
Ju f (Hz, log scale)
(d)
FIGURE 5.72 (Continued) (d) sketch of the frequency-response plot, which is that of a low-pass
STC circuit.
where
R r
Vs,ig = Vsig & z (5167)
RB + Rsig r7r+ rx+ (Rsig ” RB)
Riy = rall [r+ (Rg | Ryy)] (5.168)

Observe that R, is the resistance seen looking back into the resistive network between nodes
B’ and E.

The circuit in Fig. 5.72(b) can be simplified further if we can find a way to deal with the
bridging capacitance C, that connects the output node to the “input” node, B’. Toward that
end consider first the output node. It can be seen that the load current is (g,,V, — 1,,), where
&V 1s the output current of the transistor and /, is the current supplied through the very
small capacitance C,. In the vicinity of fy, which is close to the edge of the midband, it is
reasonable to assume that /, is still much smaller than g,,V,, with the result that V, can be
given approximately by

V,=2-g,VRl = -8RV, (5.169)

Since V, = V,,, Eq. (5.169) indicates that the gain from B’ to C is —g,,R;, the same value as
in the midband. The current /, can now be found from

I, = sCu(Vo=V,)
= SCu[Vﬂ_(_glnRZVﬂ)]

sCy(1+ g,R)V,

Now, in Fig. 5.72(b), the left-hand-side of the circuit, at XX’, knows of the existence of C u
only through the current /,,. Therefore we can replace C, by an equivalent capacitance C,,
between B and ground as long as C,, draws a current equal to /.. That is,

sCVe=1,=sC,(1+g,R.)V,
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which results in
C., =C,(1+g,R}) (5.170)
Using C,, enables us to simplify the equivalent circuit at the input side to that shown in

Fig. 5.72(c), which we recognize as a single-time-constant (STC) network of the low-pass
type (see Section 1.6 and Appendix X). Therefore we can express V in terms of V; as

V="V m (5.171)
where @y is the corner frequency of the STC network composed of C;, and R,
0, = 1/C,RG, (5.172)
where Cj, is the total input capacitance at B/,
Ci=Cr+C, = Cr+C,(1+ g,R]) (5.173)

and R, is the effective source resistance, given by Eq. (5.168). Combining Egs. (5.169),
(5.171), and (5.167) give the voltage gain in the high-frequency band as

1

&z_[ Ry Fro &Rl } (5.174)
Ve Ry+Rggrptro+ (R IRy | 5

()

sig sig
The quantity between the square brackets of Eq. (5.174) is the midband gain, and except for
the fact that here r, is taken into account, this expression is the same as that in Eq. (5.164).
Thus,

Vo - _Au (5.175)
Vie 145
[on

from which we deduce that the upper 3-dB frequency f; must be

(O3 1
=0 = 5.176
Iu 2r 27C,Rg, ( )
We thus see that the high-frequency response will be that of a low-pass STC network with a
3-dB frequency fy determined by the time constant C;,R(,. Fig. 5.72(d) shows a sketch of
the magnitude of the high-frequency gain.
Before leaving this section we wish to make a number of observations:

1. The upper 3-dB frequency is determined by the interaction of R, and C;,. If Rz >
Ry, and r, < Ry, then R, = R, |l r,. Thus the extent to which R, determines fy
depends on its value relative to r,: If Ry, > r,, then R(, = ry; on the other hand, if
Ry, is on the order of or smaller than r,, then it has much greater influence on the
value of f.

2. The input capacitance C;, is usually dominated by C,,, which in turn is made large by
the multiplication effect that C,, undergoes. Thus, although C,, is usually very small,
its effect on the amplifier frequency response can be significant as a result of its
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multiplication by the factor (1 + g,,R;), which is approximately equal to the midband

gain of the amplifier.

3. The multiplication effect that C, undergoes comes about because it is connected
between two nodes (B” and C) whose voltages are related by a large negative gain
(—g,,R7). This effect is known as the Miller effect, and (1 + g,,R;) is known as the
Miller multiplier. It is the Miller effect that causes the CE amplifier to have a large

input capacitance C;, and hence a low f.

4. To extend the high-frequency response of a BJT amplifier, we have to find configura-
tions in which the Miller effect is absent or at least reduced. We shall return to this

subject at great length in Chapter 8.

5. The above analysis, resulting in an STC or a single-pole response, is a simplified one.
Specifically, it is based on neglecting I, relative to g, V,, an assumption that applies
well at frequencies not too much higher than f;;. A more exact analysis of the circuit
in Fig. 5.72(a) will be considered in Chapter 8. The results above, however, are more

than sufficient for our current needs.

EXAMPLE 5.18

It is required to find the midband gain and the upper 3-dB frequency of the common-emitter
amplifier of Fig. 5.71(a) for the following case: Ve = V=10V, I=1mA, Rz =100 kQ, R-=

8KQ, Ry, =5 kQ, R, = 5kQ, B, =100, V, =100 V, C, = 1 pF, f; = 800 MHz, and r, = 50 Q.

Solution

The transistor is biased at /- = 1 mA. Thus the values of its hybrid-7 model parameters are

1
g, = £ = 1MA _ 4o mary
Ve 25mV
o= & - 100 _»s5¢0
T g, A0mAN T
\%4
ro= 24 = —11021[1’ = 100 kQ
c
-3
CotCy = 8m _ 40x—106 = 8 pF
Or 27 x 800 x 10
u = 1pF
C,="TpF
re =50Q
The midband voltage gain is
R r
Ay = -——2 - 8mRL
Ry+ Ry rp+7.+ (R IIRsig)

where
R =r,IIR:IIR,
= (100118115) kQ = 3 kQ
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Thus,
g.R. = 40x3 = 120 V/V
and
Aw == 101002 55257 0.0525(100 Ts) <12
- 30V
and

20 log|Ay| = 32 dB
To determine f; we first find C;,,

C

C,+C,(1+g,R))

in

7+1(1+120) = 128 pF

and the effective source resistance R,

R =1l [r + (Rpll Rgy)]
= 2.51170.05+ (10011 5)]
= 1.65 kQ
Thus,
1 1

= 754 kHz

T

—-12

2mCinRG; 27 x 128 x 1072 x 1.65 % 10°

EXERCISE

5.51 For the amplifier in Example 5.18, find the value of R; that reduces the midband gain to half the value
found. What value of fj results? Note the trade-off between gain and bandwidth.

Ans. 1.9 kQ; 1.42 MHz

5.9.3 The Low-Frequency Response

To determine the low-frequency gain or transfer function of the common-emitter amplifier
circuit, we show in Fig. 5.73(a) the circuit with the dc sources eliminated (current source /
open circuited and voltage source V. short circuited). We shall perform the small-signal
analysis directly on this circuit. We will, of course, ignore C, and Cﬂ since at such low
frequencies their impedances will be very high and thus can be considered as open cir-
cuits. Also, to keep the analysis simple and thus focus attention on the mechanisms that
limit the amplifier gain at low frequencies, we will neglect r,. The reader can verify
through SPICE simulation that the effect of r, on the low-frequency amplifier gain is
small. Finally, we shall also neglect r,, which is usually much smaller than r,, with which
it appears in series.
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FIGURE 5.73 Analysis of the low-frequency response of the CE amplifier: (a) amplifier circuits with dc sources removed; (b) the
effect of Cg, is determined with Cj and C, assumed to be acting as perfect short circuits; (c) the effect of C is determined with Cg;
and C, assumed to be acting as perfect short circuits;
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FIGURE 5.73 (Continued) (d) the effect of C, is determined with C; and Cy assumed to be acting as
perfect short circuits; (e) sketch of the low-frequency gain under the assumptions that C¢, Cg, and C,
do not interact and that their break (or pole) frequencies are widely separated.

Our first cut at the analysis of the circuit in Fig. 5.72(a) is to consider the effect of the
three capacitors Cc;, C, and C, one at a time. That is, when finding the effect of C,
we shall assume that Cy and C, are acting as perfect short circuits, and when considering
Cp, we assume that C; and C, are perfect short circuits, and so on. This is obviously
a major simplifying assumption—and one that might not be justified. However, it should
serve as a first cut at the analysis enabling us to gain insight into the effect of these

capacitances.

Figure 5.72(b) shows the circuit with C; and C, replaced with short circuits. The volt-

age V. at the base of the transistor can be written as

Ryllr
= ‘/sig = 1
(RB ” rn:) + Rsig +

Va

SCei
and the output voltage is obtained as

Vo = _gmvn'(RC ” RL)
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These two equations can be combined to obtain the voltage gain V,/V
of C¢ as

sig including the effect

S
gn(RlIRL)| 1 (5.177)
CCI[(RB ” rn) + Rsig]

Vo _ (RB “ rﬂ')

Vsig - (RB ” rn) + Rsig

from which we observe that the effect of C, is to introduce the frequency-dependent factor
between the square brackets on the right-hand side of Eq. (5.177). We recognize this factor
as the transfer fraction of a single-time-constant (STC) network of the high-pass type (see
Section 1.6 and Appendix X) with a corner or break frequency wp,,

Wp, = 1
T Col(Ry I rp) + Ry, ]

(5.178)

Note that [(Rgll r,) + Ry, 1is the resistance seen between the terminals of C¢y when Vg is
set to zero. The STC high-pass factor introduced by C¢,; will cause the amplifier gain to roll
off at low frequencies at the rate of 6 dB/octave (20 dB/decade) with a 3-dB frequency at
fp1= 0p, /21, as indicated in Fig. 5.73(b).

Next, we consider the effect of Cg. For this purpose we assume that C; and Cg, are
acting as perfect short circuits and thus obtain the circuit in Fig. 5.73(c). Reflecting r, and
Cy into the base circuit and utilizing the Thévenin theorem enables us to obtain the base
current as

R, 1

Iy = Vi R, +R

i (R, || Ry,) + (B+ 1)(re+ %)

sCg

The collector current can then be found as 1, and the output voltage as

Vo = _ﬁlb(RC ” RL)

Ry BRCIIR,) .
] sig
Rg+ R, (Ry | Rg,) + (B + 1)(’} + L)
sCp
Thus the voltage gain including the effect of Cj; can be expressed as
Vo ___ Ry BRI R,) s 5179
Vsig RB+Rsig (RBlleig)+(ﬁ+ l)re

R ” R%i
s+ [I/CE(re+ ——ﬂfﬂ : H

We observe that Cy; introduces the STC high-pass factor on the extreme right-hand side.
Thus Cy causes the gain to fall off at low frequency at the rate of 6 dB/octave with a 3-dB
frequency equal to the corner or break frequency of the high-pass STC factor; that is,

Op, = I (5.180)

C,{re + Ry [ Ry IR J

B+1
Observe that [, + (R Il Rg,)/(B+ 1))]is the resistance seen between the two terminals of
Cgwhen Vg, is set to zero. The effect of Cy on the amplifier frequency response is illustrated

by the sketch in Fig. 5.73(c).




@Yo
5.9 FREQUENCY RESPONSE OF THE COMMON-EMITTER AMPLIFIER ‘g" =Y 125
SR

Finally, we consider the effect of C,. The circuit with C, and Cj assumed to be acting
as perfect short circuits is shown in Fig. 5.73(d), for which we can write

Vv, = Vsig_.ML
(RB ” rn) + Rsig
and
R
Vu = _gmvn' 1C RL
Re+ ——+R,
sCer

These two equations can be combined to obtain the low-frequency gain including the effect
of C, as
s

gn(RellRL)| 1 (5.181)
Cer(Re+Ry)

Vo _ RB”rﬂ

Vsig N (RB ” r7r) + Rsig

We observe that C, introduces the frequency-dependent factor between the square brackets,
which we recognize as the transfer function of a high-pass STC network with a break fre-
quency Wps,

_ 1
Cer(Rc+R))

Here we note that as expected, (R + R;) is the resistance seen between the terminals of C¢
when Vg, is set to zero. Thus capacitor C¢, causes the low-frequency gain of the amplifier to
decrease at the rate of 6 dB/octave with a 3-dB frequency at fp; = Wp;/ 27, as illustrated by
the sketch in Fig. 5.73(d).

Now that we have determined the effects of C; and of C,, acting alone, the question
becomes what will happen when all three are present at the same time. This question has two
parts: First, what happens when all three capacitors are present but do not interact? The answer

is that the amplifier low-frequency gain can be expressed as

v, s s )( s )
—2 =-A 5.183
vy M(s + wm)(s + Wpy )\ + Wps ( )

sig

from which we see that it acquires three break frequencies at fp,, fps, and fp3, all in the low-
frequency band. If the three frequencies are widely separated, their effects will be distinct,
as indicated by the sketch in Fig. 5.73(e). The important point to note here is that the 3-dB
frequency f; is determined by the highest of the three break frequencies. This is usually the
break frequency caused by the bypass capacitor Cy, simply because the resistance that it sees
is usually quite small. Thus, even if one uses a large value for Cy, fp, is usually the highest
of the three break frequencies.

