G. Rizzoni, Principles and Applications of Electrical Engineering Problem solutions, Chapter 10

Chapter 10 Instructor Notes

Chapter 10 introduces bipolar junction transistors. The material on transistors has been
reorganized in this 4™ Edition, and is now divided into two independent chapters, one on bipolar devices,
and one on field-effect devices. The two chapters are functionally independent, except for the fact that
Section 10.1, introducing the concept of transistors as amplifiers and switches, can be covered prior to
starting Chapter 11 if the instructor decides to only teach field-effect devices.

Section 10.2 introduces the fundamental ideas behind the operation of bipolar transistors, and
illustrates the calculation of the state and operating point of basic transistor circuits. The discussion of the
properties of the BJT in Section 10.2 is centered around a description of the base and collector
characteristics, and purposely avoids a detailed description of the physics of the device, with the intent of
providing an intuitive understanding of the transistor as an amplifier and electronic switch. Example 10.5
introduces the use of Electronics Workbench (EWB) as a tool for analyzing electronics circuits; the CD-
ROM contains an introduction to the software package and a number of solved problems.

Section 10.3 introduces large-signal models of the BJT, and also includes the box Focus on
Methodology: Using device data sheets (pp. 535-537). Example 10.7 (LED Driver) and the box Focus on
Measurements: Large Signal Amplifier for Diode Thermometer (pp. 539-541) provide two application
examples that include EWB solutions.

Section 8.4 introduces the analysis of BJT switches and presents TTL gates.

The end-of-chapter problems are straightforward applications of the concepts illustrated in the
chapter.

L earning Objectives

1. Understand the basic principles of amplification and switching. Section 1.

2. Understand the physical operation of bipolar transistors; determine and select the
operating point of a bipolar transistor circuit; understand the principle of small signal
amplifiers. Section 2.

3. Understand the large-signal model of the bipolar transistor, and apply it to simple
amplifier circuits. Section 3.

4. Understand the operation of bipolar transistor as a switch and analyze basic analog and
digital gate circuits. Section 4.
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Section 10.2: Operation of the Bipolar Junction Transistor
Problem 10.1

Solution:

Known quantities:
Transistor diagrams, as shown in Figure P10.1:

(@) pnp, Ves = 0.6 Vand Vec =4.0 V
() npn, Veg=0.7 Vand Veg = 0.2 V
(c) npn, Vee=0.7Vand Vce=03V
(d) pnp, Vec =0.6 Vand Vec =54V

Find:
For each transistor shown in Figure P10.1, determine whether the BE and BC junctions are forward or
reverse biased, and determine the operating region.

Analysis
(a) Ve =- 0.6V for a pnp transistor implies that the BE junction is forward-biased.
Vie = Vec - Veg = 3.4 V. The CB junction is reverse-biased. Therefore, the transistor is in the
active region.
(b) Ve =- 0.7 V for a npn transistor implies that the CB junction is reverse-biased.
Vie = Vge - Vec = -0.5 V. The BE junction is reverse-biased. Therefore, the transistor is in the
cutoff region.
(¢) Ve = 0.7 V for a npn transistor implies that the BE junction is forward-biased.
Vie = Vec - Veg = 0.4 V. The CB junction is forward-biased. Therefore, the transistor is in the
saturation region.
(d) Vec= 0.6V for a pnp transistor implies that the CB junction is reverse-biased.
Vie = Vec — VeEc = - 4.8 V. The BE junction is forward-biased. Therefore, the transistor is in the

active region.

Problem 10.2

Solution:

Known quantities:
Transistor type and operating characteristics:

a) hpn, Vee=0.8 VandVcg=04V
b) npn, Vee=14VandVce=2.1V
) pnp, Ve =0.9 Vand Ve =04V
d) npn, Vee=-12VandVeg=0.6 V
Find:
The region of operation for each transistor.
Analysis:
a) Since Vge = 0.8 V, the BE junction is forward-biased. Vcg = Vcg + Veg = - 0.4 V. Thus,

the CB junction is forward-biased. Therefore, the transistor is in the saturation region.
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b) Vee = Vgc + Vce = 0.7 V. The BE junction is forward-biased.

Problem solutions, Chapter 10

Veg = 1.4 V. The CB junction is reverse-biased. Therefore, the transistor is in the active region.

¢) Vcg= 0.9V for a pnp transistor implies that the CB junction is forward-biased.

Vie = Vec — Vcg = - 1.3 V. The BE junction is forward-biased. Therefore, the transistor is in the

saturation region.

d) With Vgg =- 1.2 V, the BE junction is reverse-biased.

Ve =- 0.6 V. The CB junction is reverse-biased. Therefore, the transistor is in the cutoff region.

Problem 10.3

Solution:

Known quantities:

|
The circuit of Figure P10.3. [ = l—C =100.
B

Find:
The operating point and the state of the transistor.

