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1 (a) With the aid of one of more circuit schematics, describe the operating principle of a

current mirror. State one application of the current mirror in an amplifier circuit. 125%)
With a reference to Fig. 1 , the current flowing through Q 1, which is diode connected and hence

saturated, results in V6g appearing across Q2. Providing Vg ) V6g - V1, the same current would

also flow through Q2, if q, is matched with Q1 in terms of aspect ratio (wL).

The integrated MOS current mirror finds applications as a current source where the value of the

curent source can be replicated in a circuit such as in a multi-stage amplifier.

(b) The circuit shown in Figure 1 is an integrated MOS current mirror. The

transistors in the circuit have the following parameters:. (WlL)q: 50trrm/5prm,

lVezl: lVurl:200 V, Vt: I V, and pn'C*: 20 pA'V-2. Assuming that there

are no channel length modulation effects,

(i) what is the value of Vcs? lr0%)
1 rWr

Ioq, = , t',nCo. (i)o, (Vc' - V,)'

1
100pA = 1* 20 - 10 * (Vcs - Vt)2

V65 -Vs: +1, ) Vcs:2V or 0V (0V is not acceptable)

(ii) what is the lowest possible value of Vo for the mirror to supply a constant

current output? ll0%l
To make a current source, Q2 should be in saturation' Vpg >2 - l: 1, Vp-in: lV'

(iii) show that, if vo: vcs,then * =#H, gs%l

With Vo : VGS,then the Vpg of both Q1 and Q2 are the same, so we don't have any issues with channel

length modulation effects, as this can change the current of Q1 and Q2. Also in any case, question says I
can be assumed as zero.

So Ipq, : IRep : ]F.co* (Y)0, C'.t - vt)'z(1 * lvp5) and

Irer = ]unco, (Y)0, Cu.r - v,)'z(1 + trvDs).

Ratio of the above yields lner 
- 

(Y/L)q'
Io (wl)qz

Vcsr : V6s2 and Vost : Vosz.

slnce
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(iv) what is the output resistance of the current mirror at Io:100 pA?

ro : lVeqzl/I" : l200vl/100pA : 2MC)
ITs%]

(c) If the output voltage increases by 20% from its value at Io: 100 pA, what

will be the corresponding change in output current? Discuss the physical

implications of your result.

12s%l
AVo : 20ohYo @Io: 100 prA. We know that AVo/AIo : ro > AIo : AVo/ro.

At Io: 100 prA, we have Vo:2V and AVo:0.4V
AIo = 0.4VDMA: 0.2pA. Thus AIo/Io :0.2p'Nl001tA:0.2o/o

An ideal current source should source a current regardless of the value of voltage

across it. However because of the finite output resistance of the transistors in the

current mirror considered, the value of current that is sourced becomes dependent

on the voltage across it.

lnrr: 100 pA

vo

Fig. 1

(a) What is a multi-stage amplifier? ll0%1
A multistage amplifier has several (single-stage) amplifiers connected in series; for example, the

output of first stage becomes input of second stage and its output becomes input of the following

stage and so on.

(b) Explain why multistage amplifiers are necessary from the standpoint of
circuit characteristics.

A multistage amplifier has many desirable circuit characteristics that a single stage does not. For

example, it provides highet input-output isolation, higher input impedance, lower output

impedance, higher gain, and possibly also higher bandwidth.

lt0%l
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(c) The two-stage CMOS op amp in Fig. 2 is fabricated in a 0.18 pm

technology having kn':4kp':400 p"AN2, Vtn: -V,p:0.4 V. With A and B

grounded, perform a DC design that will result in each of Q1, Q2, Q3 and Q4
conducting a drain current of 200 uA. Design so that all transistors operate at0.2

V overdrive voltages.