If f1, fpo, and fp; are close together, none of the three dominates, and to determine f;, we
have to evaluate |V,/ V| in Eq. (5.183) and calculate the frequency at which it drops to
|A M\/ﬁ. The work involved in doing this, however, is usually too great and is rarely justi-
fied in practice, particularly because in any case, Eq. (5.183) is an approximation based on
the assumption that the three capacitors do not interact. This leads to the second part of the
question: What happens when all three capacitors are present and interact? We do know that
C¢ and Cy usually interact and that their combined effect is two poles at frequencies that
will differ from wp; and @p,. Of course, one can derive the overall transfer function taking
this interaction into account and find more precisely the low-frequency response. This,
however, will be too complicated to yield additional insight. As an alternative, for hand

Ops (5.182)
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calculations we can obtain a reasonably good estimate for f; using the following formula
(which we will not derive here)1 L

1 1 1 1
fiz 5 TR S ] (5.184)
Yon CciRer CeRe CoRes

or equivalently,

Jo = Jri +fp2 + fp3 (5.185)

where Ry, Rp, and R, are the resistances seen by Ccy, Cg, and Cc,, respectively, when V, is
set to zero. Equations (5.184) and (5.185) provide insight regarding the relative contributions
of the three capacitors to f;. Finally, we note that a far more precise determination of the low-
frequency gain and the 3-dB frequency f; can be obtained using SPICE (Section 5.11).

Selecting Values for C,, C;, and C-, We now address the design issue of selecting appro-
priate values for C¢;, Cg, and C,. The design objective is to place the lower 3-dB fre-
quency f; at a specified location while minimizing the capacitor values. Since as mentioned
above Cy usually sees the lowest of the three resistances, the total capacitance is minimized by
selecting Cy so that its contribution to f; is dominant. That is, by reference to Eq. (5.184), we
may select Cy such that 1/(CgRp) is, say, 80% of @, = 2xf;, leaving each of the other capac-
itors to contribute 10% to the value of w;. Example 5.19 should help to illustrate this process.

We wish to select appropriate values for Cc;, Ce,, and Cg for the common-emitter amplifier whose
high-frequency response was analyzed in Example 5.18. The amplifier has Rz = 100 kQ, R-= 8 kQ,
R, =5kQ, R, =5kQ, B,=100, g, =40 mA/V, and r, = 2.5 kQ. Tt is required to have f; = 100 Hz.
Solution

We first determine the resistances seen by the three capacitors C¢;, Cg, and C, as follows:

RCI = (RB ” rﬂ)+Rsig

(100112.5) +5 = 7.44 kQ

— re+RB” Rsig
B+1

100115

= 0.025+ = 0.072kQ =72 Q

Rey = R+ R, = 8+5 = 13kQ

Now, selecting Cy so that it contributes 80% of the value of @, gives

1
Cpx T2

Ce

0.8 x2m x 100

27.6 uF

' The interested reader can refer to Chapter 7 of the fourth edition of this book.
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Next, if C¢, is to contribute 10% of f;,

1
Cey X 744% 107
Cey = 2.1 uF

0.1 x2m x 100

Similarly, if C, is to contribute 10% of f;, its value should be selected as follows:

1
Ceyx 13%10°
Cey = 1.2 uF

0.1 x2m x 100

In practice, we would select the nearest standard values for the three capacitors while ensuring
that f; > 100 Hz.

EXERCISE

5.52° A common-emitter amplifier has Cc; = Cp = Cc, = 1 UF, Ry =100 k€, R, =5kQ, g, =40 mA/V, r, =
2.5kQ, R-=8 kL, and R, =5 kQ. Assuming that the three capacitors do not interact, find fp,, fp», and
fp3 and hence estimate f;.
Ans. 21.4 Hz; 2.21 kHz; 12.2 Hz; since fp, > fp; and fps3, fi = fp» = 2.21 kHz; using Eq. (5.185), a some-
what better estimate for f; is 2.24 kHz

5.9.4 A Final Remark

The frequency response of the other amplifier configurations will be studied in Chapter 8.

z‘ 5.10 THE BASIC BJT DIGITAL LOGIC INVERTER

The most fundamental component of a digital system is the logic inverter. In Section 1.7, the
inverter was studied at a conceptual level, and the realization of the inverter using voltage-
controlled switches was presented. Having studied the BJT, we can now consider its appli-
cation in the realization of a simple logic inverter. Such a circuit is shown in Fig. 5.74. The
reader will note that we have already studied this circuit in some detail. In fact, we used it in

VC C

FIGURE 5.74 Basic BJT digital logic inverter.
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Section 5.3.4 to illustrate the operation of the BJT as a switch. The operation of the circuit as a
logic inverter makes use of the cutoff and saturation modes. In very simple terms, if the input
voltage v, is “high,” at a value close to the power-supply voltage V., representing a logic 1 in
a positive-logic system, the transistor will be conducting and, with appropriate choice of values
for Rz and R, saturated. Thus the output voltage will be V., = 0.2 V, representing a “low”
or logic 0. Conversely, if the input voltage is “low,” at a value close to ground (e.g., Viga),
then the transistor will be cut off, i will be zero, and v, = V-, which is “high” or logic 1.

The choice of cutoff and saturation as the two modes of operation of the BJT in this
inverter circuit is motivated by the following two factors:

1. The power dissipation in the circuit is relatively low in both cutoff and saturation: In
cutoff all currents are zero (except for very small leakage currents), and in saturation
the voltage across the transistor is very small (V ge,)-

2. The output voltage levels (V¢ and Vg,,) are well defined. In contrast, if the transis-
tor is operated in the active region, vy = Voo — icRe = Ve — BigRe, which is highly
dependent on the rather ill-controlled transistor parameter f3.

5.10.1 The Voltage Transfer Characteristic

As mentioned in Section 1.7, the most useful characterization of an inverter circuit is in
terms of its voltage transfer characteristic, v, versus v;. A sketch of the voltage transfer char-
acteristic (VTC) of the inverter circuit of Fig. 5.74 is presented in Fig. 5.75. The transfer
characteristic is approximated by three straight-line segments corresponding to the operation
of the BJT in the cutoff, active, and saturation regions, as indicated. The actual transfer
characteristic will obviously be a smooth curve but will closely follow the straight-line
asymptotes indicated. We shall now compute the coordinates of the breakpoints of the transfer

Yo A

X (0.7,5
Vor { O3

Active

%l Saturation

|
|
|
|
|
|
ly (1.66,02)

Vo |

I &— — — — — — — — L

0 Vi Vin Vee

-
>
U

FIGURE 5.75 Sketch of the voltage transfer characteristic of the inverter circuit of Fig. 5.74 for the case Rz =
10kQ, R-=1kQ, B=50, and V=5 V. For the calculation of the coordinates of X and Y, refer to the text.
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characteristic of Fig. 5.75 for a representative case—R; = 10 kQ, R-=1kQ, B=50, and V=
5 V—as follows:

1. At U= VOL = VCEsat =0.2 V, Vo = VOH = VCC =5V.
2. At v, =V, the transistor begins to turn on; thus,
V.= 07V

3. For V,; < y; < Vjy, the transistor is in the active region. It operates as an amplifier
whose small-signal gain is

|

Rc

A = = —
Ry+r,

v

Q

i
The gain depends on the value of 7, which in turn is determined by the collector cur-
rent and hence by the value of v;. As the current through the transistor increases, r,
decreases and we can neglect r, relative to R, thus simplifying the gain expression to

R
A,z —fC = 50x L = 5V
Ry 10

4. At y; = Vyy, the transistor enters the saturation region. Thus V, is the value of v; that

results in the transistor being at the edge of saturation,

— (VCC_ VCEsat)/RC
B

For the values we are using, we obtain Iz = 0.096 mA, which can be used to find Vi,

Vi = IR+ Vyp = 166V

I

5. For v;=V,5 =5V, the transistor will be deep into saturation with v, = Vg, = 0.2V,

and
_ (VCC_ VCEsat)/RC
ﬁforced -
(VOH_ VBE)/RB
=48
0.43

6. The noise margins can now be computed using the formulas from Section 1.7,
NMy = Vo=V =5-166 =334V
NM, =V, -V, =07-02 =05V
Obviously, the two noise margins are vastly different, making this inverter circuit less

than ideal.

7. The gain in the transition region can be computed from the coordinates of the break-
points X and Y,

_5-02
1.66—0.7

which is equal to the approximate value found above (the fact that it is exactly the
same value is a coincidence).

Voltage gain = = -5V/V

5.10.2 Saturated Versus Nonsaturated BJT Digital Circuits

The inverter circuit just discussed belongs to the saturated variety of BJT digital circuits. A
historically significant family of saturated BJT logic circuits is transistor-transistor logic



.y
130 Q”gkwﬁ) CHAPTER 5 BIPOLAR JUNCTION TRANSISTORS (BJTs)

FIGURE 5.76 The minority-carrier charge stored
in the base of a saturated transistor can be divided into
two components: That in blue produces the gradient
that gives rise to the diffusion current across the base,
and that in gray results in driving the transistor deeper
into saturation.

=Y

0 w

(TTL). Although some versions of TTL remains in use, saturated bipolar digital circuits
generally are no longer the technology of choice in digital system design. This is because
their speed of operation is severely limited by the relatively long time delay required to turn
off a saturated transistor, as we will now explain briefly.

In our study of BJT saturation in Section 5.1.5, we made use of the minority-carrier dis-
tribution in the base region (see Fig. 5.10). Such a distribution is shown in Fig. 5.76, where
the minority carrier charge stored in the base has been divided into two components: The
component represented by the blue triangle produces the gradient that gives rise to the diffu-
sion current across the base; the other component, represented by the gray rectangle, causes
the transistor to be driven deeper into saturation. The deeper the transistor is driven into sat-
uration (i.e., the greater the base overdrive factor is), the greater the amount of the “gray”
component of the stored charge will be. It is this “extra” stored base charge that represents a
serious problem when it comes to turning off the transistor: Before the collector current can
begin to decrease, all of the extra stored charge must first be removed. This adds a relatively
large component to the turn-off time of a saturated transistor.

From the above we conclude that to achieve high operating speeds, the BJT should not
be allowed to saturate. This is the case in current-mode logic and its particular form, emitter-
coupled logic (ECL), which will be studied briefly in Chapter 12. There we will show that
ECL is currently the highest-speed logic-circuit family available. It is based on the current-
switching arrangement that was discussed conceptually in Section 1.7 (Fig. 1.33).

EXERCISE

5.53 Consider the inverter of Fig. 5.74 when v; is low. Let the output be connected to the input terminals of N
identical inverters. Convince yourself that the output level V,; can be determined using the equivalent
circuit shown in Fig. E5.53. Hence show that

Vee=V
\% — R €cc BE
O T TCCT TR+ Ry/N
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For N =5, calculate V5 using the component values of the example circuit discussed earlier (i.e., Rz =
10kQ, R-=1kQ, Voe=5V).

VCC
A
P4
RC ::
V
) - OH
g
N
+
VBE =07V
= - FIGURE E5.53
Ans. 3.6 V

5.11 THE SPICE BJT MODEL AND SIMULATION
1 EXAMPLES
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SUMMARY

Depending on the bias conditions on its two junctions, the
BJT can operate in one of four possible modes: cutoff
(both junctions reverse biased), active (the EBJ forward
biased and the CBJ reverse biased), saturation (both junc-
tions forward biased), and reverse-active (the EBJ reverse
biased and the CBJ forward biased).

For amplifier applications, the BJT is operated in the ac-
tive mode. Switching applications make use of the cutoff
and saturation modes. The reverse-active mode of opera-
tion is of conceptual interest only.

A BIT operating in the active mode provides a collector
current i = Isel"se/V7. The base current iy = (i¢/B),
and the emitter current iy = i + ig. Also, i = tig, and thus
B=oa/(l-0) and ¢ = B/(B+1). See Table 5.2.

To ensure operation in the active mode, the collector volt-
age of an npn transistor must be kept higher than approxi-
mately 0.4 V below the base voltage. For a pnp transistor the
collector voltage must be lower than approximately 0.4 V
above the base voltage. Otherwise, the CBJ becomes for-
ward biased, and the transistor enters the saturation region.