Analysis

Vge =0.6 V and the BE junction is forward biased.
® R 820

lc =805 =139mA

=13.90A

Writing KVL around the right-hand side of the circuit:
“Vee tlcRe +Vee +1eRe =0 =
Vee =Vee = IcRe =(Ig +1¢)Re
=12 -(1.39)(2.2) - (1.39 +0.0139)(0.910)
=7.664V
Vie =Vae +Vee =0.6+7.664 =8.264V

Ve >Vpge = The transistor is in the active region.
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Problem 10.4

Solution:

Known quantities:
The magnitude of a pnp transistor's emitter and base current, and the magnitudes of the voltages across the
emitter-base and collector-base junctions:

le=6mA,lg=0.1mAandVg=0.65V,V,=73V.

Find:

a) Vce

b) lc

¢) The total power dissipated in the transistor, defined as P =Vl +Vpelg.

Analysis

a) Veg=Veg-Vgg=73-0.65=6.65V.

b) lc=lg-lg=6-0.1 =59 mA.

¢) The total power dissipated in the transistor can be found to be: P =Vl - = 6.65 x5.9%10-3 = 39

mW.

Problem 10.5

Solution:
Known quantities:
The circuit of Figure P10.5, assuming the BIT has V|, =0.6 V.

Find:
The emitter current and the collector-base voltage.

Analysis:

= -520pA

Vee +15) _ (0.6 +15))
30000 30000

Applying KVL to the right-hand side of the circuit, |g = —(

Then, on the left-hand side, assuming ﬁ >>1:

—10+1.R.+Vg =0 =  =10-(-520)[15)00
=178V
Problem 10.6
Solution:

Known quantities:
The circuit of Figure P10.6, assuming the BJT has Vgz = 0.6 V and 8=150.

Find:
The operating point and the region in which the transistor operates.
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Analysis
Define R, =3.3kQ, R. =1.2kQ, R = 62kQ, R, =15kQ, V.. =18V

By applying Thevenin’s theorem from base and mass, we have

R, =R || R, =12.078 kQ
Vyy =—12 v, 035V
R+R

I, = Ves ~Vee
Re +Re(1+B)

lc =By =2.25mA

Ve =Voe ~Rele —Rolc =18-330002.25007° -12000510500™° =7.857 V

From the value of V¢ it is clear that the BJT is in the active region.

015 pA

Problem 10.7

Solution:

Known quantities:
The circuit of Figure P10.7, assuming the BJT has Vy =0.6V.

Find:
The emitter current and the collector-base voltage.

Analysis

Applying KVL to the right-hand side of the circuit,
~Vee +1gRe +Vgg =0
_Vee =Vegg _ 20-0.6
R 3900°
Applying KVL to the left-hand side: Vg +1cRe =Vpp =0

Veg =Vpp = | cRe =20-497.4120007 =10.05V

e =497.4uA . since B>>1, I =l =497.4pA

Problem 10.8

Solution:

Known quantities:
The circuit of Figure P10.7, assuming the emitter resistor is changed to 22 KQ and the BJT has

V, =0.6V.
Find:
The operating point of the transistor.
Analysis

Vee -V, 20-0.6
lg = BB = =881.8u A, lc =1 =881.8uA
E Re 22003 n c~E n
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Vg =Vpp — | cRe =20-881.8[20007 3 =2.364V

Problem 10.9

Solution:

Known quantities:
The collector characteristics for a certain transistor, as shown in Figure P10.9.

Find:
a) The ratio Ic/lgfor Veg= 10 Vand Ig = 100 PA, 200 PA, and 600 LA
b) VcE, assuming the maximum allowable collector power dissipation is 0.5 W for Iz = 500 HA.
Analysis
a) Forlg = 100 A and Vce = 10 V, from the characteristics, we have |c = 17 mA. The ratio |c/
Igis 170.
For Ig = 200 YA and Vcg= 10 V, from the characteristics, we have |c = 33 mA. The ratio I/
Igis 165.
For Ig = 600 YA and Vcg= 10 V, from the characteristics, we have |c = 86 mA. The ratio I/
Igis 143.

b) For lg = 500 YA, and if we consider an average [3 from a., we have |c = 159-500 10°=79.5
mA. The power dissipated by the transistor is P :VCE I c +VBE| B = VCE I ¢ » therefore:

Problem 10.10

Solution:

Known quantities:

Figure P10.10, assuming both transistors are silicon-based with 8 =100.
Find:

a) lc1, Ver, Veer

b) lc2, Veo, Ve

Analysis:
) FromKVL:  —30+Ig Ry +Vee =0 = 1g =227 23907,
a rom . - - -5 - .
BI MBI BE1 Bl 750 007
le; = By =3.907TmA =
Ve, =30-Rgle, =30-3.907 6.2 =5.779V

Veg, =V =5.779V.

b) Again, from KVL: —5.779 +Vge, +1g,Re, =0 = o =27 2297 2 081ma
4700
B+1 101
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Also, =30+, (Rey +Rey) +Vegs =0 = Vg, =30~ (1.07) [{20+4.7) =3.574 V.

30-V,
Finally, | o, =TCz = Vg, =30-(1.07)[[20) =8.603V .

2

Problem 10.11

Solution:

Known quantities:

Collector characteristics of the 2N3904 npn transistor, see data sheet pg. 536.

