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Special Information for Invigilators: none
Information for Candidates

1. The candidates MUST answer Question 1 (group of 10 multiple choice questions)
and any two of the remaining four questions.

2. The multiple choice question MUST be done in the separate answer sheet
provided. No credit will be given for answers not recorded on this sheet.

3. The symbol | has been used to represent parallel connection of impedances.
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1)

Mandatory question: 10 multiple choice questions.

Please answer on separate handout.

Answer each of the following questions on the separate answer sheet provided. Note
that there is only one correct statement in each group of 3 statements.

Each correct answer carries 2 marks. If you do not attempt a question you do not earn
(or lose) any marks.

Each wrong answer carries a 1 mark penalty. If the total mark for Question 1 is
negative it will be reported as zero.

(a)

(b)

() The input of a simple CMOS current mirror is low impedance.

(i) The input of a simple CMOS current mirror is high impedance.

(iii) The impedance at the input of a CMOS current mirror is much higher
than at the output.

(i) The gain of a common-source amplifier is 83" gg 3 Ilr ds2) Where
gm3 and r ds3 are the transconductance and output resistance of the
input transistor respectively, and r ds2 is the resistance of the load
transistor.

(i) The gain of a common-source amplifier is 8,3 453 Il 7 ds2)» where
803 and r ds3 are the transconductance and output resistance of the
load transistor respectively, and r ds2 is the resistance of the input
transistor.

(iii) The gain of a common-source amplifier is L3 ds3 where g3 and
rie3 are the transconductance and output resistance of the input
transistor respectively.
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(c)
(i) The DC level at the output of a source follower does not depend on the
bias current.
(i) The DC level at the output of a source follower does not change
because of technological variations in the threshold voltage.
(iii) The DC level at the output of the source follower depends on the sizing
of the input transistor.

(d)
() The common-gate amplifier is used as a gain stage when a relatively
small input impedance is desired.
(i) The common-gate ampilifier is used as a gain stage when a relatively
small output impedance is desired.
(i) The common-gate amplifier is not adequate to terminate a 50Q
transmission line.
(e)
(i) The cascode current mirror improves the performance of the simple
current mirror thanks to its increased output resistance.
(i) The cascode current mirror improves the performance of the simple
current mirror thanks to its increased input resistance.
(iify The cascode current mirror increases the maximum output-signal
swings before transistors enter the triode region.
()

(i) Source follower circuits can exhibit large amounts of overshoot and
ringing under certain conditions.

(i) The parasitic capacitances and output impedance in practical source
followers typically result in high overshoot.

(iii) If a source follower exhibits overshoot there is nothing the designer can
do.
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For the opamp below:

(9)

(h)

Qf‘,', O4w Q; \IC",‘ OE
) 2 300 .
'H% J] Lﬁ -‘%F‘ﬂ J 3&10

al 500
IP—""’““{
Qy
Of; Qg; Q‘ Q(; R
e / %5 vm«woitl 0 400 t‘o VE'\ VQU{
25 :j}‘“—“L""+t: i \ 300 : »
Qs °
16
2
JL"H""”“’
350 500
Q; Q, Ve Q; 4
S N e R S ey
Bias circuitry Differential-input Common-source Uéler
” first stage second stage bu

Figure 1.1: Three-stage opamp.

(i) The Slew Rate can be improved by increasing the tail current, Ipg (drain
current of Qg).

(i) If the SR is improved (for a given value of C.) the unity gain frequency
does not change.

(iii) For large signals the output voltage can change faster than the limit
imposed by the SR.

(i) The transconductance at the input of the second stage will not have any
influence on the pole at the output of the first stage.

(i) The pole at the output of the first stage can be moved towards a higher
frequency by decreasing the output resistance of the second stage.

(i) The zero at the output of the first stage can be moved towards a higher
frequency by decreasing the output resistance of the second stage.
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(i) Assuming that the gain of the third stage is exactly one, for midband
frequencies, the unity gain frequency is:

W g,;7C,
(i) increased by decreasing the tail current of the first stage.
(iiiy independent on C..