A convenient and intuitively appealing model for the
large-signal operation of the BJT is the Ebers-Moll model
shown in Fig. 5.8. A fundamental relationship between its
parameters is 04l gz = Ol g = I5. While o is close to unity,
o is very small (0.01-0.2), and B is correspondingly
small. Use of the EM model enables expressing the ter-
minal currents in terms of the voltages vz and vge. The
resulting relationships are given in Egs. (5.26) to (5.29).

In a saturated transistor, |Vege|= 02 V and I, =
(Vee—=Vepa)/ Re. Theratio of I, to the base current is
the forced f3, which is lower than 8. The collector-to-emitter
resistance, R g, is small (few tens of ohms).

At a constant collector current, the magnitude of the base—
emitter voltage decreases by about 2 mV for every 1°C
rise in temperature.

With the emitter open-circuited (i = 0), the CBJ breaks
down at a reverse voltage BV, that is typically >50 V.
For ir > 0, the breakdown voltage is less than BV (. In
the common-emitter configuration the breakdown voltage
specified is BV, which is about half BV . The emitter—
base junction breaks down at a reverse bias of 6 Vto 8 V.
This breakdown usually has an adverse effect on £3.

A summary of the current-voltage characteristics and
large-signal models of the BJTs in both the active and sat-
uration modes of operation is presented in Table 5.3.

The dc analysis of transistor circuits is greatly simplified
by assuming that |V .| = 0.7 V.

To operate as a linear amplifier, the BJT is biased in the
active region and the signal v, is kept small (v,, < V).

For small signals, the BJT functions as a linear voltage-
controlled current source with a transconductance g,, =
(Io/ V). The input resistance between base and emitter,
looking into the base, is r, = B/g,,. Simplified low-
frequency equivalent-circuit models for the BJT are shown
in Figs. 5.51 and 5.52. These models can be augmented
by including the output resistance r, = |V 4|/I between
the collector and the emitter. Table 5.4 provides a summary
of the equations for determining the model parameters.

Bias design seeks to establish a dc collector current that is
as independent of the value of f3 as possible.

In the common-emitter configuration, the emitter is at sig-
nal ground, the input signal is applied to the base, and the
output is taken at the collector. A high voltage gain and a
reasonably high input resistance are obtained, but the
high-frequency response is limited.

The input resistance of the common-emitter amplifier can
be increased by including an unbypassed resistance in the
emitter lead. This emitter-degeneration resistance pro-
vides other performance improvements at the expense of
reduced voltage gain.

In the common-base configuration, the base is at signal
ground, the input signal is applied to the emitter, and the
output is taken at the collector. A high voltage gain (from
emitter to collector) and an excellent high-frequency
response are obtained, but the input resistance is very low.
The CB amplifier is useful as a current buffer.

In the emitter follower the collector is at signal ground,
the input signal is applied to the base, and the output tak-
en at the emitter. Although the voltage gain is less than
unity, the input resistance is very high and the output re-
sistance is very low. The circuit is useful as a voltage
buffer.

The basic BJT logic inverter utilizes the cutoff and satura-
tion modes of transistor operation. A saturated transistor
has a large amount of minority-carrier charge stored in its
base region and is thus slow to turn off.

Table 5.5 shows the parameters utilized to characterize
amplifiers.

For a summary of the characteristics of discrete single-
stage BJT amplifiers, refer to Table 5.6.

The high-frequency model of the BJT together with the
formulas for determining its parameter values are shown
in Table 5.7.



Analysis of the high-frequency gain of the CE amplifier in
Section 5.9 shows that it rolls off at a slope of -6 dB/
octave with the 3-dB frequency f, = 1/27C;,R;;,. Here
R, is a modified value of Ry,, approximately equal to
Ryl g and €y, = Cp+ (1+ g,R;)C,. The multipli-
cation of C, by (1 + g,,R7) is known as the Miller effect,
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and it is the most significant factor in limiting the high-
frequency response of the CE amplifier.

For the analysis of the effect of C¢;, C¢,, and Cj on the
low-frequency gain of the CE amplifier, refer to Sec-
tion 5.9.3 and in particular to Fig. 5.73.

PROBLEMS

SECTION 5.1: DEVICE STRUCTURE
AND PHYSICAL OPERATION
5.1 The terminal voltages of various npn transistors are

measured during operation in their respective circuits with the
following results:

Case E B C Mode
1 0 0.7 0.7

2 0 0.8 0.1

3 -0.7 0 0.7

4 -0.7 0 -0.6

5 0.7 0.7 0

6 =27 -2.0 0

7 0 0 5.0

8 -0.10 5.0

In this table, where the entries are in volts, 0 indicates the ref-
erence terminal to which the black (negative) probe of the
voltmeter is connected. For each case, identify the mode of
operation of the transistor.

5.2 An npn transistor has an emitter area of 10 um x 10 pum.
The doping concentrations are as follows: in the emitter N, =
10'%/cm?, in the base Ny= 10'7/cm?, and in the collector Np=
10"%/cm®. The transistor is operating at 7' = 300 K, where
nj=15x 10'%cm?. For electrons diffusing in the base, L, =
19 ym and D, =21.3 cm?/s. For holes diffusing in the emit-
ter, L, = 0.6 um and D, = 1.7 cm?/s. Calculate I and B
assuming that the base-width W is:

(a) 1 um
(b) 2 um
(¢) 5Sum

For case (b), if I = 1 mA, find I, I, Vg, and the minority-
carrier charge stored in the base. (Hint: 7, = Li/ D, Recall
that the electron charge g =1.6 X 107" Coulomb.)

5.3 Two transistors, fabricated with the same technology but
having different junction areas, when operated at a base-emitter
voltage of 0.72 V, have collector currents of 0.2 mA and 12 mA.
Find /; for each device. What are the relative junction areas?

5.4 In a particular BJT, the base current is 7.5 yA, and the
collector current is 400 uA. Find §f and « for this device.

5.5 Find the values of f that correspond to o values of 0.5,
0.8, 0.9, 0.95, 0.99, 0.995, and 0.999.

5.6 Find the values of a that correspond to f3 values of 1, 2,
10, 20, 100, 200, 1000, and 2000.

5.7 Measurement of V; and two terminal currents taken on
a number of npn transistors are tabulated below. For each,
calculate the missing current value as well as o, f, and I as
indicated by the table.

Transistor a b C d e
Ve (mV) 690 690 580 780 820
I (mA) 1.000 1.000 10.10

I (UA) 50 7 120 1050
I;(mA) 1.070 0.137 75.00
o

B

I

5.8 Consider an npn transistor whose base—emitter drop is
0.76 V at a collector current of 10 mA. What current will it
conduct at vz = 0.70 V? What is its base—emitter voltage for
ic=10 uA?

5.9 Show that for a transistor with o close to unity, if o
changes by a small per-unit amount (A¢/ ¢t) the correspond-
ing per-unit change in 3 is given approximately by

28 _ p(ac)

B o

5.10 An npn transistor of a type whose f3 is specified to range
from 60 to 300 is connected in a circuit with emitter grounded,
collector at+9 V, and a current of 50 tA injected into the base.
Calculate the range of collector and emitter currents that can
result. What is the maximum power dissipated in the transistor?
(Note: Perhaps you can see why this is a bad way to establish
the collector operating current in a BJT.)

5.11 A particular BJT when conducting a collector current
of 10 mA is known to have vz =0.70 V and iz = 100 A. Use
these data to create specific transistor models of the form
shown in Figs. 5.5(a) and (b).
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5.12 Using the npn transistor model of Fig. 5.5(b), consider
the case of a transistor for which the base is connected to
ground, the collector is connected to a 10-V dc source through
a 2-kQ resistor, and a 3-mA current source is connected to the
emitter with the polarity so that current is drawn out of the
emitter terminal. If =100 and ;= 10""° A, find the voltages
at the emitter and the collector and calculate the base current.

5.13 Consider an npn transistor for which ;= 100, 0 = 0.1,
and Ig= 107 A.

(a) If the transistor is operated in the forward active mode
with I; = 10 yA and V=1V, find Vi, I, and I
(b) Now, operate the transistor in the reverse active mode
with a forward-bias voltage V. equal to the value of Vy,
found in (a) and with Vg =1 V. Find I, I, and I.

5.14 A transistor characterized by the Ebers-Moll model
shown in Fig. 5.8 is operated with both emitter and collector
grounded and a base current of 1 mA. If the collector junction
is 10 times larger than the emitter junction and o =1, find
icand ip.

*5.15 (a) Use the Ebers-Moll expressions in Egs. (5.26)
and (5.27) to show that the i-—v; relationship sketched in
Fig. 5.9 can be described by
o )evlf(f/v’l'
F

ic = oply— Is(aiR -
(b) Calculate and sketch i-—vgp curves for a transistor for
which I;= 10" A, o, = 1, and o = 0.1. Sketch graphs for
Iz =0.1 mA, 0.5 mA, and 1 mA. For each, give the values of
Uge, Ugps and v for which i = 0.5 and i-= 0.

5.16 Consider the pnp large-signal model of Fig. 5.12(b)
applied to a transistor having I = 1073 A and B =40. If the

+12V
+10.7 V
5.6 kQ)
10 kQ v,
+0.7V
“2.7 V 74\/’
2.4 kQ
10 kQ
-10.7 V -10V
(a) (b)

FIGURE P5.20

"/4

emitter is connected to ground, the base is connected to a cur-
rent source that pulls out of the base terminal a current of
20 pA, and the collector is connected to a negative supply of
—10 V via a 10-kQ resistor, find the collector voltage, the
emitter current, and the base voltage.

5.17 A pnp transistor has vz = 0.8 V at a collector current of
1 A. What do you expect ugp to become at i = 10 mA? At
ic=5A?

5.18 A pnp transistor modeled with the circuit in Fig. 5.12 is
connected with its base at ground, collector at —1.5 V, and a
10-mA current injected into its emitter. If it is said to have
B = 10, what are its base and collector currents? In which
direction do they flow? If Iy = 1071% A, what voltage results at
the emitter? What does the collector current become if a tran-
sistor with 8 = 1000 is substituted? (Note: The fact that the
collector current changes by less than 10% for a large change
of B illustrates that this is a good way to establish a specific
collector current.)

5.19 A pnp power transistor operates with an emitter-to-
collector voltage of 5 V, an emitter current of 10 A, and V3 =
0.85 V. For B = 15, what base current is required? What is
I for this transistor? Compare the emitter—base junction
area of this transistor with that of a small-signal transistor
that conducts i = 1 mA with vg = 0.70 V. How much
larger is it?

SECTION 5.2: CURRENT-VOLTAGE
CHARACTERISTICS

5.20 For the circuits in Fig. P5.20, assume that the transis-
tors have very large 8. Some measurements have been made

+10V

+1V

15kQ

ov

10 kQ

-10V

-10V
© (d
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+10V
+5V +5V
1 kQ
+7V
43V 43V oIV
+ 4. e
- 100 kQ
+2V
200 k) 20 k6 t23V
1 kQ 230 Q 1 kQ
(a) (b) (©
FIGURE P5.21

on these circuits, the results are indicated in the figure. Find
the values of the other labeled voltages and currents.

5.271 Measurements on the circuits of Fig. P5.21 produce
labeled voltages as indicated. Find the value of  for each
transistor.

D5.22 Examination of the table of standard values for
resistors with 5% tolerance in Appendix X reveals that the
closest values to those found in the design of Example 5.1 are
5.1 k€ and 6.8 kQ. For these values use approximate calcula-
tions (e.g., Vg = 0.7 V and o = 1) to determine the values
of collector current and collector voltage that are likely to
result.

D5.23 Redesign the circuit in Example 5.1 to provide V, =
+3 Vand I-=5 mA.

5.24 For each of the circuits shown in Fig. P5.24, find the
emitter, base, and collector voltages and currents. Use f§ = 30,
but assume |Vyz| = 0.7 V independent of current level.

5.25 Repeat Problem 5.24 using transistors for which |V ;| =
0.7 Vatl-=1mA.

5.26 For the circuit shown in Fig. P5.26, measurement
indicates that Vz = —1.5 V. Assuming Vz; = 0.7 V, calculate
Vi, @, B, and V. If a transistor with = oo is used, what values
of Vi, Vi, and V- result?

+3V 3V 19V 1oV
2.2kQ 1 kQ 1.1kQ 1kQ
13V +3V
s 0, T 0, 0, 0,
2.2kQ 1 kQ 560 Q) 4700
-3V -3V - -
(a) (b) (©) (d)

FIGURE P5.24
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+9V
10 kQ
Ve
Vlf
10 kQ v,
= 10 kQ
-9V
FIGURE P5.26

5.27 The current /5, of a small transistor is measured to be
20 nA at 25°C. If the temperature of the device is raised to
85°C, what do you expect /5, to become?