Find:

The operating point of the transistor in Figure P10.11, and the value of [ at this point.
Analysis

Construct a load line. Writing KVL, we have: =50+5000, +V =0.

Then, if | =0, Vg =50V andif Vg =0, | =10mA . The load line is shown superimposed

on the collector characteristic below:

10 T

. Ta=25C
=T 35
£ B
= el ~ |
o | loadline
5 5 25
=
5 20
=
o 4 15
] 5
=
0 10
o 2
[ 50
& 5.

“ ln=0p A

0 10 20

COLLECTOR-EMITTER WOLTAGE : Wee (V)

The operating point is at the intersection of the load line and the | g = 20pA line of the characteristic.
Therefore, | o =5mA and Vegg =20V

Under these conditions, an 5 LA increase in |5 yields an increase in | - of approximately

6 —5 =1mA . Therefore,

The same result can be obtained by checking the hgg gain from the data-sheets corresponding to 5 mA.
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Problem 10.12

Solution:

Known quantities:
The circuit shown in Figure P10.12. With reference to Figure 10.20, assume Vy =0.6V,Vy, =02V.

Find:
The operating point of the transistor, by computing the ratio of collector current to base current.
Analysis:
10-0.2
Vg =V = 0.2V, therefore | o =———— =9.8mA
Re
5.7-0.6
Vge =V, =0.6V, therefore | g = R =102pA
B
lc _9.8007
L =———=96.08<<3
5 102000

Problem 10.13

Solution:

Known quantities:
For the circuit shown in Figure P10.13, Vg =1V and V|, =0.6 V.

Find:

a) VB d | c
b g o) B
o lg H a.
Analysis:
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b) | —V_B—L n
® Ry 2000°
o) |E_ﬂ_5_1_800HA
Re 5000
d lc=1g—-15=800-20=780pA
I
e) 13:_0_@_39
lg 20
I
f) a=1c=780_0975
e 800

Problem solutions, Chapter 10

Problem 10.14

Solution:

Known quantities:
For the circuit shown in Figure P10.14:

Vee =20V B=130

R =1kQ  Rg=0.6kQ Vg =cos|6.28x10° [imV |

Find:

R =18MQ R, =300kQ R.=3kQ R =1kQ

The Thévenin equivalent of the part of the circuit containing R, R, , and Vo with respect to the

terminals of R, . Redraw the schematic using the Thévenin equivalent.

Analysis:

Extracting the part of the circuit specified, the Thévenin equivalent voltage is the open circuit voltage. The
equivalent resistance is obtained by suppressing the ideal independent voltage source:

LR ey
2R =0

I T

p s

Req

Note that Vcc must remain in the circuit because it supplies current to other parts of the circuit:

+Vee
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Problem 10.15

Solution:

Known quantities:
For the circuit shown in Figure P10.14:

Vee =15V =100 R =68kQ R,=11.7kQ R.=200Q R =200Q
R =1.5kQ Rg=0.9kQ Vg =cos|6.28x10° [ijmV |
Find:

VCEQ and the region of operation.

Analysis:
Simplify the circuit by obtaining the Thévenin equivalent
of the biasing network in the base circuit:

Vee
B,
k4 g?g k3
Re Do 2R, 3
L § eq
{b) v,
VD: Vgg = Vry = VecRe _ 15017 _ 2202V
Ri+R, 68+11.7
RiR, _ 68017 _
Suppress : = = = = 9.982 kQ
PPress Vec:  Re = Ren = o 0~ G8+11.7

Redraw the circuit using the Thévenin equivalent. The "DC blocking" or "AC coupling" capacitors act as open
circuits for DC; therefore, the signal source and load can be neglected since this is a DC problem. Specify directions
of current and polarities of voltages. Assume the transistor is operating in its active region; then, the base-emitter

junction is forward biased.

Veeg = 700mV [9]

ICQ: /BDBQ

Then:

leq = (IB+1)|BQ
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KVL: -Vgg+IgoRs*+Veeot legRe = 0 = -Vps*lgoRe+Veeot [ B+1] IsggRe = 0
| = Ves-Veeg  _ 2.202-0.7
B Reg+[ B+11Re 9982+ (100+1)(200)

= 49.76 uA

Bleo = 100029.7610™° = 4976 mA

(B+1)0so = (100+1)[@9.76107° = 5.026 mA
0
15-4.976[0.2-5.026[0.2 = 13.00 V

lco

| EQ
KVL: -legRe-Vceo-lco RetVee

Vceo = Vec-lcoRe - leg Re

The collector-emitter voltage is greater than its saturation value (0.3 V for Silicon). Therefore the initial

assumption (operation in the active region) was correct and the solution is valid.

Notes:

1. If the collector-emitter voltage were less than its saturation value, the transistor would be operating in
its "saturation" or "ohmic" region. In this case, the collector-emitter voltage is equal to its saturation
value (0.3 'V for Silicon). The solution for the base current remains valid. However, the parameter ,3
and the solution for the collector and emitter curents become invalid. In the saturation region, the
base-emitter junction is still forward biased and its voltage remains the same. A solution for the
collector and emitter currents is possible using the collector-emitter saturation voltage (0.3 V for

Silicon) in a KVL.