()
(i) For a given power dissipation, the Slew Rate is better in a p-channel input
stage.
(i) For a given power dissipation, the Slew Rate is better in a n-channel

input stage.
(iii) The Slew Rate is independent of the input stage.

END MULTIPLE CHOICE QUESTIONS

[20]
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(a) In figure 2.1 we give a partial small signal equivalent circuit model of a
Bipolar Junction Transistor (BJT). Complete this diagram:

i. ldentify the transistor terminals

ii. ldentify the components given
iii. Add and identify one resistance that is missing
iv. Add and identify 4 capacitances that are missing.

For each component of the complete equivalent circuit write an expression
giving its value and its dependence on transistor terminal voltages or currents,

as the case may be.
[6]
(b) Define the output resistance of a 2-port network. Define also the output
admittance of a two port network. Why, in general, is the output admittance
different than the inverse of the output resistance?
[6]

(c) Consider the amplifier of figure 2.2 biased at a given current (for example at
1 mA), in the limit of very large Rg.

i. Draw the equivalent circuit for this amplifier at high enough
frequencies so that you may neglect a resistance connected in
parallel with a capacitance.

[31

ii. Derive an expression for the output impedance of this amplifier at
high frequencies. Show that the output impedance approaches a
real value.

(5]
HINT: The frequency is high but not infinite. In the limit of infinite frequency the
output impedance evidently approaches zero.

i 0%

Figure 2.1: Partial equivalent circuit of a bipolar junction transistor

Vee

Rc

Vo

Figure 2.2: Ampilifier in question 2(c)
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3

(d) Write equations defining the small signal 2-port Y matrix of an electronic
device with 3 or 4 terminals. Define all the matrix entries in terms of
voltages and currents applied to, and measured on, the device terminals.

[5]

(e) Derive an expression for the input impedance of a 2-port device when its
output is connected to a load impedance Z, . Express your answer in terms

of the device’s Y parameters.

[S]

() Alength / of coaxial cable has the following Y matrix representation:

1 {a 1
Y=
JZ,b [1 a}
where Z, is the “characteristic impedance” of the cable and a, and b relate to

the length of the cable (4 is the wavelength of the AC signal on the cable):

27l . 27l
a=cos— b=sm7

(i) What is the input impedance of this piece of coaxial cable when its output is
connected to a load Z, ? (hint: observe that o’ +5° =1)

(i) What is the cable input impedance when the load is an open circuit?
(iii) What is the cable input impedance when the load is a short circuit?

(iv) For what values of the cable length is the input impedance, Z;,, given by:
_4
in ZL

for any load impedance Z; ?
[10]
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4. Read all the instructions for this question before attempting to write your
answer.

The objective of this question is to complete the table below. Part of the table has
already been completed for you. The information required to complete the table can
be ascertained by analysing the two circuits at the top of the table. What follows is a
detailed description of the table and what you are expected to write in it.

The three rows under the two circuits are labelled A, r;, and r,,. These perfomances
parameters are the voltage gain (A), the input resistance (rj;) and the output
resistance (r,) of the circuits. You are required to write the correct mathematical
expression or correct numerical value for each performance parameter for the two
circuits. If you decide that a mathematical expression is the correct answer your
expression should use only the small signal parameters g, and gqs of the
transistors. For example, the voltage gain (A) of the left hand circuit is:
g1/ (84s1 T &452) - This expression has already been included for you. The numeric
subscript i refers to the transistor M,. For example, g, is the gate to source
transconductance of transistor M4. The expression for the output resistance (r,) and
input resistance (r;,) of the right hand circuit has also been included.