Referring to Fig.2
Ios - Ior-+ : Inar : 200 p,A

lp5 : 2lrr: 400 pA
No requirements are given for Q6 and Q7, so

choose
* Ioa : Ip1 : 2lpsp : 400 p,A

to = !Ut'1wtt)vln so,

Qr Qz Qz Q+ Qs Qe Qt Qt

(w
l.r

25 25 100 100 50 2W 50 25

(V\ : 2t*" - 2(2oo p.A)
\z/,,,,, - l^u;i - afiF(otvr

:25
(V\ = 2t*r, - 2(2N p'A)
\z/,,0 - ffi; - 

4oo *AFattt
: 100

(w\ _ 2(21REi _ 2(400 uA)\z/,., ffi; 4oo l,A/viorW
:50

f[Y'\ : 4l*rr. - a(200 p.A)
(2,,. - r,:,U; - loo pAlv1ofvf

: 2ffi'

i) Snecifv the WL ratio in tabular form required for each MOSFET. us%1

(ii) What is the DC voltage at the output ideally? ll5%l
Ideally, V" (DC):0 V.

(iii) Calculate the input common mode range.
The lower limit is when p5 is leaving saturation,

Vos : -Ys$+ lVosl = - I V +0.2V = ;0.8V
Vln(*in) = Yosr tVos: VEt+Vov+YD5

: 0.4 + 0.2 - 0.8 = -0.2Y
The upper input limit is when Q1 and Q2 leave the

saturation region:

Vor : Voo- Vsot : I -(0.4 +A.\ : g.4Y

Vosr : lV6yl : 0.2Y, so

vin(m*) -- vrt vov+vosl
:Vpt*V,n:0.4V:0.8Y

so, the range of input voltage is
-0.2V to +0.8

11s%l
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(iv) Find the allowable range of the output voltage.
v o<*r*, : V oo - lv orl :
vr,*,n, - - vss +lvorl :
: -0.8 v

so range is (-0.8 V to +0.8 Y)

l-0.2: +0.8V

-t+o.2

us%l

[20%]

(d) With ve : vial2 and vs : -vidl2, find the voltage gain vo/vio. Assume an Early

voltage of 5V.

{d) rot : ro+ : H 
:02 

nA-lL 
: 25 ko

roa: tot:H: ## : r2.5ko

nat : snz: #: ffi:2mAN
r-^: )!-P!L = o.,4TA = 4mA/voaD 

v ovlz o.2t2

At: s.(rorll ,oi: (2mAlVX25kll 25k)
:25YN

Az : -g,z?rull ,r',) : -4 mA/v(12.5 k Il 12.5 k)
: -25YN

Ao = At. Az * 25(-25) : *625YN

-Yss=* 1V

Fig.2
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(a) Name three sources of noise that are commonly found in integrated circuit
components. 120%l
Given are five types of noise in integrated circuit components - any thee would be acceptable.
-- Flicker (or I/f ) noise - predominates at low frequency.
-- Thermal noise, shot noise - this noise is also referred to as "white" noise since it is present at all
frequencies (flat spectrum)
-- G-R noise - has a J.1f,8 spectrum
-- Popcorn (or burst) noise - at low frequencies.

(b) What is meant by the noise figure of an amplifier and describe how you

would measure it.

Noise Figure is a figure of merit characteriztng how noisy an amplifier is wrt an ideal (noiseless)

amplifier.
Measurement of Noise Figure

u" : signal generator

ffs: source resistance

Q: active device (e.g. amplifier)

LNA: low noise amplifier

M : true rms voltameter

Filter to set bandwidth

1. Measure fr, and calculate JV"i 
= 

( rf pr/a using < uu' F= +I{PSftr

2. Adjust signal voltage so that f* = 1S < d >t/n or 5r1 = 1&,To1

3. Measure output voltage with M

Note: we have (with r" = 18 < r# >tl*) so Sr;fJlI,r1 = ZSdE

The larger the So1/V4 is, the smaller the measurement error.

Thus we can neglect the noise and assume that voltmeter gives reading of signal output voltage,

Sur.

4. Set tlo = S and measure .4lrrowith M.

5. From the above measurements

IVF = 20 - 20log,3 {rn.20 comes from 5u1 = }.0i}P*.1)
" l\L.

5*0, ffuo are the meter readings from measurements 2 and 3.

