ENGINEERING SCIENCES 154
ELECTRONIC DEVICESAND CIRCUITS

SAMPLE FINAL EXAMINATION
FALL TERM 2001-2002

NAME Some Possible Solutions

IR RO LI

a. Please answer dl of the questionsin the spaces provided. If you need additional space,
use the backs of the sheets.

b. Partial creditisachievable, so include all of your calculations and clearly
indicate what you are trying to do.

c. Notethat you have modicum of choice in thefirst question.

d. The relative credit assigned to each question is indicated as a prudent time
allocation. That is, thereisapossibletotal credit of 180.
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1.  (Prudent time allocation = 90 minutes)
Briefly answer NINE (9) of thefollowing FOURTEEN (14) questions:

a  Inthe space below, plot the net charge density (sign and magnitude) and the
built-in electric field asafunction of position along aline which intersects a pn
homojunction at right angles. The n-side of the junction has a doping level that is 10
timesthat of the p-side (i.e., N, =10N,). Label and/or note important features.

See discussion at:
www.deas.harvard.edu/courses/es154/lectures/lecture 2/pn junction/pn junction.html#space charge

<-- p-side center of junction n-side -->
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b.  Supposethat aparticular BJT has the following collector current characteristic curve:
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Using this characteristic, find the common emitter current gain (CECG) and the
common base current gain (CBCG) of the transistor when it is operated in the
“active mode.” Also find the Early voltage (V,) of the transistor.

b= (16.0- 10.05) mA 595,
50 mA 50
b 120
=057 o1 = 0992
1(0) v 15.5
1(V,,)- 1(0)

10° » 120

V, = 20V » 310V

"~ [165- 15.5]
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Cc.  What doesthecircuit illustrated below do? Explain how it doesit..

O

R

n-channel MOSFET

Output voltage
$ e

Input analog voltage |

.

-V p-channel MOSFET % =
c

See discussion at:
www.deas.har vard.edu/cour ses/esl54/lectur es/lecture 4/mosfet/mos circuits/mos circuits.ht

ml#trans gate

d. Atwo-part question about operational amplifier “ offsets’
i.)  What ismeant by the “input offset voltage” of an op amp? How isit measured?
ii.)  What ismeant by the “input offset current” of an op amp?

See Section 2.9 Sedra & Smith and Laboratory Assignment 1.
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e.  Thefollowing circuit has been described as an “improved rectifier.” Explain.

® ® +Vg
+Vsupply
A
—0 +V;) § R L
|
-V supply
. -

See discussion at:

PAGE-4

www.deas.harvard.edu/cour ses/esl54/lectur es/lecture 2/diode circuits/diode app

|.html#rectifier
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f.  For adiode with the characteristic depicted below, calculate the effective or small-signal

resistance at aforward bias of 0.5 volts.

300
WA
200
-E ]
‘- s
3 :
100 :
) :
025 050 075 100
Voltage
Slope Method:
=2V OV ey
DI ~ 155nA
Analytic Method:
€ V u
Assumethat | (V, o EXp— » | exp—
)= PV
therefore izi? lu (V) whereV; =
Vett V@ VTH Vi
V)
From graph: 1(0.50Vv) =455, 1(0.66V) =100 mA; 1(0.76V) =200mA
v =MV :o.7625)066:o.1o:0_144v
nlV) 20 603
|(V2) 100
1 _1(v)_455mA_ 1
e Ve 144mV - 32KkW
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In the space below, sketch acomplete small signa equivalent circuit of aMOS
transistor (assume that the body isnot connected to the sour ce). ldentify each

element of the equivalent circuit and give a*“ball park” estimate of its magnitude.
See discussion at:

a.

www.deas.harvard.edu/courses/es154/lectures/lecture 4/mosfet/mos models/mos model s.html#b
ody effect

h.  Inthe space below, draw acascode amplifier stage and briefly describe the

advantages this configuration offersin circuit design.