2. In the saturation region, the base current has no control over the collector or emitter currents (since s
invalid). Therefore, amplification is impossible.

Problem 10.16

Solution:

Known quantities:
For the circuit shown in Figure P10.14:

Vee =15V B=100 R =68kQ R, =117kQ R.=4kQ R =200Q
R =1.5kQ Rg=0.9kQ Vg =cos|6.28x10° [i|mV |
Find:

VCEQ and the region of operation.

Analysis:
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Simplify the circuit by obtaining the Theévenin equivalent of the biasing network in the base circuit:

Ve
e ) +Vee
*%: W i 3“’§; N g
Lga ¥ieq
S— ; )
e %\Eé’ Gy e ?f?i ;
"a 4 (2 % 2 97, g é\g J Veen
H 3 3.6 . & S
P ﬁ? %’? % gﬁ»&% %; §§§ §§§;§\ g Qg §§§
; RN & ﬁ o &g‘g ) :
() {b) f:?g 28 Rp2
Redraw the circuit using the Theévenin equivalent. The "DC g
blocking" or "AC coupling" capacitors act as open circuits for =

DC; therefore, the signal source and load can be neglected since
this is a DC problem. Specify directions of current and polarities of voltages. Assume the transistor is
operating in its active region. Then, the base-emitter junction is forward biased.

Vego = 700mV [S] log= Bgg leo = ([;+1)|BQ

KVL: _VBB+ IBQ RB+VBEQ+ IEQ RE =0 = 'VBB+ IBQ RB+VBEQ+[ /8+1] IBQ RE =0

| = Ves-Vee  _ 2.202-0.7
B Rg+[ B+1]Re 9982+ (100+1)(200)

= 49.76 pA

Bleo = 100029.7610™° = 4976 mA

(B+1)0so = (100+1)[@9.760° = 5.026 mA

0

15-4.976 3 -5.026[0.2 = =591V

lco

| EQ
KVL: -legRe-Vceo-lco RetVee

Vceo = Vec-lcoRe- leg Re

The collector-emitter voltage is less (more negative) than its saturation value (+ 0.3 V for Silicon).
Therefore the initial assumption (operation in the active region) was incorrect and the solution is not valid.
The device is operating in the saturation region with a saturation collector-emitter voltage equal to 0.3 V.
The solutions for the collector and emitter currents are invalid.

THE VALID SOLUTION:

KVL: -l1ggRe-Vee-sar - lcgRctVec = 0 leQ = IsQ* lcq
-[ Iso*tlcol Re-Vce-sat - lcg Re+Vee = 0

- - - - -
_ Vec-leQRe-Veesar _ 15-49.76(0.2100 " 0.3 _ 3.498mA

leo = Re+ Re 200 +4000

The solution for the base current is valid. The value of beta given is not valid.
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Problem 10.17

Solution:

Known quantities:
For the circuit shown in Figure P10.17:

Vee =12V B=130 R =82kQ R, =22kQ R.=05kQ R =16Q.

Find:
Vceg at the DC operating point.

Analysis:
Simplify the circuit by obtaining the Thévenin equivalent of the biasing network (Ry, Ry, Vce) in the base
circuit:

_ _ _ VecRo_ 12122 _
VD: = = = = = 2.538V
Ve = Vi = Voc R+ R, 82422
. _ _ RR _ 82022
Suppress : = = =
PPTess Vee Re = Req Ri+R, 82+22

Redraw the circuit using the Thevenin equivalent. The "DC blocking" or "AC coupling" capacitors act as
open circuits for DC; therefore, the signal source and load can be neglected since this is a DC problem.
Specify directions of current and polarities of voltages.

= 17.35kQ

Assume the transistor is operating in its active region. Then, the base-emitter junction is forward biased.

Veeg = 700mV [9] leo=[ B+1] lgg

KVL: -Veet IsgRe*Veeot leQ RE = 0 %Eg*gg

gﬁi&‘;’ﬁi

-Vest lsgRe*+ Vet [ B+1] lggRe = 0 w&»@

oo = VB -VEBEQ _ 2.538-0.7
BT R+ (B+1)Re 17350 +(130+1)300
leo = (B+1) 15 = (130+1)22.18007° = 2.906mA

= 22.18uA  |* %

KVL: -1ggRe-VeegtVee = 0
Veeo = Vee- leoRe = 12-2.906[0.5 = 10.55V

The collector-emitter voltage is greater than its saturation value (0.3 'V for Silicon). Therefore the initial
assumption (operation in the active region) was correct and the solution is valid.

Problem 10.18

Solution:

Known quantities:
For the circuit shown in Figure P10.18:
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Vec =12V Vg =4V B=100 Ry =100kQ R.=3kQ  Rg =3kQ
R =6kQ R =06kQ Vg =cos|6.28x10° [ijmV .

Find:

VCEQ and the region of operation.

