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Question 1  [40 marks]

(a) List the advantage(s) of:

@) A basic three-transistor current source as compared to a two-transistor BJT current
source. [2 marks]

(i1) A Wilson current source as compared to a basic three-transistor BJT current source.
[2 marks]

(iii) A cascode current source as compared to a Wilson BJT current source.
[2 marks]

@iv) A Widlar current source as compared to a two-transistor BJT current source.
[4 marks]

Answers for Question 1(a)

@) Better approximation of Iy to Iggr for circuit using same transistors [2]
(i1) Higher output resistance by a factor of 42 [2]
(iii))  Higher output resistance by a factor of 2 [2]
(iv)  Higher output resistance by a factor of (I + g,,R’g) [2]

Using smaller resistors in the circuit 2]

Can have different values for Iy and Iggr where I is smaller than Iggr 2]
{Can use any two answers above}
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(b) Consider a modified three-transistor BJT current source as in Figure 1(b). Transistor
parameters are Vpg(on) = 0.7 V, V4 = oo, and f = 80. Hint: Please take note of the current
directions given in the Figure 1(b).

(1) Show that
V 2
l,,——2% =] |1+————
REF (1 N ,B)R2 0[ ﬁ(l N ,B)j [10 marks]
(ii) ForR, =10kQ, V' =10V, and Ip= 0.70 mA, find Irgr and R;.  [10 marks]

Answers for Question 1(b)

V+
()
Ip; =1Ip; 1] :l.,
Io =fB1Ig; D Ip=1p/p [1] ;RI;Fl R v
Ic: =p1Ip PIlci=1o (1] ' '

,_L/F

I3 =21Ip; + Ve / R; (1]

Iy =l / 1+ [1] Vs
=2 1)/ + ) + (Vpe)/(1 + P)(R>) 0 f=— :KQJ
=QRIp)/(pA + ) + (Vpp)/((1 + HR>) (1] Ipi 1 H'r”i

Ipa ?

Irer  =1Ici+ I3 (1] J_
=Io+ Q2 Io)/(( + p)) + (V) ((1 + p)R2) [1] =

Irer - (Vep)(A + PR2) =Io+ 2 Io)/( A+ p))  [1] Figure 1(b)

=Io[1+2/(B(1 +p)) ]
V.. ( 2 )
f -

-
1+ B)R,
(1+A)R [1]

(ii)
Irer  =Io(1+2/(f(A + p)) ) + (Vee)((1 + p)R2) [2]
= (0.70m)(1+2/(80x81)) + (0.7)/(81x10k)  [2]

=0.700216m + 0.000864m

=0.7011 mA [1]
R, = (V' - 2Vgg(on) - 0) / Irgr [2]

= (10 -2(0.7))/ (0.7011m) [2]

=1227kQ (1]
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(c) For a MOSFET current source circuit in Figure 1(c) the transistor parameters are Vyy = 0.5V,
k’, = 80 pA/V?, and 4 = 0. Design the circuit such that Vpga(sat) = 0.25 V, Irgr = 50 pA, and the
load current is Iy = 100 pA.

[10 marks]
Answers for Question 1(¢)
Vbsa(sat) = Vos = Vry [1] Vo
I
Ves = Vpsa(sat) + Viy I i Iy
=025+05=0.75V 1] Inge | gR, |
Irep =(V'-Ves-0)/R; [1]
+ +
R =(V'-Ves-0)/Ingr Vpsi Mi %+% M, Vpsy
= (2-0.75) / (50p) = 25 kQ [1] e Vi -
Irgr = (K2, 12) (W/L); [Vgs — Vil [1] —l—
(W/L) = Iggr 1 {(k’,12) [Vgs = Vinl) (1] Figure 1(c)
= (50p) / {(80p/2) [0.75 - 0.5]*}
=20 [1]
Io  =%12) (W/L):[Vgs - Viyl’ [1]
(W/L)2= 1o/ {(k’, 1 2) [Ves - Vin]*} [1]
= (100p) / {(80p/2) [0.75 — 0.51}
=40 [1]
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Question 2 [30 marks]

(a) The basic differential pair is shown in Figure 2(a). The circuit parameter values are: V- =10V,
V' =-10 V and Ip = 1 mA. The transistor parameters are = 100, Vgg(on) = 0.7 V and V¢g(sat) =
0.2 V. Assume that vg;=vp; = 0V.

