Chapter 4

Bipolar Junction Transistors.
Problem Solutions

4.1 Problem 4.37

It is required to design the circuit in Figure (4.1) so that a current of 1 mA is established in
the emitter and a voltage of +5 V appears at the collector. The transistor type used has a
nominal  of 100. However, the § value can be as low as 50 and as high as 150. Your design
should ensure that the specified emitter current is obtained when # = 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 value for Rp as possible. Give the values of Rp, Rg, and
R¢ to the nearest kilo-ohm. What is the expected range of collector current and collector
voltage corresponding to the full range of 3 values?

+15V

-15V

Figure 4.1:
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Solution

Nominal 8 = 100, so nominal « = 3/(1+ ) = 0.99, nominal Iz = 1 mA, nominal Ic = alg
= 0.99 mA, nominal Vo = 45 V. R¢ can then be calculated as:

Re =

Applying Kirchhoff’s voltage rule on the base-emitter loop we get:

Vee — Ve
Ic
15—-5

0.99
10.1 k€2

10 k€2

IgRp + IpRp = Vg — Vae

Using Ip = Ig/(6 + 1), we then get:

Ik

VEE - VBE
R
Rp + 135
15— 0.7
Ry + 18
14.3

Ep

= 143

(4.1)

(4.2)

The collector current depends only on Vgg, while I'p and Ir depends also on 3. Note that
for the same collector current, changing 3 from 100 to 50 changes the base current by a
factor of 2, while changing it from 100 to 150, changes the base current by a factor 2/3. This
means that reducing # will have more effect on the emitter current then increasing it. So
we design the circuit to limit the maximum change in the emitter current at 5 = 50. Since
decreasing 3 decreases the emitter current we then use the lower limit of Ir of 0.9 mA and

B = 50 in Equation (4.1):
0.9

RE—FH

14.3
Ry + 22

15.89

(4.3)
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Using Equation (4.2) and Equation (4.3) we get:

Rp = 164 kQ
Ry = 13kQ

to find the range of I and Vi for the full range of 3 values we use:

IC = Oé[E
Ver —V,
= - f 5% ;E s (4.4)
BT 15
Vo = Vee—IcRe (4.5)

Using Equation (4.4) and Equation (4.5) we get for § = 50:

50 15—-0.7
lo = X 164
1450 13+ 51
= 0.864 mA
Ve = 15—-0.864 x 10
= 6.36V
and for # = 150:
150 15 —-0.7
I =

X
4
1+150 ~ 134 14
= ¢.008 mA
Ve = 15—1.008 x 10
= 492V
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4.2 Problem 4.49

We wish to design the amplifier circuit of Figure (4.2) under the constraint that Ve is fixed.
Let the input signal vy, = f/be sin wt where Vbe 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 X

Voo — Ve — Ve

Vbe
1+ e

Rclc =

and find an expression for the voltage gain obtained. For Voo = 10 V, Vg = 0.7 V, and
Ve = 5 mV, find the dc voltage at the collector, the amplitude of the output voltage signal,
and the voltage gain.

Figure 4.2:

Solution

The total collector current (ac and dc) i¢ is given by:

Z‘C = [C+gmvbe
= IC—i—ng})esinwt

The total collector voltage ve is similarly given by:

ve = Voo — IoRe — gmVie sinwt
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To maintain the BJT in the active region v. > v then:
Vee — IcRe — gmVie = Vap + Vie
To maximize ve we should use the equal sign in the last equation, i.e.
Vee — IcRe — gmRcVie = Ve + Vie

Using the expression for g,,:

gm - VT
the last equation then becomes:
0 A
Ve = IcRey = Vip + Vi
T

Vie .
IcRe (1 + —”) = Vee — Vag — Vhe

Voo — Vee — Vie

Vie
1+ 3

The voltage gain A, = —g., B¢, using the last equation we get:

Av = ngC’

Substituting with the given numerical values we get:

Voo — Vae — Vie
1+ Y

10 — 0.7 — 0.005
1+ 2
= 7.7V

Ve = Voo —IcRe
= 10—-7.75
= 225V

IoRe =
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The ac output voltage v, is given by:

Ve = VC — Ube
= Ve — (Vgg + Viesinwt)

The amplitude of v. will determined by the amplitude of v, i.e.

~

Vo = Vo— (Ve + Vie)
— 2.25 — (0.7 +0.005)
= 155V

The voltage gain can be calculated from —V,/Vj. and from Equation (4.6):

~

W
Vie
1.55

0.005
— —310

~Vee —Vie - Vhe
VT + %e
_ 10 — 0.7 — 0.005

0.025 4 0.005
9.295

©0.03
= —-309.8

= =310

A, =




4.3. PROBLEM 4.61 7

4.3 Problem 4.61

Using the BJT equivalent circuit model of Figure (4.3) 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 v, is 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 the base and emitter, that is v, /vy, is given by:

ve R
vy, R.+r.
(b) the input resistance,
v
Ry, = Z_b = (B+1)(Re +7e)
b

Find the numerical value for (v./v,) and R, for the case R, = 1 k2, § = 100 and the
emitter bias current I = 1 mA.