#5.28 Augment the model of the npn BJT shown in Fig. 5.20(a)
by a current source representing /5. In terms of this addi-
tion, what do the terminal currents iy, i, and ip become? If
the base lead is open-circuited while the emitter is connected
to ground and the collector is connected to a positive supply,
find the emitter and collector currents.

5.29 An npn transistor is accidentally connected with col-
lector and emitter leads interchanged. The resulting currents
in the normal emitter and base leads are 0.5 mA and 1 mA,
respectively. What are the values of o and f3;?

5.30 A BIJT whose emitter current is fixed at 1 mA has a
base—emitter voltage of 0.69 V at 25°C. What base—emitter
voltage would you expect at 0°C? At 100°C?

5.31 A particular pnp transistor operating at an emitter current
of 0.5 mA at 20°C has an emitter—base voltage of 692 mV.

(a) What does vgz become if the junction temperature rises
to 50°C?

(b) If the transistor has n = 1 and is operated at a fixed
emitter—base voltage of 700 mV, what emitter current flows
at 20°C? At 50°C?

5.32 Consider a transistor for which the base—emitter volt-
age drop is 0.7 V at 10 mA. What current flows for Vp=0.5 V?

5.33 In Problem 5.32, the stated voltages are measured at
25°C. What values correspond at —25°C? At 125°C?

5.34 Use the Ebers-Moll expressions in Egs. (5.31) and (5.32)
to derive Eq. (5.35). Note that the emitter current is set to a
constant value /. Ignore the terms not involving exponentials.

5.35 Use Eq. (5.35) to plot the i-—u¢p characteristics of an
npn transistor having o; =1, 0, =0.1, and I = 1075 A. Plot

graphs for /p = 0.1 mA, 0.5 mA, and 1 mA. Use an expanded
scale for the negative values of wvgze in order to show the
details of the saturation region. Neglect the Early effect.

*#5.36 For the saturated transistor shown in Fig. P5.36, use
the EM expressions to show that for oz = 1,

1 _few

o 1
VCEsat = VTln T
] — —Csat

Ig

For a BJT with o = 0.1, evaluate Vg, for 1o, /I = 0.9,
0.5, 0.1, and 0.

FIGURE P5.36

5.37 Use Eq. (5.36) to plot i versus ugg for an npn transis-
tor having I = 1075 A and V, =100 V. Provide curves for
vge = 0.65, 0.70, 0.72, 0.73, and 0.74 volts. Show the charac-
teristics for vz up to 15 V.

5.38 For a particular npn transistor operating at a vy of
670 mV and /- = 3 mA, the i-—v characteristic has a slope
of 3 x 107°%5. To what value of output resistance does this
correspond? What is the value of the Early voltage for this
transistor? For operation at 30 mA, what would the output
resistance become?

5.39 For a BIT having an Early voltage of 200 V, what is
its output resistance at 1 mA? At 100 uA?

5.40 Measurements of the io—v.; characteristic of a small-
signal transistor operating at vgp = 720 mV show that i =
1.8 mA at vz =2 V and that i = 2.4 mA at v = 14 V. What
is the corresponding value of i near saturation? At what
value of v¢y is i = 2.0 mA? What is the value of the Early
voltage for this transistor? What is the output resistance that
corresponds to operation at vgp =720 mV?

5.47 Give the pnp equivalent circuit models that corre-
spond to those shown in Fig. 5.20 for the npn case.

5.42 A BJT operating at iz = 8 uA and i- = 1.2 mA under-
goes a reduction in base current of 0.8 uA. It is found that
when v is held constant, the corresponding reduction in col-
lector current is 0.1 mA. What are the values of i and Ay,
that apply? If the base current is increased from 8 tA to 10 A



and v is increased from 8 V to 10 V, what collector current
results? Assume V, =100 V.

5.43 For a transistor whose f characteristic is sketched in
Fig. 5.22, estimate values of § at —=55°C, 25°C, and 125°C for
I- =100 uA and 10 mA. For each current, estimate the tem-
perature coefficient for temperatures above and below room
temperature (four values needed).

5.44 Figure P5.44 shows a diode-connected npn transistor.
Since vep = 0 results in activemode operation, the BJT will
internally operate in the active mode; that is, its base and collec-
tor currents will be related by ;. Use the EM equations to show
that the diode-connected transistor has the i—v characteristics,

Iy, oy vy
—(e

v/
i = -1)=1ge

Op
o

y

-,

[e) FIGURE P5.44

5.45 A BIJT for which o = 0.2 operates with a constant
base current but with the collector open. What value of Vg,
would you measure?

5.46 Find the saturation voltage Vg, and the saturation
resistance R g, of an npn BJT operated at a constant base
current of 0.1 mA and a forced 8 of 20. The transistor has
Br=350and B =0.2.

*5.47 Use Eq. (5.47) to show that the saturation resistance
R g = ducp/ di of atransistor operated with a constant base
current / is given by
V1
o Brlpx(1-x)

where

_ ICsat _ ﬁforced

X =
ﬁFIB ﬁF
Find RCEsat for ﬁforced = ﬁF/z

5.48 For a transistor for which B =70 and fz = 0.7, find an
estimate of Rogg, and Vg for Iz =2 mA by evaluating Vg, at
ic=3 mA and at i- = 0.3 mA (using Eq. 5.49). (Note: Because
here we are modeling operation at a very low forced S, the
value of R, will be much larger than that given by Eq. 5.48).

5.49 A transistor has 3 = 150 and the collector junction is
10 times larger than the emitter junction. Evaluate Vg, for
Broreea’ Br = 0.99,0.95,0.9, 0.5, 0.1, 0.01, and 0.
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5.50 A particular npn BJT with vz =720 mV at i. = 600 uA
and, having 8 = 150, has a collector-base junction 20 times
larger than the emitter—base junction.

(a) Find oy, o, and fg.

(b) For a collector current of 5 mA and nonsaturated opera-
tion, what is the base—emitter voltage and the base current?
(¢) For the situation in (b) but with double the calculated base
current, what is the value of forced f? What are the base—
emitter and base—collector voltages? What are Vg, and Rz, ?

*5.51 A BJT with fixed base current has Vg, = 60 mV
with the emitter grounded and the collector open-circuited.
When the collector is grounded and the emitter is open-
circuited, Vg, becomes —1 mV. Estimate values for Sz and
for this transistor.

5.52 A BJT for which I; = 0.5 mA has Vg, = 140 mV at
I-=10 mA and Vge = 170 mV at I = 20 mA. Estimate the
values of its saturation resistance, R, and its offset volt-
age, Veporr- Also, determine the values of 8 and S.

5.53 ABIJT for which BV, is 30 V is connected as shown
in Fig. P5.53. What voltages would you measure on the
collector, base, and emitter?

+50V

10 kQ

20 kQ

— 1 mA

FIGURE P5.53

SECTION 5.3: THE BJT AS AN AMPLIFIER
AND AS A SWITCH

5.54 A common-emitter amplifier circuit operated with
Vee =410 V is biased at Vo = +1 V. Find the voltage gain,
the maximum allowed output negative swing without the
transistor entering saturation, and the corresponding maximum
input signal permitted.

5.55 For the common-emitter circuit in Fig. 5.26(a) with V=
+10 V and R =1 kQ, find V- and the voltage gain at the fol-
lowing dc collector bias currents: 1 mA, 2 mA, 5 mA, 8 mA,
and 9 mA. For each, give the maximum possible positive- and
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negative-output signal swing as determined by the need to keep
the transistor in the active region. Present your results in a table.

D5.56 Consider the CE amplifier circuit of Fig. 5.26(a)
when operated with a dc supply V- =+5 V. It is required to
find the point at which the transistor should be biased; that
is, find the value of V so that the output sine-wave signal
U, resulting from an input sine-wave signal v,, of 5-mV
peak amplitude has the maximum possible magnitude. What
is the peak amplitude of the output sine wave and the value
of the gain obtained? Assume linear operation around the
bias point. (Hint: To obtain the maximum possible output
amplitude for a given input, you need to bias the transistor
as close to the edge of saturation as possible without enter-
ing saturation at any time, that is, without vz decreasing
below 0.3 V.)

5.57 The transistor in the circuit of Fig. P5.57 is biased at a
dc collector current of 0.5 mA. What is the voltage gain?
(Hint: Use the Thévenin theorem to convert the circuit to the
form in Fig. 5.26a).

+10V

10 kQ)
Yo

v 10 kQ

FIGURE P5.57

5.58 Sketch and label the voltage transfer characteristics of
the pnp common-emitter amplifiers shown in Fig. P5.58.

_ +Vee=+5V
U Y
I
—O0 U .
‘o
R R
c
—Vee=-5V =
(a) (b)

FIGURE P5.58

*5.59 In deriving the expression for small-signal voltage
gain A, in Eq. (5.56) we neglected the Early effect. Derive
this expression including the Early effect, that is, by sub-
stituting

. Upp/ Vo U
ic =1Ige™ ’(1 +VLE)
A

in Eq. (5.50). Show that the gain expression changes to
ARV

Vit Ver
For the case Vo =5 V and Vg = 2.5 V, what is the gain

without and with the Early effect taken into account? Let
V,=100 V.

5.60 When the common-emitter amplifier circuit of
Fig. 5.26(a) is biased with a certain Vy, the dc voltage at the
collector was found to be +2 V. For V- =45 V and R =
1kQ, find /- and the small-signal voltage gain. For a
change Augz =+5 mV, calculate the resulting Av,. Calculate
it two ways: by finding Ai using the transistor exponential
characteristic and approximately using the small-signal
voltage gain. Repeat for Avg; = =5 mV. Summarize your
results in a table.

*5.61 Consider the common-emitter amplifier circuit of
Fig. 5.26(a) when operated with a supply voltage V=45 V.

(a) What is the theoretical maximum voltage gain that this
amplifier can provide?

(b) What value of V- must this amplifier be biased at to pro-
vide a voltage gain of —100 V/V?

(c) If the dc collector current /- at the bias point is to be
0.5 mA, what value of R should be used?

(d) What is the value of Vi required to provide the bias point
mentioned above? Assume that the BJT has /5= 1075 A.

(e) If a sine-wave signal v, having a 5-mV peak amplitude is
superimposed on Vy, find the corresponding output voltage
signal v, that will be superimposed on V. assuming linear
operation around the bias point.

(f) Characterize the signal current i. that will be super-
imposed on the dc bias current /?

(g) What is the value of the dc base current I at the bias
point. Assume 8 = 100. Characterize the signal current i, that
will be superimposed on the base current /.

(h) Dividing the amplitude of v, by the amplitude of i,, eval-
uate the incremental (or small-signal) input resistance of the
amplifier.

(1) Sketch and clearly label correlated graphs for vgg, vcg, ic,
and . Note that each graph consists of a dc or average value
and a superimposed sine wave. Be careful of the phase rela-
tionships of the sine waves.



5.62 The essence of transistor operation is that a change in
Ugg, Augg, produces a change in i., Ai.. By keeping Avgg
small, Ai. is approximately linearly related to Auvgg, Aip =
gnAvpp, wWhere g, is known as the transistor transconduc-
tance. By passing Ai- in R, an output voltage signal Ay, is
obtained. Use the expression for the small-signal voltage
gain in Eq. (5.56) to derive an expression for g,. Find the
value of g, for a transistor biased at /- = 1 mA.

5.63 Consider the characteristic curves shown in Fig. 5.29
with the following additional calibration data: Label, from
the lowest colored line, iz =1 yA, 10 uA, 20 uA, 30 uA, and
40 uA. Assume the lines to be horizontal, and let = 100.
For Vo =5V and R = 1 kQ, what peak-to-peak collector
voltage swing will result for iy varying over the range 10 A
to 40 uA? If at the bias point (not the one shown in the
figure) Vop = %Vcc, find the value of /- and /. If at this cur-
rent Vg = 0.7 V and if Rz = 100 kQ, find the required value
of Vgg.

*#5.64 Sketch the i-—v characteristics of an npn transistor
having 8= 100 and V, = 100 V. Sketch characteristic curves
for iz =20 uA, 50 uA, 80 A, and 100 pA. For the purpose of
this sketch, assume that i = Si; at voe = 0. Also, sketch the
load line obtained for V- = 10 V and R, = 1 kQ. If the dc
bias current into the base is 50 tA, write the equation for the
corresponding i-—vcg curve. Also, write the equation for the
load line, and solve the two equations to obtain V- and /. If
the input signal causes a sinusoidal signal of 30-uA peak
amplitude to be superimposed on I, find the corresponding
signal components of i and v¢p.

