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UNIVERSITY OF RWANDA

1. (a) (5 points) Figure 1 depicts an amplifier composed of a cascade of three stages. The
amplifier is fed by a signal source with a source resistance of 100k(2 and delivers
its output into a load resistance of 100 2. The first stage has a relatively high input
resistance and a modest gain factor of 10. The second stage has a higher gain factor
of 100 but a lower input resistance. Finally, the last, or output, stage has unity gain
but a low output resistance. Calculate the overall gain of the amplifier. Express your
answer in dB.

Source Stage 1 Stage 2

| | | |
100k “ 1 kQ : } }
|+ | I+ \ >
} wWGIMO 4 < : 2S100KQ 100 4,8 } Ua3I0KQ 9 } 1000 v,
\ - I [ |

FIGURE 1. Three-stage amplifier

S o+

Solution:

« The fraction of the source signal that appears at the the input terminal is
given by Equation (1)
Vi1 1 MQ

b _ —0. 1
vs  1MQ + 100k 0.909V/V )

The voltage gain of the first stage is calculated by considering the input
resistance of the second stage (Equation (2))
Vi2 10k2

Ai1=—=10———=9. 2
T g 0100k + 1KQ VIV @

+ In the same manners, the voltage gain of the second stage is given by Equa-

tion (3)
Vi3 10 k)
A= —=100——— =90.
ET i T T R wiv ®)

« The voltage gain of the output stage is given Equation (4)

vr, 100 €2

= —=——=0909V/V 4

The overall gain is the product of the three gains (Equation (5))

A, = fracvpvy = Ay Ay Ays = 818V )V =818V /V 5)
= 20log(818) = 58.25dB
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(b) Figure 2 represents a portion of battery-charger circuit for a battery with a voltage
Vp. The sine-wave input vg = 12 V(rms), while the battery voltage varies from 12V
to 14V from the discharged to fully charged states. The charging-source resistance
Rg = 10(2. Assuming that D is an ideal diode, and R¢ = 50 {2 is a current-controlling
resistor established by the designer:

Rg=10Q D R-=50Q

" <+) = Vj

FIGURE 2. Battery-charger circuit

i. (5 points) Sketch and label the voltage waveforms of the voltage accros the diode
and the current through the diode for Vpz = 12V.

Solution: The current and voltages for r Vg = 12V is shown below
US
v A
16.97 t==----
12 peeffommmmaan
1 1
] 1
1 |
o+ ; / > (1)
O 45 90" 1357180 270° 360°
:
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1 ] ]
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Note: To receive the full marks, the student should show:
o Clear units
o Clear labels and their values

« That the peak is at 90 degrees

ii. (5 points) What is the peak diode current?

Solution: For a battery voltage VB and an ideal diode, the diode current is

_ vs—Vp
ip = 2~
ey v (6)
T 10024500
where V§ = V2 x 12V = 16.97V. Thus, for Vg = 12V, the current is given
in Equation (7)
16.97sin(wt)V — 12V )
7 =
b 60 Q2
Equation (7) shows that the peak current would be (Equation (8))
16.97V — 12V
iDmax = = 82.8 mA (8)
60V

(c) An NMOS transistor is fabricated in a 0.13 pum CMOS process (i.e., L, = 0.13 um)
with L = 1.5L,,;,, W = 1.3 pm. The process technology is specified to have an oxide

layer t,, = 2.7 nm, p,, = 400 cm®* V- 's and V;,, = 0.4V
i. (6 points) Find the oxide capacitance, C,,, the process transconductance, k/,, and
the MOSFET transconductance parameter, k,. The permittivity of the silicon
dioxide, €,, = 3.45 x 107" F - m™!

Solution:
L =15L,,=15x0.13 =0.195um 9)
C,, = E—z = 1.9872F /m? (10)
k;L = ,uncom
=512 x 10754 /1?2 (11)
—_ W

= (12

= 3413pAV
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ii. (6 points) Find the overdrive voltage Vpy and the minimum value of Vg re-
quired to operate the transistor in saturation at a current /, = 100 pA. What
gate-to-source voltage is required?

Solution: When the MOSFET operates in saturation, the current is given by

1
Ip = §an02V (13)

Ip
Vov = o = =0.24V (14)
\l >kn

As Vgg is reduced, rpg increases, becoming infinite when the channel disap-
pears, which occurs as Vpy reaches zero or, correspondingly,

Thus,

Vas = Vi, = 04V (15)

(d) (6 points) For the NMOS transistor in Figure 3, determine the values of Rp and Rg so
that the transistor operates at ip = 0.4mA and V), = +0.5V. The NMOS transistor
has V; = 0.7V, p,Cop = 100uA/V? L = 1pm, and W = 32um. Neglect the
channel-length modulation effect (i.e., A = 0).