Analysis

The "DC blocking" or "AC coupling" capacitors act as open circuits for DC;

therefore, the signal source and load can be neglected since this is a DC %gﬁg co
problem. Specify directions of current and polarities of voltages. Assume the

transistor is operating in its active region; then, the base-emitter junction is gﬁ

forward biased and:

Veeg = 700mV [S]

lco= BUgg leq = (ﬁ"‘l)lBQ

KVL: -Veg+ lggRe+Veegt legRe = 0 =

| = Vee-Veeo  _ 4-0.7
BT Rg+[ B+11Re 100000+ (100 +1)(3000)
leo = BOgo = (100)B.189007° =818.9 mA

lgo = (B+1)0go = (100+1)B.189007° =827.0 mA

=8.189 p A

KVL: +Vge-lggRe-Veeo-lcgRe+Vee = 0
Veeo = Vee+Vec-log Re- e Re =4 +12-818.93 007 -827.0 3007 =11.06 V

The collector-emitter voltage is greater (more positive) than its saturation value (+ 0.3 V for Silicon).

Therefore the initial assumption (operation in the active region) was correct and the solution is valid.

Notes:

1. DC power may be supplied to an npn BJT circuit by connecting the positive terminal of a DC source to
the collector circuit, or, by connecting the negative terminal of a DC source to the emitter circuit, or, as
was done here, both.

2. Inapnp BJT circuit the polarities of the sources must be reversed. Negative to collector and positive to
emitter.

Problem 10.19

Solution:

Known quantities:
For the circuit shown in Figure P10.19:

Vee =12V B=130 Ry =325kQ R, =1.9kQ R; =2.3kQ
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R =10kQ R =0.5kQ Vg =cos|6.28x10° [i|mV .

Find:
VCEQ and the region of operation.

Analysis g&i«?ﬁs

The "DC blocking" or "AC coupling" capacitors act as open circuits for DC; -
therefore, the signal source and load can be neglected since this is a DC 2,
problem. Specify directions of current and polarities of voltages. Assume the P
transistor is operating in its active region; then, the base-emitter junction is %f“ 5

forward biased. The base and collector currents both flow through the § )

llector resistor in this circuit. e dge 1T
collector resistor 1n this circul i:;& :“‘ &ﬁk %&{:{g
VBEQ = 700 mV [S] E B
N §
Vo
lco = Bleo leo=[ B+1]lgo Yigg
Ke
®

KCL: IBQ+ICQ-IRC =0

lre = lcot 1o = Bleotlee=[ B+1] lgg
KVL: -IEQRE'VBEQ'|BQRB'|RCRC+VCC =0
-[ B+1]1eol Re* Rc]-Veeo-leoRe*+Vec =0
Vce -VeeQ 12-0.7 ~12.914A

80 T Rt [ B+1] [ Re+Re]  [325+(130+1)2.3+1.9)]00°
leo=[ B+1] 1go = (130+1)02.91007° = 1.691mA

| Re

KVL: -1ggRe-Veeg-lre RetVee = 0 =
= Vego = Voo lreRe- 1egRe = 12-1.6910.9-1.691(2.3 = 4.896V

The collector-emitter voltage is greater than its saturation value (0.3 'V for Silicon). Therefore the initial
assumption (operation in the active region) was correct and the solution is valid.

Problem 10.20

Solution:

Known quantities:
For the circuit shown in Figure P10.19:

Vee =I5V C=0.50F  B=170 Ry =22kQ R.=33kQ Re =3.3kQ
R =17kQ R =70Q Vg =cos|6.28x10° [i|mV .
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Find:
VCEQ and the region of operation.

Analysis

When ﬁ is very high (say, greater than 50) the "high beta approximation" can be used, i.e.:

lc =lg = Blg

Using this approximation in this problem:

|BQ = 125MA |CQ = |EQ = 2.125mA VCEQ = 0975V

The collector-emitter voltage is greater than the saturation value (but not by much) so the original
assumption (operation in the active region) and the solution are valid. However, when a signal is

introduced into the circuit, the collector-emitter voltage will vary about its Q point value. Since the Q point
is close to saturation, saturation and severe distortion due to clipping is likely.

Problem 10.21

Solution:

Known quantities:
e  For the circuit shown in Figure P10.14:

Vee =15V C=047uF R =220kQ R,=55kQ R =3kQ
Re =710Q
R, =3kQ R, =0.6kQ vg =V, Binfot) V, =10mV.

*  DC operating point:
| BQ = 199MA VCEQ: 7.61V

Transfer characteristic and [ of the npn silicon transistor:
VBE VBEQt Vbe

lc = lsey, = ls€ v, B =100
*  Device i-v characteristic plotted in Figure P9.21.
Find:
a) The no-load large signal gain [vy/vi].
b) Sketch the waveform of the output voltage as a function of time.
c) How the output voltage is distorted compared with the input waveform.
Analysis
a) Simplify the circuit by determining the Theévenin equivalent of the biasing network in the base circuit.