See discussion at:

www.deas.harvard.edu/courses/es154/lectures/lecture 5/lecture 5.html#cascode amp

An amplifier has the gain transfer function

A S u é 1 U
A9 =10° € S —
(9 és+2p” 10°0 é+s/2p” 10°0

In the space below sketch a Bode plot for its magnitude and specify the midband
gain, the lower 3-dB frequency and the upper 3-dB frequency.

[N

w/2p” 102
a1+ (w/2p” 10%)°

20 log|A( f) = 40+ 20 log .

f . 4 ¥ A y
o 20|og§/1+(f /10°)° £~ 20log G +(f /20°)" ¢

|A(w)| = 10°

(9

1
1+(w/2p” 10%)°

u u
a a
H H

2( D> (D
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60dB —| 20 log|A(f)
Midband Gain

40dB —

20dB —

0dB /
20dB |

01 1.0 10 10 10

-40dB —

&fp

e10°o é, 22U é, 5,2
+ +

20Iogé 1+ (f /10%) a 20Iogé 1+(f /10%)

See Section 7.1 and Example 7.1 in Sedra and Smith

20log

j. Thefollowing circuit isused asatemperature measuring device. Find an

expression for v, asafunction of the temperature to be measured.

out

junction diode

<

——0 Vou:t

J—
+
ideal op amp
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Assumethat 1(V) =1 o v :
TP kT Y
Vs _ e VOUT u
therefore _loéeXpnkT 1H
sothat T= VOU\; -
nkinf—s +f
el, [4]

k.  Consider the three Zener diode circuitsillustrated below. In the spaces provide, sketch
arepresentation of the time dependent output signal for each of the three cases

Input Signal B Qutput Signal
"-.’i " Sy o Yot _Zener Woltage
Lo _ )
" Vout
i;, .| e @ .y
- 0 "Forward-drop" Yoltage
. L cener plus
4
I"'Jin /\ I"'in @ S o ‘out “Forward-drop” Yaltage
4
- Vout
o 1]
= 0 - Zener plus
"Forward-drop” Yoltage
W E
in /\ LV e 8 Vout
:Enrward-drnp" Moltage
4
'-, ; T & Wout | ——
pl—— —

T
"Forward-drop” Yoltage
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l.  Inthefollowing circuit, find v, in terms of v, and v, using the ideal op amp model.

V. =V_ +2 kWVSl- Voo =\ - 4kWVSl- Veo - Vo +2Vy
o 6kw 6 kW 3
1
V. :_9VOUT

therefore Vg, = 3 (Vg +2Vy,)

m. Using expressions for the i-v, characteristics of an enhancement mode, n-channel
MOSFET (as derived in the text and lecture), derive expressions for the small-signal
transconductance g, in both the triode and saturation regions of operation.

See discussion at:
www.deas.harvard.edu/courses/es1b4/lectures/lecture 4/mosfet/mos models/mos model s.html
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n.  Thefollowing important characteristic curvesfor aparticular BJT which tellsusa
good deal about that device performance.
MD 5 - . . pa—

G

Base Current

0-25 0-50 073 1-00

Base-Emitter Voltage

Briefly discussthe physics of this curve. What isthe origin of this current? Why
does have the shape that it does? What doesit tell us about the given transistor’s
performance?

See discussion at:
www .deas.harvard.edu/courses/es154/|ectures/lecture 3/collector current/collector current.html
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2. (Prudent time allocation = 15 minutes)
For the amplifier circuit shown below, find an expression for the output v, in terms of the
two inputs v, and v,. From this expression find expressions for the differential gain G, the
common-mode gain G, and the common-mode rejection ratio CMMR.