D5.65 For the circuit in Fig. P5.65 select a value for Ry so
that the transistor saturates with an overdrive factor of 10.
The BJT is specified to have a minimum S of 20 and Vg, =
0.2 V. What is the value of forced 3 achieved?

+5V

1
Ry kQ

FIGURE P5.65

D5.66 For the circuit in Fig. P5.66 select a value for Ry so
that the transistor saturates with a forced 8 of 10. Assume Vg =
0.7 Vand Vgeg, =0.2 V.

v
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+5V

1 kQ

-5V
FIGURE P5.66

5.67 For each of the saturated circuits in Fig. P5.67, find
ig, iy and ip. Use |Vyzg| = 0.7 V and |V gy, | = 0.2 V.

+5V +5V
1kQ 1 kQ
+4V +2V
1kQ 1 kQ
(@) - (b) -
FIGURE P5.67

*5.68 Consider the operation of the circuit shown in Fig. P5.68
as vy rises slowly from zero. For this transistor, assume 3= 50,
ugg at which the transistor conducts is 0.5 V, vg; when fully
conducting is 0.7 V, saturation begins at vz = 0.4 V, and the
transistor is deeply in saturation at vz = 0.6 V. Sketch and
label v and v versus vz. For what range of v is i essen-
tially zero? What are the values of v, ig, i¢, and vefor vp=1V
and 3 V. For what value of vz does saturation begin? What is i
at this point? For vz =4 V and 6 V, what are the values of v,
Ue, i, I, and iz. Augment your sketch by adding a plot of 5.
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+6V

1kQ

Up

Up

1kQ

FIGURE P5.68

SECTION 5.4: BJT CIRCUITS AT DC

5.69 The transistor in the circuit of Fig. P5.69 has a very
high B. Find V; and V. for V; (a) +2 V, (b) +1 V, and (c) 0 V.
Assume Vg = 0.7 V.

+5V
1kQ
Vg Ve
v[:
1kQ
FIGURE P5.69

5.70 The transistor in the circuit of Fig. P5.69 has a very high
B. Find the highest value of V; for which the transistor still
operates in the active mode. Also, find the value of V; for
which the transistor operates in saturation with a forced 8 of 1.

5.771 Consider the operation of the circuit shown in Fig. P5.71
for Vzat—1 V, 0V, and +1 V. Assume that Vg is 0.7 V for
usual currents and that 3 is very high. What values of Vj
and V. result? At what value of Vi does the emitter current
reduce to one-tenth of its value for vz = 0 V. For what value
of Vj is the transistor just at the edge of conduction? What

values of V and V. correspond? For what value of Vj does
the transistor reach saturation (when the base-to-collector
junction reaches 0.5 V of forward bias)? What values of V-
and Vg correspond? Find the value of Vj for which the tran-
sistor operates in saturation with a forced f of 2.

+6V

2kQ

— o V¢
Ve

—— 0 Vg

2kQ

-3V
FIGURE P5.71

5.72 For the transistor shown in Fig. P5.72, assume o= 1 and
vgp = 0.5V at the edge of conduction. What are the values of V;
and V. for Vz = 0 V? For what value of V does the transistor
cut oft? Saturate? In each case, what values of V and V- result?

5 mA

1kQ

* oV
1 mA i] kQ

D5.73 Consider the circuit in Fig. P5.69 with the base volt-
age Vp obtained using a voltage divider across the 5-V sup-
ply. Assuming the transistor 3 to be very large (i.e., ignoring
the base current), design the voltage divider to obtain V =
2 V. Design for a 0.2-mA current in the voltage divider. Now,
if the BJT 3 = 100, analyze the circuit to determine the collector
current and the collector voltage.

FIGURE P5.72



5.74 A single measurement indicates the emitter voltage of
the transistor in the circuit of Fig. P5.74 to be 1.0 V. Under
the assumption that VBE\ =0.7 V, what are Vy, Ip, I, I, Ve,
B, and o? (Note: Isn’t it surprising what a little measurement
can lead to?)

+5V

5kQ

v[:'

-5V
FIGURE P5.74

D5.75 Design a circuit using a pnp transistor for which o =
1 and Vzz =0.7 V using two resistors connected appropriately
to 29 V so that Iz =2 mA and Vz-=4.5 V. What exact values
of R; and R would be needed? Now, consult a table of stan-
dard 5% resistor values (e.g., that provided in Appendix X) to
select suitable practical values. What are the values of I and
Ve that result?

5.76 In the circuit shown in Fig. P5.76, the transistor has
B=30. Find the values of Vj, Vg, and V. If R; is raised to
270 kQ, what voltages result? With Ry = 270 k€2, what value
of 8 would return the voltages to the values first calculated?

+9V

FIGURE P5.76

/uPp~,
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5.77 In the circuit shown in Fig. P5.76, the transistor has
B=30. Find the values of Vj, Vg, and V,, and verify that the
transistor is operating in the active mode. What the largest
value that R~ can have while the transistor remains in the
active mode?

5.78 For the circuit in Fig. P5.78, find Vj, Vg, and V. for
Rz =100 kQ, 10 kQ, and 1 kQ. Let § = 100.

+5V
Ry 1 kQ
Ve
L/
B Ve
1 kQ
FIGURE P5.78

5.79 For the circuits in Fig. P5.79, find values for the
labeled node voltages and branch currents. Assume f3 to be
very high and |V, =0.7 V.

*5.80 Repeat the analysis of the circuits in Problem 5.79
using = 100. Find all the labeled node voltages and branch
currents. Assume |V, =0.7 V.

**D5.81 Itis required to design the circuit in Fig. P5.81 so
that a current of 1 mA is established in the emitter and a volt-
age of +5 V appears at the collector. The transistor type used
has a nominal S of 100. However, the 8 value can be as low
as 50 and as high as 150. Your design should ensure that the
specified emitter current is obtained when 8= 100 and that at
the extreme values of 3 the emitter current does not change
by more than 10% of its nominal value. Also, design for as
large a value for Ry as possible. Give the values of Ry, Ry, and
R to the nearest kilohm. What is the expected range of col-
lector current and collector voltage corresponding to the full
range of 3 values?

D5.82 The pnp transistor in the circuit of Fig. P5.82 has
B=50. Find the value for R to obtain V.= +5 V. What hap-
pens if the transistor is replaced with another having f=100?
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+5V

1.6 kQ

22 kQ

2 mA

(2)

FIGURE P5.79

+15V

Rc

R

-15V

FIGURE P5.81

+5V

(b)

+5V

(d)

+10V

Ve

100 kQ

FIGURE P5.82

+5V

©

+5V



*#5.83 Consider the circuit shown in Fig. P5.83. It resem-
bles that in Fig. 5.41 but includes other features. First, note
diodes D, and D, are included to make design (and analysis)
easier and to provide temperature compensation for the
emitter—base voltages of Q; and Q,. Second, note resistor R,
whose propose is provide negative feedback (more on this
later in the book!). Using |V g and V,, = 0.7 V independent
of current and f§ = oo, find the voltages Vi, Vi1, Ver, Vi, Vi,
and V., initially with R open-circuited and then with R con-
nected. Repeat for B = 100, initially with R open-circuited
then connected.

+9V

FIGURE P5.83

*5.84 For the circuit shown in Fig. P5.84, find the labeled
node voltages for:

(a) f=co
(b) B=100

**D5.85 Using B= e, design the circuit shown in Fig. P5.85
so that the bias currents in Q,, Q,, and Qz are 2 mA, 2 mA,
and 4 mA, respectively, and V;=0, Vs=—4 V,and V; =2 V.
For each resistor, select the nearest standard value utilizing
the table of standard values for 5% resistors in Appendix H.
Now, for =100, find the values of V3, V,, Vs, Vi, and V.

5.86 For the circuit in Fig. P5.86, find V; and V for yy=0V,
+3 V,=5V, and =10 V. The BJTs have = 100.

*#5.87 Find the approximate values for the collector volt-
ages in the circuits of Fig. P5.87. Also, calculate forced f3 for
each of the transistors. (Hint: Assume all transistors are oper-
ating in saturation, and verify the assumption.)

Yo
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+10V

—10V
FIGURE P5.84
+10V

-10V

FIGURE P5.85

+5V

O
10 kQ

Uy D—M—I—o Vi
Ve 0, 1 kQ

-5V

FIGURE P5.86
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+10 v tiov
20 kQ 10 kQ 1 kQ
Ql Q2
1 kQ L SR
= -0V =
(a) (b)
FIGURE P5.87

SECTION 5.5: BIASING IN BJT AMPLIFIER
CIRCUITS

D5.88 For the circuit in Fig. 5.43(a), neglect the base cur-
rent I in comparison with the current in the voltage divider.
It is required to bias the transistor at /- = 1 mA, which
requires selecting Rp; and Ry, so that Vg =0.690 V. If V- =
5V, what must the ratio Rg,/ Ry, be? Now, if R, and Rp,
are 1% resistors, that is, each can be in the range of 0.99 to
1.01 of its nominal value, what is the range obtained for Vy;?
What is the corresponding range of /.7 If R = 3 kQ, what is
the range obtained for V;? Comment on the efficacy of this
biasing arrangement.

D5.89 It is required to bias the transistor in the circuit of
Fig. 5.43(b) at I- = 1 mA. The transistor 3 is specified to be
nominally 100, but it can fall in the range of 50 to 150. For
Vee =45V and R = 3 k€, find the required value of Rj to
achieve I~ = 1 mA for the “nominal” transistor. What is the
expected range for /- and V;? Comment on the efficacy of
this bias design.

D5.90 Consider the single-supply bias network shown in
Fig. 5.44(a). Provide a design using a 9-V supply in which
the supply voltage is equally split between R, Vg, and Ry
with a collector current of 3 mA. The transistor 3 is specified
to have a minimum value of 90. Use a voltage-divider current
of I;/10, or slightly higher. Since a reasonable design
should operate for the best transistors for which f is very
high, do your initial design with 3= eo. Then choose suitable
5% resistors (see Appendix X), making the choice in a way
that will result in a Vg that is slightly higher than the ideal
value. Specify the values you have chosen for Ry, R, R, and
R,. Now, find Vp, Vi, Vi, and I for your final design using
B=90.

BIPOLAR JUNCTION TRANSISTORS (BJTs)

+10 V

30 kQ

o

10 kQ)

D5.91 Repeat Problem 5.90, but use a voltage-divider cur-
rent which is 7,/2. Check your design at = 90. If you have
the data available, find how low f3 can be while the value of
I does not fall below that obtained with the design of Prob-
lem 5.90 for = 90.

**D5.92 Tt is required to design the bias circuit of Fig. 5.44
for a BJT whose nominal 3= 100.

(a) Find the largest ratio (Rz/Rjg) that will guarantee I
remain within £5% of its nominal value for 3 as low as 50
and as high as 150.

(b) If the resistance ratio found in (a) is used, find an expres-
sion for the voltage V=V R,/ (R, + R,) that will result
in a voltage drop of V./3 across Rj.

(c) For V=10V, find the required values of R|, R,, and Ry
to obtain /z =2 mA and to satisfy the requirement for stability
of Iy in (a).

(d) Find R so that V=3V for S equal to its nominal value.

Check your design by evaluating the resulting range of /.

*D5.93 Consider the two-supply bias arrangement shown
in Fig. 5.45 using £3-V supplies. It is required to design the
circuit so that /- = 3 mA and V. is placed midway between
Vee and V.

(a) For fB=co, what values of R; and R are required?

(b) If the BIT is specified to have a minimum S of 90, find
the largest value for Ry consistent with the need to limit the
voltage drop across it to one-tenth the voltage drop across R.
(c) What standard 5%-resistor values (see Appendix X) would
you use for Ry, Rp, and R.? In making the selection, use
somewhat lower values in order to compensate for the low-f3
effects.

(d) For the values you selected in (c), find I, V3, Vi, and V-
for = e and for = 90.



*D5.94 Utilizing +5-V power supplies, it is required to
design a version of the circuit in Fig. 5.45 in which the signal
will be coupled to the emitter and thus Ry can be set to zero.
Find values for Rz and R so that a dc emitter current of 1 mA
is obtained and so that the gain is maximized while allowing
+1 V of signal swing at the collector. If temperature increases
from the nominal value of 25°C to 125°C, estimate the per-
centage change in collector bias current. In addition to the
—2 mV/°C change in Vg, assume that the transistor § changes
over this temperature range from 50 to 150.