[30%]
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(c) A parallel combination of identical resistors are connected between the input and

ground terminals of a low noise amplifier. The output of the amplifier has a flat
spectrum with value -100 dB/Hz.lf the voltage gain of the amplifier is 1000,

calculate the resistor value. In your calculations, assume that the amplifier is ideal
(i.e., noiseless). 120%1

A*$F,u ir i)eJti.e., its iata^a,l

(ar^j>= -toolB ll*_ , _.

When referred to the amplifier input, this yields -160 dBlHz, which is the thermal

noise of (R/2). So (vni2):4kT(R/2): 1g-t0y27112. Thus (N2):6 kQ and R:12
ko.

(d) A filter or network has an equivalent noise bandwidth B, which can be stated

as:

B=, +lil,{flr ar
I A,1' to '

where,4o denotes the transmission (voltage or cuffent) magnitude, A(fl the
transfer function, andfthe frequency. The above equation yields the same
results as the actual non-ideal bandwidth the filter or network has in practice.

For the single-pole filter shown in Fig. 3, show that the noise equivalent
bandwidth is

n-1r,
2

wherefo is the 3 dB bandwidth, t/(2tRO. In calculating -8, you can use the
following relation:

B=azlirr'+b2ldb=oEo,
where q is a dummy variable.

130%l
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A(f) = 'Irr Lr&."c fr= Z?*Z+;

b= r ?F
(As J, l*H>ltrf

AcBl a-J lA(#la=
sL*o

fi+ f
s, gi Ji ,t"' + f 

.)-'"f
)

Thus the

'3***fr.
ivalent noise bandwidth for the filter is n/2 times the 3-dB bandwidth.

Fig.3
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(a) Explain how the design principle of the current steering circuit differs from
that of a current mirror. [30%]
A current mirror circuit is particularly useful in integrated circuit design, where
one resistor R is used to make multiple current sources. A current steering circuit
enables realization of current sources that have different current values without
the need to make additional current mirrors. The basis of design is as follows: If
each transistor Qn is identical to Qrer, then each current Ion will equal reference
current Irer. But if the MOSFETS are not made identical, say in which knlk.r (say
kr:2k,.r), then the currents will be scaled accordingly (i.e. Ior will be twice as

large as I'.r).

(b) The current-steering circuit shown in Fig. 4 is fabricated in a CMOS
technology for which pnCox: 200 pAlY2, FpCo,: 80 pAlV', V,n:0.6 V, Vtp : -

0.6 V, and Early voltages Vn': l0 V/pm, lVnol: ll,2Ylpm.If all devices have Z
: 0.8 pm, design the circuit so that Irup: 20 pA, Iz: 100 pA, It : 14 : 20 pA and

Is : 50 pA. Use minimum possible device widths needed to achieve proper

operation of the current source Qz for voltages at its drain as high as +1.3V and

proper operation of the current sink Q5 with voltages at its drain as low as -1.3V.

(i) Speciff the widths of all devices and the value of R.

(ii) Find the output resistance of the cuffent source Qz.

(iii) Find the output resistance of the current sink Qs.

[40%]

Lrs%l

lrs%l

(i)
Vosz& Vcs2- Vrrl VDsru^ : Vcsr- V,

(1.3 - 1.5) : Vcsz - (-0'6) *Vosz

: -0.8V = Ycs,

For Q1:

' x wt x(-0.8 + 0.6)2Iy:20rr,A:ix80 
0.8

+l{,:t0pm
/z = 100 PA = 5lx6u= W, = 5lltr:50 pm

I, : /"oo+Wt = Wt: l0 Pm

13: ra+h:3,**^
: Ioxffi - o**

(i) contd

For Q5: Voss : Vcss - V* For lowest V9

(- 1.3 - (-1.5) : Vcss - 0.6= v655 : 0.8 v

Is : 50 *o = *.x 
2oo x ffi * 1o.t 'o.ol'

+llls : 10 p,m

Now we calculate R:

Vasz: -0.8 V +Vcz: 1'5 -0'8 : 0'7 V

R : V62/ Ipsp

R= 0'7 :35kO
2o p,A

n:35ko
(ii) roz =Y4LlIz:1,2x0.810.1 :96 ko.
iii) rCI : Va"L/Is : 10x0.8/0.05 : 160 ko.
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+1.5 V

-1.5 V

Fig.4

5 Consider the circuit of Fig. 5, in which an NMOS transistor Ml is connected in a

circuit designed to provide a reference voltage Vnzr.