VD: Vgg = Vi = Vec Ry _ 15135 = 3.00V

R+R, 220+55

Suppress Ve :
22003500’
Ri+ R 220+55

First, determine the collector and emitter Q point:

=44.0kQ

&

2 - K 2 £
el

»Qﬁ jgéﬁ )%g@
I % £ 1Req

{0 (b) 10.16
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KVL: -1ggRe-Veeo-lcoRctVee = 0

Veeo = —2.01000.710-1.990 3 +15=7.603V
lco = Bleo = 10009.9007° =1.99mA
leo = [ B+1] 180 =10109.9007° =2.01mA

Now, determine the DC load line (circuit characteristic).

o)
|+
[—

o
o3 X
w 0% ;%z

KVL: -igeRe-Vce-icRctVcc=0 g =

ic = Vee-Vvee  _ Vec-Vee &;}Hy&
B+1 3717 AR

Ret Rc £ T
B Ve p
4=

= 0 If . VCcE = VCC = 15 V [Intercq)t 1] * g
= 15 VA

—— = 4.035mA If: = 0 [Intercept2
3717 Vee [intercept 2

oo
>
]

Plot the DC load line on the same plot as the transistor i-v characteristic. Note that the collector current
is a linear function of the collector-emitter voltage. Only two points (the two intercepts shown as
Points 1 and 2 on the plot) are required to plot a linear function. The DC load line should pass through
the Q point.
The AC load line can now be plotted. It will pass through the Q point as does the DC load line;
however, its intercepts cannot be directly determined. Instead, its slope will be determined. The slope
and the Q point can then be used to plot the AC load line.
Sope,. = - = -1 = 03333 A - 2mA _ dic

Re 3000 v 6V Avee
For AC the capacitors act as short circuits. The bypass capacitor in parallel with the emitter resistor
shorts out any AC voltage across it. The collector coupling capacitor acts as a short and connects the
load resistor to the circuit. However, no-load conditions are specified, i.c., the load current is zero or
the load resistor is replaced by an open circuit.
With no signal, the circuit operates at its Q point. When a signal is introduced, the operating point
changes along the AC load line as a function of the signal voltage. Unfortunately, the device i-v
characteristic is plotted as a function of input (base) current instead of voltage.
But, there is the static characteristic that relates collector current to base-emitter voltage:

. VBE _ VBEQF Vbe VBEQ Voe Ve
Ic — |SeVT - |Se V1 - [lSeVT ] e\/T - |CQe\/T
. _ic _ lcg wee _ Vbe
IB= = — evr = |legévr

g B

The base-emitter signal voltage is related to the input signal voltage. At sufficiently high frequencies
(the "mid"-frequency range) the capacitors can be modeled as short circuits for AC. This means that
there is no AC voltage across either the AC coupling (DC blocking) capacitor or the capacitor
bypassing the emitter resistor. Using superposition to sum only AC voltages around the loop:
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b)

KVL:-vi+vet vpetve = 0 Ve=Ve= 0 = we= v
. Voe __ Vi
is = legevy = [ 199pA | ex6mv

This transfer function can now be used to give the base current as a function of the input voltage. The

intersection of the base current curves with the AC load line give the corresponding values of the
collector current and collector-emitter voltage (points 3, Q and 4 on the plot):

o [rad] vilmV] | i [pA] ic [mA] Ve [V] Vo [V]
0,11271 0 19.9 1.99 7.61 0

U2 +10 29.23 2.92 4.55 -3.06
3112 -10 13.54 1.35 9.15 +1.54

The capacitor connecting the load to the circuit is a DC blocking [and AC coupling] capacitor.
Remember that for no load conditions, the load resistor is assumed to be open.  Again using
superposition to sum only AC voltages around the loop and modeling the capacitors as shorts:

“Vet Veet Vet vo = 0 Ve= Ve = 0 = Vo= Ve = Vce ~VceQ

The no-load voltage gain can be determined using the maximum X
excursion in the input and output voltages: v (mV)
A= DVo (-1.54)-(+3.06) __ ., 10 Va
0 - - - - - o Wh FE
av;  {lomo=)-{-10007) : \:; A

When the input voltage becomes more positive, the output voltage \% f e
becomes more negative and vice versa. This is called "phase al hads
inversion" and is why the gain is negative. In normal amplification -
this is not important. If the loading effect of the load resistance is
included, the AC load line will be steeper and the gain will be ‘
reduced. ! A N

A plot is a large number of calculated points plotted and connected by A J;f
a smooth curve. In a sketch, only the most significant points N n e B

T
[maxima, minima, intercepts, etc] are calculated, plotted, and ~vel
connected by a carefully drawn smooth curve.

The output waveform is very distorted, i.e., it is not a true linearly amplified copy of the input
waveform. This is most obvious when the positive and negative peaks of the two curves are compared:
Input voltage +10 mV -10 mV

Output voltage -3.06 V +1.94V

The two peaks of the input voltage are equal; however, the positive peak is amplified less than the
negative peak. The nonlinear (exponential) behavior of the transistor causes the amplification to be
nonlinear and the output waveform to be very distorted. This is characteristic of large signal
amplifiers.