Figure 4.3:
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Solution

The required equivalent circuit is shown in Figure (4.4).

gm Vbe

Vb

Figure 4.4:

(a) wp, 7e, and R, form a voltage divider, where v, is the voltage across R, that is given by;

Ve = R v
e — Re + T b
Ve R,

Uy Re + Te
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(b) the curent equation at the junction at the top of 7., gives:

Vbe .
— = 1+ GmUpe
Te
. . Vbe
W = — — GmUbe
Te

Vbe
:_1_me
Te( gmTe)

from the volatge divider we get;

Te
R, +r.

Vbe Uy

Using this last equation, the base current 7, becomes:

. 1 < UpTe
VA =
b re(l+3)  Re+re
1 Up
= X
1+8 Re+re
R = 2
123

= (1 + B)(Re + Te)

Substituting with the given numerical values we get:

Vr

Te = —
Ig

Ve R,
(%) Re + Te
1000

1000 + 25
= 0.976
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Rin = (1+08)(Re+re)
= 101 x 1025
= 103.5 kQ
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4.4 Problem 4.83

The amplifier of Figure (4.5) consists of two identical common emitter amplifiers connected
in cascade. Observe that the input resistance of the second stage, R;,2, constitutes the load
resistance of the first stage.

(a) for Voo = 15V, Ry = 100 k), Ry = 47 k), Rp = 3.9 kL2, and 5 = 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 7.

¢) Find R;,; and vy /vs for Ry = 5 kS

(c)

(d) Find ng and ’Ubg/l)bl.

(e) For Ry = 2 kS, find v,/vpe.
(f)

f) Find the overall voltage gain v, /v;.

Figure 4.5: All capacitors are blocking capacitors of very large capacitance.

Solution
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(a) Since the two stages are identical we then have for each transistor:

VB B

Ig

Ic

Ry
Ry + Ry
47

15 X ————
100 + 47
48V

Ri//Ry
100/ /47

32 kQ)
Vee — VBE

4.8 —-0.7

3.9+ 3%

0.97 mA

OéIE

B
mXIE

100

0.96 mA

VCC X

(b) The small signal equivalent circuit is shown in Figure (4.6). Once again, since the two

Rs Vb1

Vs

Vb2
Rc1 RBZL I'e Vtz
Om1Vm j i

@® Vo
Re2 R
Om2Vre

R\ n2

Figure 4.6:
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13

stages are identical, we get:

Rp1 = Rpx=Rp

Im1 = Gm2

el = Tr2

Rini = RB1//7“7T1
= 32//2.6
= 24 kQ

Using the voltage divider formed by v, Ry, and R;,;, we get:

Rinl
= Rs + Rinl s
Ub1 . 2.4
v, 5424
= 0.32

Rino = RBQ/ / T'r2
= 32//2.6
2.4 kQ
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Upg 18 the voltage produced by the current g,,;v,1 flowing through the parallel equivalent
of Rc1, Rpo, and 1.9, notice that v = vy, so:

Ve = —gmiUn X Re1//Rpa//Tr2
—GIm1Up1 X RCl//le
= —34.4 x vy x (6.8//2.4)

M2 681
Ubl
(e) Similarly, v, is given by:
Vo = —Gm2Ur2 X (RCQ//RL)
= —gma2Vi2 X (Ro2//Rp)
Yo 344 % (6.8//2.0)
Ub1
= —59.3
(f) The overall gain v, /v, is given by:
Vo o Up1 Up2 Vo
Vs B Vs Up1 Up2

= 0.32 x —68.1 x —59.3
= 1292
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4.5 Problem 4.92

In the emitter follower in Figure (4.7), the signal source is directly coupled to the transistor
base. If the dc component of v, is zero, find the dc emitter current. Asume [ = 120.
Neglecting 7., find R;, the voltage gain v, /v, the current gain 7, /is and the output resistance

R..

@ Vo
100 kQ i

1kQ

R

N \j
J— 5V J—

Figure 4.7: The capacitor is a blocking capacitor of very large capacitance.

Solution

The T-model equivalent of the given circuit is shown in Figure (4.8)
Given that a = 1, the emitter current /g is given by:

Vee — Vb

5.0—-0.7

3.34 100

= 1.042mA

Ip =
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We can calculate r, and R; from:

Vr
Ig
25

1.042
= 24Q

Te =

The input resistance R; is the resistance that the source will see looking into the base. It is
clear from Figure (4.8) that R; is composed of r., Rc, and Ry. The last two resistors are
connected in parallel and obviously the Ro;, = Re//Ry is in series with 7, since they both
carry the same current. This situation is similar to that where a resistor R, is connected to
the emitter and is in series with r., in this case R; = (1 + ()(r. + R.). In the case at hand
R; is then given by:

R, = (14 8)(re+ Rer)
= (14+08)(re+ Re//RyL)