D5.95 Using a 5-V power supply, design a version of the
circuit of Fig. 5.46 to provide a dc emitter current of 0.5 mA
and to allow a *1-V signal swing at the collector. The BJT
has a nominal 8 = 100. Use standard 5%-resistor values (see
Appendix H). If the actual BJT used has 3= 50, what emitter
current is obtained? Also, what is the allowable signal swing
at the collector? Repeat for = 150.

*D5.96 (a) Using a 3-V power supply, design the feed-
back bias circuit of Fig. 546 to provide /- = 3 mA and
Ve = Vee/2 for f=90.

(b) Select standard 5% resistor values, and reevaluate V- and
1 for f=90.

(c) Find Vand I for f=co.

(d) To improve the situation that obtains when high-f tran-
sistors are used, we have to arrange for an additional current
to flow through Rj. This can be achieved by connecting a
resistor between base and emitter, as shown in Fig. P5.96.
Design this circuit for S=90. Use a current through R, equal
to the base current. Now, what values of V- and /- result with

B=oo?

VCC
Re
Ve
Ve
Ry
RBZ
FIGURE P5.96

D5.97 A circuit that can provide a very large voltage gain
for a high-resistance load is shown in Fig. P5.97. Find the

/uPp~,
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values of / and R to bias the BJT at [r=3mA and V=15 V.
Let B=90.

VCC
I
Ve
v
Rp
FIGURE P5.97

5.98 The circuit in Fig. P5.98 provides a constant current /,
as long as the circuit to which the collector is connected
maintains the BJT in the active mode. Show that

VeelRy/ (R + Ry) = Ve

1 =
0 R+ (R,/IR,))/(B+1)
Vee
I
|
R, | i/lo
R, R
FIGURE P5.98

**D5.99 The current-bias circuit shown in Fig. P5.99 pro-
vides bias current to Q, that is independent of R and nearly
independent of the value of f, (as long as Q, operates in the
active mode). Prepare a design meeting the following specifi-
cations: Use £5-V supplies; Io; = 0.1 mA, Vi =2V for =
oo; the voltage across Ry decreases by at most 5% for § = 50;
Vepr = 1.5 V for f =0 and 2.5 V for = 50. Use standard
5%-resistor values (see Appendix H). What values for R}, R,,
Rg, Rp, and R do you choose? What values of I and Vg
result for B =50, 100, and 200?
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VCC

7VEE
FIGURE P5.99

*D5.100 For the circuit in Fig. P5.100, assuming all tran-
sistors to be identical with  infinite, derive an expression for
the output current /,,, and show that by selecting

R, =R,
and keeping the current in each junction the same, the current
I, will be
aV e
2R,

which is independent of V. What must the relationship of
Ry to R, and R, be? For V=10 V and assuming ¢ = 1 and
Ve = 0.7 V, design the circuit to obtain an output current of

Vee

I, =

¢[U
O 03
0,
Rg
R

FIGURE P5.100

0.5 mA. What is the lowest voltage that can be applied to the
collector of Q5?

D5.1017 For the circuit in Fig. P5.101 find the value of R
that will result in /, = 2 mA. What is the largest voltage that
can be applied to the collector? Assume |V =0.7 V.

+5V

\L[o

FIGURE P5.101

|
|
I

SECTION 5.6: SMALL-SIGNAL OPERATION
AND MODELS

5.102 Consider a transistor biased to operate in the active
mode at a dc collector current /.. Calculate the collector sig-
nal current as a fraction of /. (i.e., i./1 ) for input signals v,
of +1 mV, -1 mV, +2mV, -2 mV, +5 mV, =5 mV, +§ mV,
-8 mV, +10 mV, —10 mV, +12 mV, and —12 mV. In each
case do the calculation two ways:

(a) using the exponential characteristic, and
(b) using the small-signal approximation.

Present your results in the form of a table that includes a col-
umn for the error introduced by the small-signal approxima-
tion. Comment on the range of validity of the small-signal
approximation.

5.103 An npn BJT with grounded emitter is operated with
Ve =0.700 V, at which the collector current is 1 mA. A 10-kQ
resistor connects the collector to a +15-V supply. What is the
resulting collector voltage V? Now, if a signal applied to
the base raises vz to 705 mV, find the resulting total collec-
tor current i and total collector voltage v, using the expo-
nential i-—ug relationship. For this situation, what are v, and
u.? Calculate the voltage gain v./v,,. Compare with the
value obtained using the small-signal approximation, that is,
—gnRe.

5.104 A transistor with =120 is biased to operate at a dc
collector current of 1.2 mA. Find the values of g,,, ., and r.,.
Repeat for a bias current of 120 yA.

5.105 A pnp BJT is biased to operate at I = 2.0 mA. What
is the associated value of g,? If =50, what is the value of



the small-signal resistance seen looking into the emitter (r,)?
Into the base (r,)? If the collector is connected to a 5-k€2 load,
with a signal of 5-mV peak applied between base and emitter,
what output signal voltage results?

D5.106 A designer wishes to create a BJT amplifier with a
gn of 50 mA/V and a base input resistance of 2000 Q or
more. What emitter-bias current should he choose? What is
the minimum f he can tolerate for the transistor used?

5.107 A transistor operating with nominal g,, of 60 mA/V
has a f that ranges from 50 to 200. Also, the bias circuit,
being less than ideal, allows a £20% variation in /.. What are
the extreme values found of the resistance looking into the
base?

5.108 In the circuit of Fig. 5.48, V is adjusted so that V.=
2V. If Vee =5V, Re =3 k€, and a signal v, = 0.005 sin ot
volts is applied, find expressions for the total instantaneous
quantities i (1), v (1), and i (¢). The transistor has = 100.
What is the voltage gain?

*D5.109 We wish to design the amplifier circuit of Fig. 5.48
under the constraint that V. is fixed. Let the input signal v, =
Ve sin ,, where Ve is the maximum value for acceptable
linearity. Show for the design that results in the largest signal
at the collector without the BJT leaving the active region,
that

Rele=(Vee—03— \7,,8)/(1 + V—”)
VT

and find an expression for the voltage gain obtained. For V=
5V and V,, =5 mV, find the dc voltage at the collector, the
amplitude of the output voltage signal, and the voltage gain.

5.110 The following table summarizes some of the basic
attributes of a number of BJTs of different types, operating as
amplifier under various conditions. Provide the missing
entries.

Transistor a b C

o 1.000

B 100
I- (mA) 1.00
Iz (mA)

Iz (mA)

g, (mA/V)

r. (€2)

rr(€2)

1.00
1.00
0.020
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5.111 A BIJT is biased to operate in the active mode at a dc
collector current of 1.0 mA. It has a 8 of 120. Give the four
small-signal models (Figs. 5.51 and 5.52) of the BJT com-
plete with the values of their parameters.

5.112 The transistor amplifier in Fig. P5.112 is biased with
a current source / and has a very high B. Find the dc voltage
at the collector, V. Also, find the value of g,. Replace the
transistor with its simplified hybrid-7 model of Fig. 5.51(a)
(note that the dc current source / should be replaced with an
open circuit). Hence find the voltage gain v,/ v;.

+5V

Ui

FIGURE P5.112

5.113 For the conceptual circuit shown in Fig. 5.50, R-=2 k€,
&n =50 mA/V, and = 100. If a peak-to-peak output voltage
of 1 V is measured at the collector, what ac input voltage and
current must be associated with the base?

5.1174 A biased BJT operates as an amplifier between a sig-
nal source, with a source resistance of 10 k€2, connected to
the base and a 10-kQ load connected as a collector resistance
Rc. In the corresponding model, g,, is 40 mA/V and r, is

d e f g
0.90
5
1.10
700
25 100
10.1 kQ

(Note: Isn’t it remarkable how much two parameters can reveal?)
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2.5 kQ. Draw the complete amplifier model using the hybrid-z
BJT equivalent circuit. Calculate the overall voltage gain
(v./v;). What is the value of BJIT fimplied by the values of
the model parameters? To what value must 3 be increased to
double the overall voltage gain?

5.115 For the circuit shown in Fig. P5.115, draw a com-
plete small-signal equivalent circuit utilizing an appropriate
T model for the BJT (ox=0.99). Your circuit should show the
values of all components, including the model parameters.
What is the input resistance R;,? Calculate the overall voltage
gain (v,/v).

+9V

b Rin
FIGURE P5.115

5.116 In the circuit shown in Fig. P5.116, the transistor has
a 3 of 200. What is the dc voltage at the collector? Find the
input resistances R; and R, and the overall voltage gain

+15V +5V

= Ry

FIGURE P5.116

(v,/v,). For output signal of £0.4 V, what values of v, and
v, are required?

5.117 Consider the augmented hybrid-z model shown in
Fig. 5.58. Disregarding how biasing is to be done, what is the
largest possible voltage gain available for a signal source
connected directly to the base and a very-high-resistance
load? Calculate the value of the maximum possible gain for
Vy=25Vand V, =250 V.

5.118 Reconsider the amplifier shown in Fig. 5.53 and
analyzed in Example 5.14 under the condition that f is not
well controlled. For what value of § does the circuit begin to
saturate? We can conclude that large 8 is dangerous in this
circuit. Now, consider the effect of reduced f3, say, to = 25.
What values of r,, g,,, and r, result? What is the overall volt-
age gain? (Note: You can see that this circuit, using base-
current control of bias, is very [(-sensitive and usually not
recommended.)

5.119 Reconsider the circuit shown in Fig. 5.55 under the
condition that the signal source has an internal resistance of
100 €. What does the overall voltage gain become? What is
the largest input signal voltage that can be used without
output-signal clipping?

D5.120 Redesign the circuit of Fig. 5.55 by raising the
resistor values by a factor n to increase the resistance seen by
the input v; to 75 Q. What value of voltage gain results?
Grounded-base circuits of this kind are used in systems such
as cable TV, in which, for highest-quality signaling, load
resistances need to be “matched” to the equivalent resistances
of the interconnecting cables.

5.1271 Using the BJT equivalent circuit model of Fig. 5.52(a),
sketch the equivalent circuit of a transistor amplifier for
which a resistance R, is connected between the emitter and
ground, the collector is grounded, and an input signal source
vy, 1s connected between the base and ground. (It is assumed
that the transistor is properly biased to operate in the active
region.) Show that:

(a) the voltage gain between base and emitter, that is, v,/ v,
is given by

(b) the input resistance,

Ry==2=(B+1)(R,+7,)
b

1

Find the numerical values for (v,/v,) and R;, for the case R, =
1 kQ, =100, and the emitter bias current [y = 1 mA.

5.122 When the collector of a transistor is connected to its
base, the transistor still operates (internally) in the active
region because the collector—base junction is still in effect
reverse biased. Use the simplified hybrid-z model to find the



incremental (small-signal) resistance of the resulting two-
terminal device (known as a diode-connected transistor.)

**D5.123 Design an amplifier using the configuration of
Fig. 5.55(a). The power supplies available are =10 V. The
input signal source has a resistance of 100 €, and it is
required that the amplifier input resistance match this value.
(Note that R, = r, // R; = r,.) The amplifier is to have the
greatest possible voltage gain and the largest possible output
signal but retain small-signal linear operation (i.e., the signal
component across the base—emitter junction should be limited
to no more than 10 mV). Find values for R; and R.. What is
the value of voltage gain realized?

*5.124 The transistor in the circuit shown in Fig. P5.124 is
biased to operate in the active mode. Assuming that 3 is very
large, find the collector bias current /.. Replace the transistor
with the small-signal equivalent circuit model of Fig. 5.52(b)
(remember to replace the dc power supply with a short circuit).
Analyze the resulting amplifier equivalent circuit to show that

Yo _ _Re

; Rp+r,
v,y  —OR:
; Rp+r,

Find the values of these voltage gains (ov = 1). Now, if the
terminal labeled v,; is connected to ground, what does the
voltage gain v,,/ v; become?

+15V
R.=43kQ
100 kQ | oo
S [}
o0
o
Yi 100 kO

R;= 6.8 kO

FIGURE P5.124

SECTION 5.7: SINGLE-STAGE BJT AMPLIFIERS

5.125 An amplifier is measured to have R, = 10 kQ, A, =
100 V/V, and R, = 100 Q. Also, when a load resistance R, of
1 kQ is connected between the output terminals, the input
resistance is found to decrease to 8 kQ. If the amplifier is fed
with a signal source having an internal resistance of 2 k€,
find G,,, A,, G,p G, Ry, and A,.

5.126 Figure P5.126 shows an alternative equivalent cir-
cuit for representing any linear two-port network including

PRAN
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voltage amplifiers. This equivalent circuit is based on the
g-parameter two-port representation (see Appendix X).