Vop = +2.5V Vee=10V

' l
Rp
Vb Re=2kQ
i
= Rp= 220 kQ
I VBB = 4 V O I

VSS = =25V

FIGURE 3. NMOS transistor FIGURE 4. Common-emitter BJT circuit

Solution:

« For a V) voltage, we have

Vop — Vo 25-0.5
Fp Ip 0.4 (16)
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« To calculate Rg we need to know the voltage at the source terminal.
— Since Vp = 0.5 > Vg, the transistor is in the saturation mode. Thus,

1 w
Ip = §MncowfV02V (17)

The overdrive voltage is thus given by

Ip
Vov = = 0.5V (18)
%/"LTLCO"L'%
— It is now possible to calculate Vg
Vas = Vi +Voyr =0.7V 4+ 0.5V = 1.2V (19)

— The source resistor is thus given by

V- Vs—Vss  0—12—(—2.5)

Es Ip - 0.4

=3.25kQ  (20)

(e) For the common-emitter circuit in Figure 4,

i. (5 points) Calculate the base current, collector current, emitter currents, the Ve p
voltage and the transistor power dissipation. Assume 5 = 200 and Vgg(on) =

0.7V
Solution:
« The base current is found as
IB _ Vee—VBE(0N)
_ o (21)
220k
= 15pA
« The collector current is
Io = 81 =200 x 15pA = 3mA (22)
« The emitter current is
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« The collector-emitter voltage is

+ The power dissipated is

PT = [BVBE(OTL) + [CVCE
=0.015x0.74+3 x4

(24)

(25)

ii. (2 points) What is the mode of operation for the BJT in Figure 4? Briefly explain

your answer.

Solution: Since Vg > Vpg(on) and Vop > Vpg(on), the transistor is bi-

ased in the forward-active mode.

2. The NMOS transistor in the circuit in Figure 5 has V;,, = 0.5V, k/, = 400pA V=2, W /L =

10and A =0

VDD:+1 V

h)¢ R

_VSS: —l V

FIGURE 5

+10V

FIGURE 6

(a) (2 points) Find the the transistor’s operating mode when Vp = +0.5V
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Solution: When V; = +0.5V, then the transistor will be in the saturation mode
since Vp > Vg

(b) (4 points) Find the required values of Rg and Rp to obtain ip = 180uA and V) =
+0.5V. Also, find the voltage Vs that results

Solution:

« As shown in the previous solution, for V, = 0.5V, the transistor will be in
the saturation mode. Hence,

1 w
Ip = 5% (f) Vo (26)

Solving Equation (26) given the required value of Vv

1
180 = 3 X 400 x 10V3, = Vo = 0.3V (27)

« Vg is calculated as shown in Equation (28)

Vas = Vi + Voyr =054 0.3 = 0.8V (28)

Consequently,

Vo=Vo—Vag=0—08=—0.8V (29)

And the required value for Ry is given as

Rg = Vs=(=VsS)

o8Py
= T (30)
= 1.11kQ2

+ The value of the R resistor is given as

 Vop—Vp 1V - 0.5V

R —
b Ip 0.18mA

= 2.78 k0 (31)

(c) (4 points) What is the largest value to which R can be increased while the transistor
remains in the saturation mode?
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Solution:

« As Rp is is increased, V, decreases (Equation (32))

VD =1 _IDRD
=C (32)
=D

« Eventually, V), falls below VG by V;, at which point the transistor leaves
the saturation region and enters the triode region. This occurs at

Vo = Vg — Vi = —0.5V (33)

« The corresponding value of Rp is given by

—0.5=V —0.18Rp = Rp = 8.3k (34)

3. The BJT in Figure 6 has 5 = 100, Vogse = 0.3V and Vg(on) = 0.7V. Find Vg, Vi and

Iz and the transistor’s mode of operation:

(a) (3 points) When Vg =0V

Solution: In this case, the transistor is in cut-off mode. Thus,

cig=0
s Ve=Vp=0
o Vo =10V

(b) (3 points) When Vi = 3V

Solution: In this case, the transistor is in the active mode
e Vp=Vp -V, =3-07=23V
. Ip=E=23 =1.15mA
e Ioc=alp =099 x 1.15 = 1.14mA
e Ip=1Ip—1cs=0.0lmA

« Vo =10V — IcRc = 4.3V

(c) (4 points) When Vi =5V
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Solution: If we apply the same approach as in (b) above (and assume that the
transistor is in active mode), we would notice that /- < 0, which is not possible.
Thus, the transistor must be in active mode. In this case:

« Vg =43V

e Iy =4.3/2=2.15mA

« Vo= Vi + Vogsa = 4.3+ 0.3V = 4.6V
o I =10 = 1.08mA

. ]B == ]E_IC == 107mA
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