(a) Derive an expression relating Vnsr with the drain current { transistor parameters

and other circuit constants. 120%)

(b) For transistor ML, the channel dimensions W and Z are chosen as 40 pm and 4 irm

respectively; Vt : *l V, and k' : 20 x 10-6 AV-2. Voo and Vss are 6 V and 0 V

respectively.

Deduce a suitable value for R if Vmr istobe 2 V, and determine the drain current.I 120%)

(c) What is meant by the following terms in the context of the performance of voltage

references, and why are they important?

(i) Power supply sensitivity

(ii) Fractional temperature coefficient 120%1

(d) Write a short account of the approaches available to the CMOS IC designer for

generating stable reference voltages for use in integrated circuit designs. Your account

should mention power consumption, stability, atea occupied, and any other factors you

consider to be important. 140%l



5.

Fig. 5

It can be seen that as G is shorted to D,
Vcs =Vpg andMl is always in saturation.

Hence the second of the S-H equations applies.

From Kirchhoff

From S-H

Rearrange (2)

Hence

Vrnf =VDD - IR

r =+TV* -r,,)'

v,"f : vrnt-m: .DD-IR

\i,
f/ rllrrf 'r,*ffi\tz

(1)

(2)

120%l
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(b) Substituting the given values:

a_L_

6-2
Q_D2

4

5R.2x 10-5

Thus
5x2x10-5

6-2

40 ko

and
40 x 103

100 pA

Using a standard polySi of typically 50O/square, this resistor would require L/W of 800, and would
occupy a greatdeal of space. t20%l

(c) An ideal voltage reference is independent of the power supply that services it. Practical
references fall short of the ideal and 'PS sensitivity' expresses this in a quantitative way. It is
defined:

1+

R

sn^Y' =
avREF f ax
v-* li

x )vnrr
vnzr ax

where Vnsr is the voltage reference, X is the parameter under consideration, Voo in this case; if
S is unity, a 10Yo change in Voo will bring about a 10% change in Vnrn. The objective is to

produce a circuit design in which S'^Y' is as small as possible for relevant parameters X, such

as Voo.

An ideal voltage reference will also be independent of ambient temperature. Since most
electronic components and materials used in electronic circuits have temperature-dependent
properties, which may be of different magnitudes and polarities, this is a non-trivial problem.
To quantifu the effects of components due to temperature change, we define 'fractional
temperature coefficient TCr, defined as follows for a component of value X:

TCr
tax sf
XAT

using the notation above. TCr is typically expressed as parts per million per deg. C, or ppm/deg
C. In circuits comprising several components that determine the output, all may contribute to
the TCr of the output itself, and the various contributing values of TCr must be taken into
consideration with the governing equation that determines the output. TCr may be positive or
negative depending on the materials of which the component is made and on its mode of

rr 
. 
+u .2xro-5

24



operation. This opens up the possibility of using devices in combination in circuits such that the
temperature-dependent effects cancel to a significant extent.

Achieving minimum Sfa"t and TCr simultaneously for a voltage reference is a challenge. l2O%]

(d) Some of the techniques available are:

(i) use of aZener diode where the reverse breakdown voltage characteristic is almost
independent of current. Most Zener diodes have a significant temperature coefficient, but this
can be minimised by use of devices in which the different physical effects (zener & avalanche
effect) wholly or partially cancel. Zener diode may not be compatible with commodity CMOS
processes and may have to be provided off-chip.

(ii) use a band-gap reference - an arrangement in which the Vr of a pair of forward biased
diodes operated at different current densities are subtracted in an amplifier to give a result
almost independent of temperature.

(iii) use an XFET where the difference in pinch-off voltage of two similar FETs is used to
provide a stable reference.