1 Design the circuit by calculating the value of the maximum possible load, R¢, before
the transistors leave the active mode. [8 marks]

(ii) Using the answer in part (i), find the maximum possible single-ended differential
voltage gain (A,). [3 marks]

Answers for Question 2(a)

(1)
Rc
vci(min)
VE
vcr(min)

Icr ~IE]

Rc

(ii)

8m

= (V' - vci(min)) / icy
=vg + Veg(sat)

=vg; - Vpri(on)
=0-0.7=-0.7V

=Vg+ VCE(sat)
=(-0.7)+02=-05V

= IQ / 2
= (1m)/2 =0.5mA

= (V* - ves(min) / e
= (10 - (-0.5)) / (0.5m)
=21 kQ

=(ngc)/2

=co) !/ Vr =(@c)! Vr
= (0.5m) / (26m)
=19.23 mA/V

= (gm Rc) /2
= (19.23m x 21K) / 2
=201.9 V/V

(1]
(1]

(1]
(1]

(1]
(1]

(1]
(1]

(1]

[0.5]

[0.5]

[0.5]
[0.5]

Figure 2(a)
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(b) The constant current source of Figure 2(a) that is providing the current I is implemented using
the cascode current source.

@
(i)

(iii)

(iv)

Sketch the differential pair circuit to include the constant current source circuit

[2 marks]
Assume that the Early voltage, V,4, for all transistors in the circuit is 120 V. What is
the value of the output resistance, Rg, looking into the constant-current source?

[2 marks]

The common-mode voltage gain, A, of the differential-amplifier in Figure 2(a) is
given as Ay _Tﬁ)R . Find the value of A, for Rg = 0. Use the results
1+ =20
r, + R,
obtained previously in part (a) and (b). [2 marks]

It is given that the input voltages for the differential amplifier are vp; = 210 x 10°¢
sin ot V and v, = 190 x 10%in ot V. Calculate the output voltage of the
differential amplifier. Use values from previous calculations in part (a) and (b).

[3 marks]

Answers for Question 2(b)

~
Lers
/

g

.7
!

v

Correct sketch of cascode current source [1]
Correct connection between output of cascode to differential pair [1]
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(i)
B =100,1, =1 mA
For cascode current source

Ro  =(Bros) [0.5]
ros  =Vally [0.5]
= (120)/(1m) = 120 kQ [0.5]
Ro  =(Bros = 100x120k
=12MQ [0.5]

(iii)
gm=19.23mA/V, Rc=21kQ, Rz=0, Rp= 6 MQ

r=  =BVnlia [0.5]
= (100 x 26m)/(0.5m)
=5.2kQ [0.5]

Put all values above in the given formula
Aen  =-119.2m)(21Kk)] / [{(1 + 2(1+100)(12M)}/(5.2k+0)]

=-0.865m V/V [1]
(iv)
Ag=201.9, A, = -0.865m V/V
VO = Ad Vd + Acm ch [1]
Va =Vp1 - VB2
=210x10"° sin ot - 190x10%in ot
=20x10°® sin ot [0.5]
Vem =(vpr +vp2) /2
=200x10"° sin ot [0.5]

Vo = (201.9)(20)(10'6 sin ot) + (-0.865m)(200x10'6 sin mt)
= 4.038x107sin ot + (-1.73x10"sin wt)
= 4.038x107sin ot V [1]
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(c) It is given that the dc transfer characteristic of the differential pair is plotted in Figure 2(c).