3x1
— 191 (244 33X
33+ 1

121 x (24 + 767)
95.8 k2

vy, Te, and Rep, form a voltage divider. The output voltage v, is the voltage across Rop we

then have:
U Rer,

v, Te+ Rer

while vy, R, and R; form another voltage divider where v, is the voltage across R;, we then
have:

(%) R;

vs R+ R;
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Using the last two equations, the overall voltage gain v, /vy is:

Vo o Up Vo
v v
_ R Re
Rs+ R, 1.+ Rey
_ 95.8 " 0.767
100 +95.8  0.024 4- 0.767
= 0.474

The input current ¢; is the current produced by the input voltage v, in the series combination
of Ry and R;, while the output current i, is produced by the output voltage through the
load resistor Ry, so the overall current gain i,/i; is given by:

lo Uo/ Vg
i; Ry R+ R;
Vo E{S—f-}%Z
—_— >< [ —
Vg RL

1 .
0474 x 00 £958

= 9238

To find the output resistance R, we set v, to zero and insert a virtual voltage source v, at
the point where the load device looks back at the circuit. Let us assume that v, produces
a virtual current i,, as shown by the dashed part of the circuit in Figure (4.8). Taking v,
across the input part of the circuit (vs = 0), we get:

Uy = iere + Z‘bRs
= G+ (1 — )i Ry
R

= 1eTe + m
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The virtual current 7, is given by:

ix = +ie

Uy 1

1 1

_+—
RC T’E—i—%

R,
Ro = Rc// |:Te+m}

100
= 3. 024 4+ —
3.3// {00 + 121]
= 3.3//0.85 kQ
3.3 x 0.85

3.3+ 0.85
= 0.676 kQ
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4.6 Problem 4.96

For the follower circuit in Figure (4.9) let transistor )1 have § = 20 and transistor Q)2 have
£ = 200, and neglect the effect of r,. Use Vg = 0.7 V.

(a) Find the dc emitter current of @); and Q2. Also find the dc voltages Vg, and Vpgs.

(b) If aload resistance Ry, = 1 k2, is connected to the output terminal, find the voltage gain
from the base to the emitter of (2, v,/vp2, and find the input resistance R, looking into
base of Q2. (Hint: Consider () as an emitter follower fed by a voltage vy at its base.)

(c¢) Replacing ()5 with its input resistance R found in (b), analyze the circuit of emitter
follower ()1 to determine its input resistance R;, and the gain from its base to its emitter,
Vet / V1.

(d) If the circuit is fed with a source having a 100-k€2 resistance, find the transmission to
the base of @1, vp1/vs.

(e) Find the overall voltage gain v, /v;.

+9V

R

Figure 4.9: The capacitors are a blocking capacitors of very large capacitance.
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Solution

(a) In the base circuit of @)1, one can replace Voo, Ry = 1M, Ry = 1MSQ by their the
Thevenin’s equivalent of Rgp and Vgp, such that:

R R,

R+ Ry
1x1

141
= 0.5 MQ

Ve = Voo %

RBB =

R’y
R+ R,
= 9.0x0.5

= 45V

The emitter currents of )1 and ()2 are given by:

]El = 2mA
IEQ = 20#144‘[32

]EQ
= 20 uA +
N )

2000(pA)
201

= 20 pA+
= 30 uA

The base voltages of @)1 and @), are:

Ver = Ve —Ip1Rps

Il
Vg — El +51R

30(pA)
21

BB

= 45— x 0.5(MQ)

— 4.5 — 1.43(uA) x 0.5(MQ)
= 379V
VB2 = VBI - VBE
— 3.79-0.7
= 309V
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Rs Reg bl

Bi O~
Vbl

Vs

<
\‘F*m—b
(o]

Figure 4.10:

(b) the T-model equivalent of the whole circuit is shown in Figure (4.10). It is clear from
the figure that:

Rr "
Vy = ————— XU
RL + Te2 b2
Vr
o
25
2
= 1250
Vo RL
Up2 Ry +71e
1000
1000 + 12.5
= 0.988
Ry = (14 0B2)(re2+ R1)
— 201 x (1000 + 12.5)

= 203.5 EQ2
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(c) Replacing the second transistor Q2 by its input resistance in Figure (4.10)we get:
Vr

]El
25000(1V)
30(pA)

— 833Q

= 0.833 kQ
Ripo

Ve = —— X Up
Ripg 4 1e1

Vel Ripo

Up1 Ripg 4 7e1
203.5

203.5 + 0.833
= 0.996

R; = Rpp//(1+B1)(rer + Rip2)
— 500//[21 x (.833 + 203.5)] kQ
— 0.5//4.29 MQ
= 0.448 M)
= 448 k)

(d) In Figure (4.10) let us connect v, with it internal resistance Ry = 100 k€2, and replaceing
()1 by its internal resistance R; we get:

Upr R;

Vs N RZ‘—FRS
B 448
448 + 100
= 0.818

(e) finally the overall gain is (note that ve; = vp2):

Vo Vb1 Ve1 Vo
X X

T
— 0.818 x 0.996 x 0.988

= 0.805