(a) Using the values of R;, A,,, and R, given in Example 5.17
together with the measured value of R;, of 400 k€ obtained
when a load R; of 10 kQ is connected to the output, deter-
mine the value of the feedback factor f.

(b) Now, use the equivalent circuit of Fig. P5.126 to deter-
mine the value of R, obtained when the amplifier is fed with
a signal generator having Ry, = 100 kQ. Check your result
against that found in Example 5.17.

& +0
=
=
S

(e

FIGURE P5.126

5.127 Refer to Table 5.5. By equating the expression for G,
obtained from Equivalent Circuit A to that obtained from
Equivalent Circuit B with G, = R,/ (R;+ Rg,)A,,, show
that

o’

R, Ry, +R, _ R +R,
Ri Rsig + Rin RL + Roul

Now, use this expression to:

(a) Show that for R; = oo, R;; = R;.

(b) Show that for R, =0, R,y = R,

(c) Find R, when R, = oo (i.e., the amplifier input is open-
circuited), and evaluate its value for the amplifier specified in

Example 5.17.

5.128 A common-emitter amplifier of the type shown in
Fig. 5.60(a) is biased to operate at /- = (0.2 mA and has a col-
lector resistance R = 24 kQ. The transistor has f= 100 and a
large V,. The signal source is directly coupled to the base,
and C; and Ry are eliminated. Find R;,, the voltage gain A,
and R,. Use these results to determine the overall voltage gain
when a 10-kQ load resistor is connected to the collector and
the source resistance Ry, = 10 kQ.

5.129 Repeat Problem 5.128 with a 125-Q resistance
included in the signal path in the emitter. Furthermore, con-
trast the maximum amplitude of the input sine wave that can
be applied with and without R, assuming that to limit distor-
tion the signal between base and emitter is not to exceed S mV.

5.130 For the common-emitter amplifier shown in
Fig. P5.130, let Ve =9 V, R, =27 kQ, Ry= 15k, Ry = 1.2k,
and R = 2.2 kQ. The transistor has 8= 100 and V, = 100 V.
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Calculate the dc bias current /. If the amplifier operates
between a source for which R, = 10 k€ and a load of
2 k€, replace the transistor with its hybrid-7 model, and find
the values of R;,, the voltage gain v,/ vg,, and the current
gain i,/i;.

sig?

VC C

Rsig —

sig

R

in

FIGURE P5.130

D5.1317 Using the topology of Fig. P5.130, design an
amplifier to operate between a 10-kQ source and a 2-k€2 load
with a gain v,/ v, of =8 V/V. The power supply available is
9 V. Use an emitter current of approximately 2 mA and a
current of about one-tenth that in the voltage divider that
feeds the base, with the dc voltage at the base about one-third
of the supply. The transistor available has 8= 100 and V, =
100 V. Use standard 5% resistor (see Appendix H).

5.132 A designer, having examined the situation described
in Problem 5.130 and estimating the available gain to be
approximately —8 V/V, wishes to explore the possibility of
improvement by reducing the loading of the source by the
amplifier input. As an experiment, the designer varies the
resistance levels by a factor of approximately 3: R, to 82 k€,
R, t0 47 kQ, R to 3.6 kQ, and R to 6.8 kQ (standard values
of 5%-tolerance resistors). With V=9 V, R, = 10kQ, R, =
2kQ, B=100, and V, = 100 V, what does the gain become?
Comment.

D5.133 Consider the CE amplifier circuit of Fig. 5.60(a). It
is required to design the circuit (i.e., find values for I, Ry, and
R.) to meet the following specifications:

(@) R;=5kQ.

(b) the dc voltage drop across Ry is approximately 0.5 V.

(c) the open-circuit voltage gain from base to collector is the
maximum possible, consistent with the requirement that the
collector voltage never falls by more than approximately 0.5 V

below the base voltage with the signal between base and
emitter being as high as 5 mV.

Assume that v, is a sinusoidal source, the available supply
Vee =5V, and the transistor has B = 100 and a very large
Early voltage. Use standard 5%-resistance values, and specify
the value of / to one significant digit. What base-to-collector
open-circuit voltage gain does your design provide? If R, =
R; =10 k€, what is the overall voltage gain?

D5.134 In the circuit of Fig. P5.134, v, is a small sine-
wave signal with zero average. The transistor s 100.

(a) Find the value of Ry to establish a dc emitter current of
about 0.5 mA.

(b) Find R to establish a dc collector voltage of about +5 V.
(c) For R, = 10 kQ and the transistor r, = 200 kQ, draw the
small-signal equivalent circuit of the amplifier and determine
its overall voltage gain.

+15V

-15V
FIGURE P5.134

*5.135 The amplifier of Fig. P5.135 consists of two identical
common-emitter amplifiers connected in cascade. Observe that
the input resistance of the second stage, R;,,, constitutes the
load resistance of the first stage.

(a) ForVee=15V,R =100k, R, =47kQ, R;=3.9kQ, R-=
6.8 kQ, and = 100, determine the dc collector current and
collector voltage of each transistor.

(b) Draw the small-signal equivalent circuit of the entire
amplifier and give the values of all its components. Neglect
r, and r,,.

(c) Find Ry, and v,/ v, for R, =5 kQ.

(d) Find R, and v,/ vy,

(e) For R, =2k, find v,/ vy,.

(f) Find the overall voltage gain v,/ v,.
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FIGURE P5.135

5.136 In the circuit of Fig. P5.136, v, is a small sine-wave
signal. Find R;, and the gain v,/ v,. Assume 8 = 100. If the
amplitude of the signal v, is to be limited to 5 mV, what is
the largest signal at the input? What is the corresponding
signal at the output?

20 kQ

Usig

FIGURE P5.136

*#5.137 The BJT in the circuit of Fig. P5.137 has = 100.

(a) Find the dc collector current and the dc voltage at the
collector.

(b) Replacing the transistor by its T model, draw the small-
signal equivalent circuit of the amplifier. Analyze the resulting
circuit to determine the voltage gain v,/ v;.

/@Y o\
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Stage 2 Load

v,

(7]

FIGURE P5.137

*5.138 Refer to the voltage-gain expression (in terms of
the transistor ) given in Eq. (5.136) for the CE amplifier
with a resistance R, in the emitter. Let the BJT be biased at an
emitter current of 0.5 mA. The source resistance R is 10 kQ.
The BJT B is specified to lie in the range of 50 to 150 with a
nominal value of 100.

(a) What is the ratio of maximum to minimum voltage gain
obtained without R,?

(b) What value of R, should be used to limit the ratio of max-
imum to minimum gain to 1.2?

(c) If the R, found in (b) is used, by what factor is the gain
reduced (compared to the case without R,) for a BJT with a
nominal f3?
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5.139 Consider the CB amplifier of Fig. 5.62 with R, = 10 kQ,
R-=10kQ, Vo =10V, and R, = 100 Q. To what value must
I be set in order that the input resistance at E is equal to that
of the source (i.e., 100 )? What is the resulting voltage gain
from the source to the load? Assume o = 1.

*%*D5.140 Consider the CB amplifier of Fig. 5.62(a) with
the collector voltage signal coupled to a 1-k€2 load resistance
through a large capacitor. Let the power supplies be £5 V.
The source has a resistance of 50 Q. Design the circuit so that
the amplifier input resistance is matched to that of the source
and the output signal swing is as large as possible with rela-
tively low distortion (v, limited to 10 mV). Find 7 and R and
calculate the overall voltage gain obtained and the output sig-
nal swing. Assume o = 1.

5.141 For the circuit in Fig. P5.141, find the input resis-
tance R; and the voltage gain v,/ v,. Assume that the source
provides a small signal u, and that = 100.

v,

(7]

>
100 ko 1.5kQ
<

1

Ug

FIGURE P5.141

5.142 Consider the emitter follower of Fig. 5.63(a) for the
case I=1mA, =100, V,=100V, Rz=100 kQ, R, =20 kQ,
and R, = 1 kQ.

(a) Find Ry, v,/ v,, and v,/ v;.

(b) If v, is a sine-wave signal, to what value should its ampli-
tude be limited to in order that the transistor remains conduct-
ing at all times? For this amplitude, what is the corresponding
amplitude across the base—emitter junction?

(c) If the signal amplitude across the base—emitter junction is
to be limited to 10 mV, what is the corresponding amplitude
of v, and of v,?

(d) Find the open-circuit voltage gain v,/ v, and the output
resistance. Use these values to determine the value of v,/ v,
obtained with R, = 500 Q.

5.143 For the emitter-follower circuit shown in Fig. P5.143,
the BJT used is specified to have 3 values in the range of 40
to 200 (a distressing situation for the circuit designer). For the
two extreme values of 8 (=40 and = 200), find:

(a) I, Vg, and V.
(b) the input resistance R;.
(c) the voltage gain v,/ v,.

+9V

100 kQ
10 kO -

[
Us < i ;
' 1’/)
= Rin 1 kQ % 1 kQ

FIGURE P5.143

5.744 In the emitter follower in Fig. P5.144, the signal
source is directly coupled to the transistor base. If the dc
component of v, is zero, find the dc emitter current. Assume
B=100. Neglecting r,, find R;,, the voltage gain v,/ v,, the
current gain i,/i;, and the output resistance R,;.

+5V

U,

100k o

1 kQ

R

—
in out -

-5V
FIGURE P5.144

5.145 In the emitter follower of Fig. 5.63(a), the signal
source is directly coupled to the base. Thus, C¢; and Ry are
eliminated. The source has R, = 10 kQ and a dc component of
zero. The transistor has f= 100 and V, = 125 V. The bias cur-
rent / =2.5 mA, and V- =3 V. What is the output resistance



of the follower? Find the gain v,/ v, with no load and with a
load of 1 kQ. With the 1-kQ load connected, find the largest
possible negative output signal. What is the largest possible
positive output signal if operation is satisfactory up to the point
that the base—collector junction is forward biased by 0.4 V?

5.146 The emitter follower of Fig. 5.63(a), when driven
from a 10-k€2 source, was found to have an open-circuit volt-
age gain of 0.99 and an output resistance of 200 €. The out-
put resistance increased to 300 €2 when the source resistance
was increased to 20 kQ. Find the overall voltage gain when
the follower is driven by a 30-k€2 source and loaded by a 1-kQ
resistor. Assume r, is very large.

*#5.,147 For the circuit in Fig. P5.147, called a bootstrapped
follower:

(a) Find the dc emitter current and g,,,, r,, and r,. Use = 100.
(b) Replace the BJT with its T model (neglecting r,), and
analyze the circuit to determine the input resistance R;, and
the voltage gain v,/ v;.

(c) Repeat (b) for the case when capacitor Cy is open-circuited.
Compare the results with those obtained in (b) to find the
advantages of bootstrapping.

+9V

10 kQ °°|
AMA-— O II .
+9V '\‘
10 kQ
20 kQ
Yo
l—b——-O v,
CB = ©
= R;,

>
20 kQ Iz kQ

FIGURE P5.147

*#5.148 For the follower circuit in Fig. P5.148 let transis-
tor O, have =50 and transistor Q, have =100, and neglect
the effect of r,,. Use Vi =0.7 V.

(a) Find the dc emitter current of Q, and Q,. Also, find the dc
voltages Vy, and V..

(b) If a load resistance R; = 1 kQ is connected to the output
terminal, find the voltage gain from the base to the emitter of
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0-, v,/ v,,, and find the input resistance R;,, looking into the
base of Q,. (Hint: Consider Q, as an emitter follower fed by a
voltage vy, at its base.)

(c) Replacing Q, with its input resistance Ry, found in (b),
analyze the circuit of emitter follower Q, to determine its
input resistance R;, and the gain from its base to its emitter,
Up1/ Uy, -

(d) If the circuit is fed with a source having a 100-k2 resis-
tance, find the transmission to the base of O, v,/ v,.

(e) Find the overall voltage gain v,/ v,.

+9V
A A

1 MQ
ol o,

]

Q>
1 MQ o0
I—O v,
50 nA
Rm - 5 mA

FIGURE P5.148

SECTION 5.8: THE BJTINTERNAL CAPACITANCES
AND HIGH-FREQUENCY MODEL

5.149 Annpn transistor is operated at [-=0.5 mA and V¢, =
2V.Ithas =100, V, =50V, 7= 30 ps, C;,y = 20 fF, Cj =
30 fF, V. = 0.75 V, m¢g; = 0.5, and r, = 100 Q. Sketch the
complete hybrid-z model, and specify the values of all its
components. Also, find f7.