@) Referring to the basic differential amplifier circuit in Figure 2(a), prove the
following I-V relationship which is plotted in Figure 2(c). [6 marks]
=10
R E A
lry = IQ
(o 1+e+vd/VT
(ii) What can you conclude by observing the dc transfer characteristic above?
[4 marks]

Answers for Question 2(c)

o)
.0
Y
\"‘h
! | | | L ]

|
0000 <006 002 002 006 010y (v)

= N

Figure 2(c)
(i)
e Q1 and Q2 matched:
; — veer ! Vr
{eqn 1} [0.5]
; — Veea ! Vr
and {eqn 2} [0.5]
I, =i +i
e Neglect base currents: Q ¢l c2 {eqn 3} [1]
e Replace eqn 1 & 2 into eqn 3:
IQ — ISeVBEI/VT + ISeVBEz/VT
{eqn 4} [1]
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(ii)

Taking ratios of collector currents to IQ, i.e eqnl/eqn 4 and eqn2/eqnd:

; VeV
IQ IS [eVBEI/VT + eVBEz/VT]
{eqn 5} [0.5]
; vgea IV
Iey _ [e
IQ IS [eVBEI/VT + eVBE2/VT ]
{eqn 6} [0.5]
Defining v, =vpp; —vpr2 {eqn7} [1]
Simplifying eqn5 & 6 by dividing by e"**"VT and e"***¥T respectively  [0.5]
Substituting with {eqn7} to get final result:
. IQ IQ
l, = lry =
Cl —v, 1V, C2 A%
1+e " I+ [0.5]

Any of the following points, 1 mark for each point:

if vq4 =0, (or vem=vB1=Vs2) I splits evenly between Q; & Q>

if v4 is applied, a difference in collector current exist, causing difference in collector
potential

Gain is proportional to the slopes about the point v4=0.

vq increases beyond the maximum limit: all I goes to one transistor and hence the
other transistor turns off.

To obtain a linear amplifier: excursion of vq4 about zero must be small.
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Question 3  [30 marks]

(a) Consider the circuit shown in Figure 3(a). The circuit parameters are f = 100, V4 = o for Q4
and @,, V4 = 50 V for Q3 and Qq, I = 10 A, Iy = 400 HA, vo2 =10 V, and A, = -0.113.

Determine:
@) The differential-mode input resistance. [7 marks]
(ii) The CMRR. [3 marks]
(iii) Draw the ac equivalent circuit of the differential amplifier part. Label all the

components clearly. [5 marks]

Answers for Question 3(a)

()
Ri; =2 (rz + Rp) [1]
Rp =10 kQ [1]
Iz = (pV)lco [1]
= BV pl2)
=(2pVy) Iy [1]
= 2PV I3 [1]
= (2x100x26m)/(400pn) = 13 kQ [1]
Ry =2 (13k + 10Kk)
=46 kQ [1]
(i)
CMRR =14,/ Al l
Ay = (f R.)/(2(rz + Rp)) V- =—I5V
R, =(V' -vo2) /I .
= (V" -vo2) I I52) [0.5] Figure 3(a)
= (15-10)/ (400p/2)
=25kQ [0.5]
A = (B R)/(2(rz + Rp)) [0.5]
= (100x25Kk)/(2(13k + 10k))
=54.34 [0.5]
CMRR =14,/ Al [0.5]

=154.34/(-0.113)|
= 480.88 [0.5]

Grounds [2], Rc [1], Rg [1], Q [1]
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(b) The circuit parameters for the diff-amp shown in Figure 3(b) are V'=3.3V, V' =-3.3 V, and Iy
= 0.4 mA. The transistor parameters are ff = 120, V4, = 120 V for Q; and Q,, V4 = 80 V for Q3 and
Q4, and V, = o for Qs.

@) Determine the output resistance of the diff-amp. [7 marks]

(i1) Determine the open-circuit differential-mode voltage gain. [5 marks]

(iii) What is the effect of Ry on the differential-mode voltage gain of the diff-amp?
Provide support for your answer. [3 marks]

Answers for Question 3(b)

,
Figure 3(b)
Ico=1y/ 2 =(0.4m)/2 =0.2 mA [1]
ro2= Vasllcg=120/(0.2m) =600 kQ 2]
roa= Vadlco=80/(0.2m) =400 kQ [2]
(i)  Ro=roz||ros= 600k || 400k = 240kQ [2]
gm=Ico/Vr=(0.2m)/(26m) =7.692 mA/V [2]
(i)  A,=gu(roz| ros) = (7.692m)( 600k || 400k) = 1846 [3]

(iii) New Ro=ro:|ros|| Ry : A, = gnRo will become smaller.
Therefore large value for R, is required so as not to change the differential-
mode voltage gain so much. [3]
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