In the lower part of the table you are required to indicate the effect on the absolute
value of the voltage gain (A), the input resistance (r;,) and the output resistance (r,)
of increasing, one at a time, the following design parameters: W, W5, L4, L, and
lpias- The design parameters W; and L; are the width and length of the it" transistors
respectively. I;5s is the biasing current of each circuit and determines the operating
point. You should indicate your answer using one of the following symbols:

4 V ,— . The symbol 4 indicates that the performance parameter increases
when you increase the circuit design parameter. The symbol V indicates that the
performance parameter decreases when you increase the circuit design
parameter. The symbol = indicates that the performance parameter does not
change when you increase the circuit design parameter. For example, for the right
hand circuit, increasing W, does not affect either r, or r,, but increasing L4
increases r, and increasing lpias decreases r,,. For the left hand circuit increasing
Ipias reduces A and it is not possible to say what the affect of Ly on A will be. These
examples have already been included in the table. Note that the entry X is not
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required any where else in the table. You should only use the symbols 4 V and

You will be given marks for correct answers only. Marks will not be deducted for
incorrect answers.

Design Tradeoff (“Thumbs”) Table

CIRCUIT M2 M2

Vout

o -

Tpias

Emi /(gdsl + gdsZ)

8m2"(8as184s2)

Iin fo

[20]
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5. Read all the instructions for this question before attempting to write your
answer. At the end of these instructions there is some useful data and
assumptions that you will need to work out your answers.

For the opamp in Figure 5.1 answer the following questions:

(a) Calculate the gain of the first stage.

[31
(b) Calculate the gain of the second stage.

[3]
(c) Calculate the gain of the third stage.

[3]
(d) Calculate the overall gain.

{21

(e) What is the dominant pole frequency of this circuit? Hence, or otherwise,
calculate the unity-gain frequency in Hz. For this part of the problem you
can assume the gain of the output buffer to be unity.

31

(f Calculate the Slew Rate. How can the circuit be modified so that the Slew
Rate is doubled while the unity gain frequency and bias are kept constant?

[3]

(g) If Qzand Q4 widths are reduced from 150pm to 120pm and the output stage
has a bias current of 150uA, find the widths of Qg and Q7, such that there is
no systematic offset voltage.

[3]

You may use the following data and assumptions:

- The subscript i refers to the transistor Q;in Figure 5.1.

- The widths of the transistors are given by the numbers in um which appear
beside them in Figure 5.1. All transistor lengths are 1.6um. For example, Qg
has a width of 300um and a length of 1.6pm.

- The bias current (drain current of transistor Qg) of the input differential pair is
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Ips= 100pA and the power supplies are Vpp=-Vgg=2.5V. Also, R =10k, and
C=5pF.

- The following process parameters also apply:

nCox=31pCox=96uAN2, y=0.5V12, $£=0.35V

= 5% 10°(/V) /m and Vy=- Vip=0.8V

. . L
To estimate output impedances, assume that r ds~oc1—D VDG+ th and

L . . .
RO + -{0-
rds® %7 /l V DG, ‘thl , for the n and p transistors respectively, the drain-to

gate voltages of the first-stage transistors equal to 0.5V, whereas the
transistors in the second and third stages have Vpg=1V. Finally, the substrate

&Y

of Q8 is connected to the negative power supply (g_ = — ), so that
S
2 / VS gt 2¢ F
VSBS=2'5V'
+ Qy Oy Vig Qs
HI‘ %‘;?325 %gm Jll— SF 460
|
Gy
Q O‘;? - Q. Q‘}
5 jlm—--v—-——*‘: P v, O‘{t_ v {FO Va Vo
Qe O R

360

Qi Q‘A' [
Buas cireuiry Differential-input Common-source Oig?e“r‘
first stage second stage bu

Figure 5.1: Three-stage opamp.
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1. (bookwork)

(a)

(b)

(c)

(d)

() The input of a simple CMOS current mirror is low impedance.

(i) The input of a simple CMOS current mirror is high impedance.

(i) The impedance at the input of a CMOS current mirror is much higher
than at the output.

(i) The gain of a common-source amplifier is: —g_ 5(r ;.3 || r ds2) being
&m3 and r ds3 the transconductance and output resistance of the input
transistor respectively, and r ds2 the resistance of the load transistor.