Even more serious distortion could occur if the input voltage (also called the "excitation" or "drive")
were increased so that saturation or cutoff occurs. This causes "clipping" and a severely distorted
output.
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Section 10.3: BJT Large-Signal Model
Problem 10.22

Solution:

Known quantities:
For the circuit shown in Figure 10.24:

Vg =0V,V, =5V, 1, =5mA, Ry =1kQ, Ve =5V,V, =0.7V, Ve, =02V, B =95,

VyLED = 1'4V, I LED = lomA, Pmax = IOOmW
Find:
Range of Rc.
Analysis
R :VCC =V, 0 ~Vees < 5-14-0.2 ~3400
| LED 001
From the maximum power
| Emax :@:E:ﬂmA
Vy LED
R. >VCC _VyLED ~Veea 470
I LED max

Therefore, Rc [[47, 340] Q

Problem 10.23

Solution:

Known quantities:
For the circuit shown in Figure 10.26:

VD =1.1V, RB :33kQ,VCC = 12V,VBE = 0.75V,VCEQ =6V, [=188.5, Rs =500Q
Find:
The resistance Rc.

Analysis:
The current through the resistance Rg is given by

Vo Vo _1.1-0.75

| =10.6 pA
° R, 33000 !
The current through Rsis
Vo Vo _6-L1_g g a

=

Ry 500
It follows that the current through the resistance R¢ is
leo = Blg +1g =11.8mA
Finally,
Rc =Vcc _VCEQ _12-6

= =508.5Q
l.o 00118
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Problem 10.24

Solution:

Known quantities:
For the circuit shown in Figure 10.24:

Vi =0V,V,, =5V, 1, =5mA, R, =340Q,Ve. =5V,V, =0.7V, Ve, =0.2V, S =95,

> Ton > ' Bmax

Vim0 =14V, | o 210mA, P, =100mW
Find:
Range of Rg.
Analysis
If the BJT is in saturation

V.. -V -V

e cC y LED CEsat —10mA

In order to guarantee that the BJT is in saturation

RB<V°” Yy 25207 _4h g5k
/g 001 '

95

V,, -V
R, 22 =860Q

B max

Problem 10.25

Solution:

Known quantities:
For the circuit shown in Figure 10.24:

Vo =0V,V, =5V, I =5mA, Ry, =10kQ, R, =340Q, Ve =5V,V, =0.7V, Ve =02V,

> Von > ' Bmax
Vo =14V, 1 o 210mA, P, =100mW
Find:
Minimum value of [ that will ensure the correct operation of the LED.
Analysis.

VvV, -V

|, =2 ¥ = 43 043mA

R, 10000
IBmin — ILEDmin - 0.01 - =23.25

I, 04300

Problem 10.26

Solution:

Known quantities:
For the circuit shown in Figure 10.24:

Ve =0V,V, =33V, 15, =5mA R, =10k, R, =340, Ve =5V,V, =0.7V,Vegy =02V,

> Yon > " Bmax

Vep =14V, 1 210mA P, =100mW

Y
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Find:
Minimum value of that will ensure the correct operation of the LED.
Analysis

Voo =V, _33-0.7
|y = = =0.26mA

R, 10000
'B = I LEDmin — 0.01 -
m g 0.260007°

Problem 10.27

Solution:

Known quantities:

For the circuit shown in Figure 10.24:

Vi =0V,V,, =5V, I, =1mA, Ry =1kQ,R=12Q, V.. =13V,V, =0.7V, Vegy, =1V,
I 21A

Find:
Minimum value of [ that will ensure the correct operation of the fuel injector.

Analysis:

comp

. = = =1A
¢ R 12
I 1
=——=——=1000
ﬁmm I Bmax 1 D0_3

Problem 10.28

Solution:

Known quantities:
For the circuit shown in Figure 10.24:

Ve =0V, V,, =5V, 1, =1mA, f=2000,R=12Q,Ve =13V,V, =0.7V,Veey =1V,
I.21A

Find:
The range of Rg that will ensure the correct operation of the fuel injector.
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Analysis

If the BJT is in saturation

| :Vcc ~Veesa -1A
c

Because this is the minimum value allowed for the current to drive the fuel injector, it is necessary to
guarantee that the BJT is in saturation.
In order to guarantee that the BJT is in saturation

e/ 1
2000

=8.6kQ

Vv, -V
R, =-2 7 =43kQ

B max

Problem 10.29

Solution:

Known quantities:
For the circuit shown in Figure 10.24:

Vi =0V,V, =33V, I =1mA, B =2000,R=12Q,V,, =13V,V, =0.7V, Ve, =1V,

Bmax

l.=1A
Find:
The range of Rg that will ensure the correct operation of the fuel injector.
Analysis
If the BIT is in saturation
| = Vee ~Vees =1A

c

Because this is the minimum value allowed for the current to drive the fuel injector, it is necessary to
guarantee that the BJT is in saturation.
In order to guarantee that the BJT is in saturation

RBSWNAG:33—Q7

/g 1
2000

=5.2kQ

Vv, -V
R, 2-2 % =26kQ

B max
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Section 10.4: BJT Switches and Gates
Problem 10.30

Solution:

Known quantities:
The circuit given in Figure P10.30.