5.150 Measurement of /y, of an npn transistor at 500 MHz
shows that |h,| = 2.5 at I =0.2 mA and 11.6 at /o = 1.0 mA.
Furthermore, C,, was measured and found to be 0.05 pF. Find
fr at each of the two collector currents used. What must 7,
and C;, be?

5.151 A particular BJT operating at Ic = 2 mA has C,, =
1 pF, C, = 10 pF, and 8 = 150. What are f; and f; for this
situation?

5.152 For the transistor described in Problem 5.151, C in-
cludes a relatively constant depletion-layer capacitance of 2 pF.
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IE re gm rﬂ
Transistor (mA) (Q2) (mA/V) (k<€)
(a) 1
(b) 25
(¢) 2.525
(d) 10

(e) 0.1
() 1
(2

If the device is operated at /- = 0.2 mA, what does its f;
become?

5.153 A particular small-geometry BJT has f of 5 GHz
and C,, = 0.1 pF when operated at I- = 0.5 mA. What is C in
this situation? Also, find g, and for 8= 150, find r, and f.

5.154 For a BJT whose unity-gain bandwidth is 1 GHz and
Bo =200, at what frequency does the magnitude of &, become
20? What is f?

*5.155 For a sufficiently high frequency, measurement of
the complex input impedance of a BJT having (ac) grounded
emitter and collector yields a real part approximating r,. For
what frequency, defined in terms of @y, is such an estimate of
r, good to within 10% under the condition that r <r, /10?
Neglect C,,.

*#5.156 Complete the table entries above for transistors (a)
through (g), under the conditions indicated. Neglect r,.

SECTION 5.9: FREQUENCY RESPONSE
OF THE COMMON-EMITTER AMPLIFIER

5.157 A designer wishes to investigate the effect of chang-
ing the bias current / on the midband gain and high-frequency
response of the CE amplifier considered in Example 5.18. Let
I be doubled to 2 mA, and assume that f3, and f; remain
unchanged at 100 MHz and 800 MHz, respectively. To keep
the node voltages nearly unchanged, the designer reduces Ry
and R. by a factor of 2 to 50 kQ and 4 kQ, respectively.
Assume r, = 50 Q, and recall that V, = 100 V and that C,
remains constant at 1 pF. As before, the amplifier is fed with
a source having R, = 5 kQ and feeds a load R, = 5 k€. Find
the new values of A, fy, and the gain—bandwidth product,
|A 4| f7- Comment on the results. Note that the price paid for
whatever improvement in performance is achieved is an
increase in power. By what factor does the power dissipation
increase?

*5.158 The purpose of this problem is to investigate the
high-frequency response of the CE amplifier when it is fed
with a relatively large source resistance R,. Refer to the ampli-
fier in Fig. 5.71(a) and to its high-frequency equivalent-circuit

fr C, C, 7
Bo (MHz)  (pF) (PF)  (MH2)
100 400 2
2 107 4
400 13.8 4
100 400 2
100 100 2
10 400 2
800 1 9 80

model and the analysis shown in Fig. 5.72. Let R; > R
ry < Ry Ry > 1y, 8,R, > 1,and g,R;C, > C,.

sig?

sig»
Under these conditions, show that:

(a) the midband gain A, =—-B(R] /Rg,).
(b) the upper 3-dB frequency [, =1/(27C,BR/).
(¢) the gain—bandwidth product A, f; = 1/(27C,Rg,).

Evaluate this approximate value of the gain—bandwidth prod-
uct for the case Ry, =25 k€ and C,, = 1 pF. Now, if the tran-
sistor is biased at /- = 1 mA and has = 100, find the
midband gain and f; for the two cases R; = 25 kQ and
R/ = 2.5 kQ. On the same coordinates, sketch Bode plots
for the gain magnitude versus frequency for the two cases.
What f},; is obtained when the gain is unity? What value of R/
corresponds?

5.159 Consider the common-emitter amplifier of Fig. P5.159
under the following conditions: Ry, =5 kQ, R, =33 kQ, R, =
22 kQ, Ry =39kQ, Rp=47kQ, R, =5.6kQ, Ve =5 V.
The dc emitter current can be shown to be /; = 0.3 mA, at
which S, = 120, r, = 300 kQ, and r, = 50 Q. Find the input
resistance R;, and the midband gain A,,. If the transistor is
specified to have fr = 700 MHz and C,, = 1 pF, find the upper
3-dB frequency fy.

FIGURE P5.159



5.160 For a version of the CE amplifier circuit in Fig. P5.159,
Ry =10KkQ, R, =68 kQ, R, =27 kQ, R;=2.2kQ, R =4.7kQ,
and R, = 10 kQ. The collector current is 0.8 mA, =200, f; =
1 GHz, and C,, = 0.8 pF. Neglecting the effect of r, and r,, find

the midband voltage gain and the upper 3-dB frequency f3.

5.161 The amplifier shown in Fig. P5.161 has Ry, = R, =
1kQ, Rc=1kQ, Ry =47kQ, B=100, C,= 0.8 pF, and f; =
600 MHz.

(a) Find the dc collector current of the transistor.

(b) Find g,, and r.

(c) Neglecting r,, find the midband voltage gain from base to
collector (neglect the effect of Rp).

(d) Use the gain obtained in (c) to obtain the component of
R;, that arises as a result of R;. Hence find R;,.

(e) Find the overall gain at midband.

(f) Find C,,.
(2) Find fj.
+15V
RC
C C
Rsig Cl RB 2
-

Vsig RL

FIGURE P5.161

*5.162 Refer to Fig. P5.162. Utilizing the BJT high-
frequency hybrid-7 model with r, = 0 and r, = oo, derive an
expression for Z(s) as a function of r, and C,. Find the
frequency at which the impedance has a phase angle of 45°
for the case in which the BJT has f; = 400 MHz and the bias
current is relatively high. What is the frequency when the bias
current is reduced so that C, = C,? Assume o= 1.

o—

FIGURE P5.162

5.163 For the amplifier in Fig. P5.159, whose component
values were specified in Problem 5.159, let C; = C¢, =1 UF,
and C; = 10 yF. Find the break frequencies fp, fp,, and fp3
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resulting for C¢;, Cg, and C,, respectively. Note that R has
to be taken into account in evaluating f»,. Hence, estimate the
value of the lower 3-dB frequency f;.

D5.164 For the amplifier described in Problem 5.163,
design the coupling and bypass capacitors for a lower 3-dB
frequency of 100 Hz. Design so that the contribution of each
of C¢; and Cg, to determining f; is only 5%.

5.165 Consider the circuit of Fig. P5.159. For R, = 10 kQ,
Ryz=R,/IR,=10kQ, r,=100 Q, r,=1kQ, B, =100, and
R =1kQQ, what is the ratio C/C, that makes their contri-
butions to the determination of f; equal?

*D5.166 For the common-emitter amplifier of Fig. P5.166,
neglect r, and r,, and assume the current source to be ideal.

FIGURE P5.166

(a) Derive an expression for the midband gain.

(b) Derive expressions for the break frequencies caused by
Cpand Ce.

(c) Give an expression for the amplifier voltage gain A(s).
(d) ForR;=R-=R,=10kQ, =100, and /=1 mA, find the
value of the midband gain.

(e) Select values for Cr and C to place the two break fre-
quencies a decade apart and to obtain a lower 3-dB frequency
of 100 Hz while minimizing the total capacitance.

(f) Sketch a Bode plot for the gain magnitude, and estimate
the frequency at which the gain becomes unity.

(g) Find the phase shift at 100 Hz.

5.167 The BJT common-emitter amplifier of Fig. P5.167
includes an emitter degeneration resistance R,.

(a) Assuming o = 1, neglecting r, and r,, and assuming the
current source to be ideal, derive an expression for the small-
signal voltage gain A(s)=V,/V,. Hence find the midband
gain A, and the lower 3-dB frequency f;.

(b) Show that including R, reduces the magnitude of A, by a
certain factor. What is this factor?
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(c) Show that including R, reduces f; by the same factor as
in (b) and thus one can use R, to trade-off gain for bandwidth.
(d) For/=1mA, R-=10kQ, and C= 100 yF, find |A,,| and
f; with R, = 0. Now find the value of R, that lowers f; by a
factor of 5. What will the gain become?

Vsi g

FIGURE P5.167

SECTION 5.10: THE BASIC BJT DIGITAL
LOGIC INVERTER

5.168 Consider the inverter circuit in Fig. 5.74. In Exer-
cise 5.53, the following expression is given for V,,; when the
inverter is driving N identical inverters:

VC C VBE

Vou = Vee=Reg RN
C B

For the same component values used in the analysis in the
text (i.e., Ve =5V, Rc =1 kQ, Ry =10kQ, and Vy;=0.7 V),
find the maximum value of N that will still guarantee a high
noise margin, NMy, of at least 1 V. Assume =150 and Vg, =
02V.

5.169 The purpose of this problem is to find the power dis-
sipation of the inverter circuit of Fig. 5.74 in each of its two
states. Assume that the component values are as given in the
text (i.e., Ve =5 V, Rc =1 kQ, Ry =10 k€, and Vy;=0.7 V).

(a) With the input low at 0.2 V, the transistor is cut off. Let
the inverter be driving 10 identical inverters. Find the total
current supplied by the inverter and hence the power dissi-
pated in R.

(b) With the input high and the transistor saturated, find the
power dissipated in the inverter, neglecting the power dissi-
pated in the base circuit.

(c) Use the results of (a) and (b) to find the average power
dissipation in the inverter.

D5.170 Design a transistor inverter to operate from a 1.5-V
supply. With the input connected to the 1.5-V supply through a
resistor equal to R, the total power dissipated should be 1 mW,
and forced 3 should be 10. Use Vz=0.7 V and Vg, =02 V.

5.171 For the circuit in Fig. P5.171, consider the application
of inputs of 5 V and 0.2 V to X and Y in any combination, and
find the output voltage for each combination. Tabulate your
results. How many input combinations are there? What hap-
pens when any input is high? What happens when both inputs
are low? This is a logic gate that implements the NOR func-
tion: Z=X+Y.

+5V
1 kQ
> O Uy
10 kQ 10kQ
Ox Oy
Ux Uy

FIGURE P5.171

5.172 Consider the inverter of Fig. 5.74 with a load capac-
itor C connected between the output node and ground. We
wish to find the contribution of C to the low-to-high delay
time of the inverter, #p;y. (For the formal definition of
inverter delays, refer to Fig. 1.35.) Toward that end, assume
that prior to ¢ = 0, the transistor is on and saturated and v, =
Vor = Ve Then, at t = 0, let the input fall to the low level,
and assume that the transistor turns off instantaneously. Note
that neglecting the turn-off time of a saturated transistor is an
unrealistic assumption, but one that will help us concentrate
on the effect of C. Now, with the transistor cut off, the capac-
itor will charge through R, and the output voltage will rise
exponentially from V; = Vg to Vo = V. Find an expres-
sion for v,(f). Calculate the value of 7,4, which in this case is
the time for v, to rise to %( Vou+ Vor)- Use Vee=5V, Vepo =
0.2V, R-=1k€Q, and C = 10 pF. (Hint: The step response of
RC circuits is reviewed in Section 1.7 and in greater detail in
Appendix F.)

*5.173 Consider the inverter circuit of Fig. 5.74 with a
load capacitor C connected between the output node and
ground. We wish to find the contribution of C to the high-to-
low delay time of the inverter, #py;. (For the formal definition
of the inverter delays, refer to Fig. 1.35.) Toward that end,



assume that prior to # = 0, the transistor is off and v, = Vo =
Vee. Then, at ¢t = 0, let the input rise to the high level, and
assume that the transistor turns on instantaneously. Note that
neglecting the delay time of the transistor is unrealistic but
will help us concentrate on the effect of the load capacitance C.
Now, because C cannot discharge instantaneously, the tran-
sistor cannot saturate immediately. Rather, it will operate in
the active mode, and its collector will supply a constant cur-
rent of B(Vec— Vig)/Ry. Find the Thévenin equivalent cir-
cuit for discharging the capacitor, and show that the voltage
will fall exponentially, starting at V- and heading toward a
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large negative voltage of [Vee—B(Vee—Vee)Re/Rgl.
Find an expression for uy(#). This exponential discharge will
stop when v, reaches V; = V4, and the transistor saturates.
Calculate the value of #p;, which in this case is the time for
vp to fall o 3(Voy + Vor). Use Ve =5V, Ve =02V,
Vee=0.7V,Rp=10kQ, R-=1kQ, B=50, and C =10 pF. If
you have solved Problem 5.172, compare the value of 7,y to
that of 7, found there, and find the inverter delay, t,. (Hint:
The step response of RC circuits is reviewed in Section 1.7
and in greater detail in Appendix F).