(i) The gain of a common-source amplifier is: —g (7 ;¢ Il ds2) being
83 and r ds3 the transconductance and output resistance of the load
transistor respectively, and r ds2 the resistance of the input transistor.

(iii) The gain of a common-source amplifier is: Em3 ds3 being g3 and
Y i3 the transconductance and output resistance of the input transistor
respectively.

(i) The DC level at the output of the source follower does not depend on the
bias current.

(i) The DC level at the output of the source follower does not change
because of technological variations in the threshold voitage.

(i) The DC level at the output of the source follower depends on the sizing
of the input transistor.

() The common-gate amplifier is used as a gain stage when a relatively
small input impedance is desired.

(i) The common-gate amplifier is used as a gain stage when a relatively
small output impedance is desired.

(i) The common-gate amplifier is not adequate to terminate a 50Q

2 oS
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(e)

(f)

transmission line.

(i) The cascode current mirror improves the performance of the simple
current mirror thanks to its increased output resistance.

(i) The cascode current mirror improves the performance of the simple
current mirror thanks to its increased input resistance.

(i) The cascode current mirror increases the maximum output-signal
swings before transistors enter the triode region.

(i) Source follower circuits can exhibit large amounts of overshoot and
ringing under certain conditions.

(i) The parasitic capacitances and output impedance in practical source
followers typically result in high overshoot.

(iii) If a source follower exhibits overshoot there is nothing the designer can
do.

For the opamp below:
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Figure 1.1: Three-stage opamp.

(9)
(i) The Slew Rate can be improved by increasing the tail current, Ips.
(i) If the SR is improved (for a given value of C;) the unity gain frequency
does not change.
(iii) For large signals the output voltage can change faster than the limit
imposed by the SR.

(h)
(i) The transconductance at the input of the second stage will not have any
influence on the pole at the output of the first stage.
(ii) The pole at the output of the first stage can be moved towards a higher
frequency by decreasing the output resistance of the second stage.
(i) The zero at the output of the first stage can be moved towards a higher
frequency by decreasing the output resistance of the second stage.

(i) Assuming that the gain of the third stage is exactly one, for midband
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frequencies, the unity gain frequency is:

W) ,/C,
(i) increased by decreasing the tail current of the first stage.
(iii) independent on C..

)
(i) For a given power dissipation, the SR is better in a p-channel input stage.
(i) For a given power dissipation, the SR is better in a n-channel input stage.
(i) The SR is independent of the input stage.
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2.

(a) (bookwork)

B Res Co Cge Ciac C
ra—_

—/VW
- LID IIILIII ‘:::::::’} ;E%EE :::::E::
F{[)i IIHIIIIITIII

El gm Ra Cc

rep base contact resistance, no dependence on Vi

: . |2
e iNput resistance, r,, = Py

C
Cq Diffusion capacitance, C, ; g, /(27f;)
Co

C, junction emitter-base capacitance, C; = (or denominator to

1- 2L
o
power 1/(m+2) where m is the power of the doping profile, m=0 for
uniform doping.

Ce junction base-collector capacitance, similar dependence as C,

I

gm transconductance, g, ==
Vr
rce output (Early) resistance, 7, = II/—A
C
Cce: output capacitance
(8]
(b) (Bookwork)
ol ov, , : ,
Y, = 51—/’— s Lou = Y is measured with other terminals open
0 1, =0 0

iz
circuited, (1=0) while Z with other terminals short circuited. For a 2-
port network Yo is the output entry of the admittance matrix, while
Zout is the output entry of the impedance matrix. The two matrices
are the inverse of each other, but not the corresponding entries.