AR R, R
R R~ YTR+R"'R+R
Vv, = R, v,
R, +R,
v, =v. b R, vV, = R v, + R Vv,
R+R, 2 R+R ' R+R,
_R+RE R R, U

YoITRTEBR+R 2 R+R
R1+RZe R4 33 +Vd0 Rz 33 Vdf')l:l
R ER+R &7 20 R+R & 20
_Y%€R  R(R+RJU R R-RRU
2 gR R(R3+R4)H "n R (R, +R,)
_16R, R(R*R)U | . _RR-RR
& 28R R(Rs+R4)H " R(R+R)

1R (R, +R)+R(R+R)
RR-R R,

Gy

CMRR =20 log|— —20Iog

cm
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3. (Prudent time allocation = 30 minutes)
Consider an npn BJT with the following | .-V characteristic:

12 - .
_ ip= 10pA
10 — l13—9|.l.|‘:'|
_ ' ip= Bpd
08 - : 3= Tph

Collector current ()

04 -

06 - F : 5= Sp -
L

Collector-emitter voltage (volts)
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Suppose that such atransistor is used in the circuit illustrated below.

a  Bydrawing aload line on the characteristic curve, choose the circuit quiescent
point or DC operating point to maximize the AC voltage swing of V. (t). What are
the DC values of the bias current, the collector current, R, and V. at the quiescent

point (carefully specify units)?
DC bias current = 3.5 mA

DC collector current = 0.39 mA

DC output voltage = 3.2V

Biasresistor = (7.0—0.7)/3.5x 10° = 1.8 MW

b.  For these quiescent point values, sketch in the space on the next page acomplete
small-signal equivalent circuit of the transistor including values and units for al

parameters of the equivalent circuit (neglect any high frequency effects).
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From the graph at the Q - point:

b=0'33mA»110
_ 1. _039mA 1
= V. = ey » 0.016 W

rp:£:—110 ; »6.9kW
g, 0.016W

p=De_ 8V oW

°"Di. 009mA

C

r =6.9kW gV, =(0.016 W") v,

10 kW Vour

R_ =1.8MW r =89 kw
B 0

c.  Agan at the quiescent point found above and at frequencies where we can neglect
capacitive effects, find the small-signal voltage gain, input impedance and output
impedance of the circuit.

Small-signal voltage gain = (0.016 W) (89 || 10) kW = 144
Small-signal input impedance = 1.8 MW|| 6.9 kW = 6.9 kW
Small-signa output impedance = (89 || 10) kW =9.0 kW
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4. (Prudent time allocation = 15 minutes)
If in the following circuit we assume that the three transistors are identical, find an
expression for theratio | /1, in terms of the b of the transistors.

Iref

I/Qs . i i
Ql\l ’\1 I/Qz

|||—0

See the discussion at:
www.deas.harvard.edu/courses/es154/lectures/lecture 6/mirrors/mirrors.ntml#base comp
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5. (Prudent time allocation = 10 minutes)

M easurements on the three circuits below yield the voltages indicated. Find the value of b
for each of the pnp transistors.

+5V +5V A|+1OV
A A ilkw
~—o+9V
+4.3V © +43V +8.3V
AN
—0 —/\\\—$—o0 — A\
% +2V 20 kW +23V  150kW
430 kw] \| 2 kW 230 W ] 1 kW
(@ (b) (©
(@ b= |

(b) b= |

(Q b= |
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6. (Prudent time allocation = 20 minutes)
Consider aNMOS enhancement transistor with the following characteristics:

Output Characteristics of a2N6762 NMOS Enhancement Transistor

15 - - -
mA \ . / VGS=5.0V

VGSE 4.5V

VGSE 4.0V

VGSE 35V |

VGSE 3.0V

‘E< Vt

mA ?IO 10 ‘21.0 ‘3’.0 _4_.0 5.0 6.0

Suppose two such transistors are used in a common source, NMOS amplifier configuration

where one transistor serves as the load of the other . Assume that the amplifier is powered
by asingle-sided + 6 volt supply.

a  Draw a circuit of such an enhancement loaded amplifier in the space below:

W
K
A
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b.  Draw directly on the characteristic curve above the appropriate load curve for the
amplifier. See characteristic curve

c. Usingthisload curve, choose a quiescent point or dc operating point so asto
maximize the ac voltage swing of the amplifier output. What are the dc values of the
bias voltage, the drain current, and the drain-source voltage at the quiescent point
(carefully specify units)?

dc biasvoltage=3.5V
dcdrain current = 3 mA

dc drain-source voltage=2.5V

d.  For these quiescent point values, find the ac voltage gain of the amplifier.

voltage gain » 1

7. (Prudent time allocation = 15 minutes)
Asthefirst step in analyzing the following BJT amplifier, replace the transistor with its low-
frequency “T” equivalent circuit. Then, derive the gain v/v,, the gain v/v,, and the input
impedance of the amplifier.