Find:
Show that the given circuit functions as an OR gate if the output is taken at Vo;.

Analysis
Construct a state table. This table clearly describes an AND gate when the output is taken at V;

Vi % 1Q 1Q [Q [ Ve | Ve
0 0 off |off [on |0 5V
0 5V |off [on |off |5V
5V |0 on |off |off |5V
5V |5V |on |on |off [5V [0

Problem 10.31

Solution:

Known quantities:

The circuit given in Figure P10.30.

Find:

Show that the given circuit functions as a NOR gate if the output is taken at Vpp.

Analysis.
See the state table constructed for Problem 10.30. This table clearly describes a NOR gate when the output

is taken at V, .

Problem 10.32

Solution:

Known quantities:

The circuit given in Figure P10.32.

Find:

Show that the given circuit functions as an AND gate if the output is taken at Vp;.

Analysis

Construct a state table. This table clearly describes an AND gate when the output is taken at V;
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Vl V2 Ql QZ Q3 Vol V02
0 off |off [on |0 5V
5V joff [on |on [0 5V

5V |0 on |off [on |0 5V

S5V |5V |on |on [off |5V [0

Problem 10.33

Solution:

Known quantities:

The circuit given in Figure P10.32.

Find:

Show that the given circuit functions as a NAND gate if the output is taken at Vpp.

Analysis

See the state table constructed for Problem 10.32. This table clearly describes a NAND gate when the
output is taken at V), .

Problem 10.34

Solution:

Known quantities:

In the circuit given in Figure P10.34 the minimum value of Vip, for a high input is 2.0 V. Assume that the
transistor Qj has a [3of at least 10.

Find:

The range for resistor Rg that can guarantee that the transistor is on.

Analysis
. 5-0.2 .
I =———=2.4mA, therefore, i = i/6=0.24 mA.
2000
(Vi)min = 2.0 V and (V,)max = 5.0 V, therefore, applying KVL: -Vin +Rg iz + 0.6 =0
V,, —0.6
or Rg =—"——. Substituting for (V;,)min and (V;,)max » we find the following range for Ry:
I

5.833kQ < R; £18.333kQ2

Problem 10.35

Solution:

Known quantities:
For the circuit given in Figure P10.35: Rc =R =10kQ , Rz =Rz =27kQ.

Find:
a) Vg, Vout, and the state of the transistor Q1 when Vi is low.
b) Vs, Vout, and the state of the transistor Q1 when Vip is high.
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Analysis
a) Vipis low = Qq is cutoff = Vg =5 V = Q3 is in saturation = Vgt = low=0.2 V.
b) Vinis high = Qq is in saturation = Vg = 0.2 V = Qz is cutoff = Vot = high=5 V.

Problem 10.36

Solution:

Known quantities:
For the inverter given in Figure P10.36: Re =R, =2kQ , Rz =5kQ.

Find:
The minimum values of ,B 7 and ,32 to ensure that Q1 and Q2 saturate when Vjp, is high.

Analysis:
= w =2.4mA , therefore, I, = 2rIlA Applying KVL:
2000 B

=5+ Rgig +0.6+0.6+0.6=0
Therefore, in,= 0.64 mA. i, = B [y, =600/ 4] 0.64 :12+2;/
crelore, Igy El ,31 Bl AOO B2 Of E:BI ’[;2

Choose B,=10 = [, =2.27.

Problem 10.37

Solution:

Known quantities:
For the inverter given in Figure P10.36: Ry =25kQ , R, =2kQ , B, =p5,=4.

Find:
Show that Q1 saturates when Vip is high. Find a condition for Rc, to ensure that Q2 also saturates.

Analysis
i —i—OSmA = i~ =3.2mA
Bl " 4000 o
) 600 . . .

ApplyingKVL: 5-0.2=0.008[R., = R., =600Q

Problem 10.38

Solution:

Known quantities:

The basic circuit of a TTL gate, shown in Figure P10.38.
Find:

The logic function performed by this circuit.

Analysis:
The circuit performs the function of a 2-input NAND gate. The analysis is similar to Example 10.8.
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Problem 10.39

Solution:

Known quantities:
The circuit diagram of a three-input TTL NAND gate, given in Figure P10.39.

Find:

VB1, VB2, VB3, V2, and Vgut, assuming that all the input voltages are high.

Analysis:

Q2 and Q3 conduct, while Qg is cutoff, VB1 = 1.8 V,VB2= 1.2 V, VB3 = 0.6 V, and Vc2 = Vout = (.2
V.

Problem 10.40

Solution:

Known quantities:

Figure P10.40.

Find:

Show that when two or more emitter-follower outputs are connected to a common load, as shown in Figure
P10.54, the OR operation results; that is, Vo = V1 QR V2.

Analysis:
V [V Q1 |Q |V
L (L (L (L L
L {H|H |L H
H |L |[L |H H
H H|H |H H

L : Low; H : High.
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