(5]
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(c) New computed example

Ignore Ry and Ra as suggested. Also ignore G; in base-emitter.
Can also ignore Cp. What is left of the circuit is:

B Cisc c

ﬂ- CD P

E _L Om Cce

The capacitive divider between collector and emitter give the base
voltage:

VB = V(,‘ CBC

Cpe +Cp

The collector current is:

' . Crc
I =joVe (CBC +CCE)+VBgm =V [JCU(CBC +CCE)+—_——Cg BC ]3
BC+CD

-
Z, :KC‘% ja’(CBC +CCF)+ EnCac = Coc*Cp o 1
I ' T Cpe +Cp

2,Cxe €.Csc  Cactr
[10]

(a) (bookwork)
L=YV,+YY, AR AR A7
IzzyfVl"'Yon 7 1, B Y, LV
al _, ol _y
aI/l v,=0 aI/2 =0
ol, -y, ol, -y
aVl v,=0 - aVz v =0

[5]
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(b) (extension of bookwork)

Y
Izzxfl/'l“')lz;Vz:—Vz/ZL:”/z:“KZ:_f—Y:

(note convention for current into the 2-port)

YY .
L=YV,+¥V, =V| Y- \=N Y +4Ar | then,
Y, +Y,

Y,+Y,
o LAh gith A, =1x, -1,
YY +4,
[5]
(c) (new computed example)
For the matrix given,
1
A, =—
Y Zg
substituting from above,
cosf 1
_r+Y, jZ,sin@ Z, _7 Z, +jZ,tan6
"y, +a, 1, cos® U Z+jZ, tand
Z; jZ,Z,sinf
[5]

open (short) termination : capacitive (inductive) in n—;i <i<(2n+ 1)% :
inductive (capacitive) otherwise.

Impedance inversion for [ = (2n+ 1)%—

(note : full credit even if candidate does not notice the periodic
behaviour.)

(51
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4. (new theoretical application)

Thumb Table
MZ vlbias
CIRCUIT Mz )
.“ Vi”.-l Ml 3L }—0 VBias
V"; - Vout
T ﬁlbxm I CL
A &mi1” (8asi t 8as2) ~8n28m1” (8ds184s2)
lin 00 0
o 1/(8451 ™ &as2) 82’ (8us184s2)
INCREASE A Fin o A Fin o
W, | b : s : :
W, - ] - A - A
Ly S - A A - A
(84s, L
Lo A i A ] A
0-
I v - \| -

[20]
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5. (new computed example)

(a)

First the bias current are calculated. Since / D5 = 100pA , we have:
In; =1Ipy=1Ip; =1Ipy = Ips/2=0nd

Ing = Ipy = Ws/Wo)lps= 1004

Ing = Ipg = (Wg/Wlp; = 167ud

The transconductances, using Emi = \chox(%/)l p; are:

&mi =gm2=0,775mA/V &7 = 1,90mA’V g, o= 3,16mA’V

m8
The next step is to estimate the output impedances of the transistors, using

L .
rds~(xl-7) VDG+ Vt.

Pl = Tas2 = Tds3 = Tds4 = 18%KQ rage = Tasy = 107K

riss = Tdsg = 04K

The last parameter we need to calculate is the body-effect conductance of Q8,

g

using g = and assuming Vgpg=2.5V, g o = 0, 44mA’V
) 2 ’VSB+2¢F 58

(a)

Ay; = 8T asalrgs) =702

(b)
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A,2 7 —gm7(rds6” ras?) = -102
(c)

Em8

432G % +g ot +
L7 8m8 ™ 8s8 84s8 " 8ds9

=0,85

(d)

The total gain: AlevZAv3 = 6090

(e)
g
= °ml o4 5Mrad/s
ta "~ 7nC,
(f)
21
sp = 2L _ 20y /ps)

C

To double the SR, C. should be set to 2.5pF. To maintain the same unity-gain
frequency, 9m1 should be halved, which can be accomplished by decreasing the
widths of Q1 and Q2 by 4.

(9)

Since Ipg determines the bias current of the output stage, and since it should
have 50 percent more current than Ips, its width should be 50 percent greater than

WS, resulting in:
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W6 = 450pm

The necessary condition to ensure that no-input offset voltage is present is:
w’Ly, Z(W/L)6

WLy,  (W/L)s

This gives:
W, = 360um