+
VCC

‘l
5
o

N
O e

4

¢ _VEE
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mvhe

i,

Nodal Analysis (neglectingr, - i.e r, P ¥):

Node B

i, + 0, (Vi' VE)+%:%

e e

Node C

.- VJI:O
gm(vl VE)+|%

OV
E

Nodal Analysis (includingr,):

Node B
. VeV,
Ib+gm(Vi_VE)+r_::Te
Node C
v v
V.- V + —C —=_E
G (V- Ve ) R T
Node E
£+ Ve Ve i

— + —
rO re ” RE r-0 re

Node E
VE — Vi

re |l Ts
Results (neglectingr, - i.e r, b
Ve _LIR_ R
Vi re I’e+ F\)E
V, r. o
VT TmR ger +eREb
i e
1 i, & 98% 19
R, Vv, er,+Rge" ro

¥):
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Results (includingr,):

s

"1 g, BlRO( R) Bl 1R)

O el e v e sy B
Y B IR IR

R v e 1t
T g g TR R) BRIRE( ),

8. (Prudent time allocation = 10 minutes)

For a particular npn transistor operating in the active mode the collector current is
measured to be 1 mA and 10 mA for base-to-emitter voltages of 0.63V and 0.70V,
respectively. Find the corresponding values of n and I for this transistor.

VBE

Assumethat I (Vee) = I exp

nV;
_@Q(Vl- V,) _@ 1 08(07-063)V _ gOmVieel o_
therefore N = o 1) 625mva 10 T éBmves23e 12
1(V, 1
C1e(Vee) - 10mA _ 10mA
and |S_ex Vo T 700mv ~ 135 108 - 074 107 A
IOnVT 30 mvV

If two such devices are connected in parallel and aforward bias 0 0.65 V is applied
across the two base-emitter junctions, what total collector current do you expect?

a1.(650mv)=2" (0.74" 10 A ) exp

650 mV _

30mv 38
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9. (Prudent time allocation = 12 minutes

a.  Draw acomplete circuit diagram of an emitter-follower amplifier which usesan npn
BJT.

b. Draw asmall-signal version of this complete emitter-follower that utilizes the most
appropriate BJT small-signal equivaent circuit.

c. Usingthissmall-signal circuit, find an expression for the voltage gain of the amplifier

d. Aganusing thissmall-signa circuit, find an expression for the input impedance of the
amplifier.

See discussion at:
www.deas.harvard.edu/cour ses/eslb4/lectur es/lecture 3/bjt amps/bjt amps.html#ce

amp

10. (Prudent time allocation = 10 minutes)

a.  Assuming that the op ampisideal, find thetransfer function H(s) =V, (s)/V,(s).
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103+s_103 10°
S
1O3+1—06 1+l—03
H(S):VZ(S):- S _— S
3
V(9 10°+s S
10°

b.  Describe the behavior of this transfer function in both the high and low frequency

[imits.
V,(9 10°
H(s) = =2 Y¥® -—Db 0
(s) V,(9 YR S
H(s) = V9 YiYf® - 1o b ¥
Vi(9 ; s

11. (Prudent time allocation = 15 minutes)

a.  Draw acomplete circuit diagram of an source-follower amplifier which uses an n-channel
MOSFET.

b. Draw asmall-signal version of this complete source-follower that utilizes the most
appropriate MOSFET small-signal equivalent circuit.

c. Usingthissmall-signd circuit, find an expression for the voltage gain of the amplifier

c. Againusing thissmall-signa circuit, find an expression for the input impedance of the
amplifier.

See and adapt the “ The Common-Collector Amplifier or Emitter Follower”
discussion on page 290-295 in Sedra & Smith.