Both (ii) and (iii) call for special processing that may not be compatible with commodity
CMOS.

(iv) A reference along the lines originally proposed by Kwon et al (covered in lectures) uses

only components available in a regular CMOS process. A thermal voltage is developed by use
of a pair of MOSFETs operating sub-threshold. This has a positive temperature coefficient. A
second voltage is developed from a self-biased B-multiplier circuit, again based on MOS
transistors, which has output proportional to Vr: this has a -ve temperature coefficient. When
these are scaled appropriately and summed in a suitable amplifier, the result has a near-zero
tempco. 140%)

END OF PAPER
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FORMULA SHEET
Bipolar Junction Transistors :

ir=ai, ir=|iu iu=(l-a)iu ir=(p+l)iu

B= d a: f v-=L=25mVal3ooK' l-d, 0+l ' q

I. V. V- V,
A =--l- f =---!- f =J f =-6m vr 'E IB 'e IE 'o Ic

K =;*".(T)

MOSFETS:

io = Kl2(vo, -V,)ro, -ror'f

k, = ltC oxi, = K(vo, -v,)' = t-(L\a-^ -v.\'ZIZJt'ot 'tt

g^ =2K(vo, -V,) ,o =ry
ID

Differential Amplifi ers :

vn = Aovo + A".v".

:MRR=zotoelAo lA*l

, -M, o -zR,'""- 2R "d-zRr
aI aI vo al al v,l

BJT small signaloperation: ir, * 
2 

* 
,L-; 

ir, * 
2 -i;

Rid =2(B+l)(r, +Rr) Rn =emitter
resistance

A,. =L Ad =Y9-= g*Ro
Vr^ v.t

OR OR



FEr sma, signar operarion:,,, * l{*)+ r,,, * i.-(*)+

Millers Theorem: C ", C u,,or,(l- K) X =fa

Thermal Noise: .rn' ,= 4|TBR k = 1.3gx10 -r, J I K

Feedback Architectures and Properties:

lThis procedure gives the basic amplifier circuit without feedback but taking the
loading of B, R1, and Rs into account.

Series-Shunt Series-Series Shunt-Series Shunt-Shunt
Feedback signal Xr Voltaee Voltaee Cument Current
Sampled signal Xo Voltase Current Current Voltase
To find input loop,
setl

V.:0 Io:0 Io:0 Vo:0

To find output loop,
setl

Ii:0 Ii:0 Vi:0 Vi=0

Sienal Source Thevenin Thevenin Norton Norton
B: Xrl X" Vr/ Vo Vr/ Io lrl Io Ir lYo
A:Xo/Xi Au:Vo /V; Grr,r:L/Vr Ar : Iolli Rv:V"/Ii
D = l+BA 1+B A" 1+B Gv l+0 Ar 1+B Rv
Ar A"/D GM/D tulD Rnr/D
Rir &D R,D R/D R/D
R.r R./fl+8A.,) R.(1+0Gvr) R.(1+34''1 R./(l+BRn,t
R'or=R.r \\ Rr R'o/D R'"(l+BC|M)/D) R',"(l+BAi)/D R'o/D
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4B21 Assessor’s comments 
 
Ql Analysis of Current Mirror Circuit 
 
All students attempted this question and did very well. Almost everyone got the design 
correct taking into account the appropriate biasing conditions and transistor sizing. But many 
did not calculate the current stability against voltage variations and nor did they address the 
implications of the result. 
 
Q2 Multistage CMOS Amplifier 
All candidates attempted this question; a small number did very well and some had 
difficulties. The 
main difficulty was in calculating the input common mode, which they confused with the 
allowable 
range of the output voltage. There were some issues with the voltage gain calculations. 
 
Q3 Noise in Integrated Circuits 
Only four candidates attempted this question with two doing much better than the other. The 
difficulty for the low performers was evaluating the noise figure and the associated 
measurement technique.  Some had issues with the thermal noise calculation from the 
amplifier's output noise spectrum. 
 
Q4 Current Steering Circuits 
A small number did very well and a small number had difficulties. While almost all students 
understood the operation of a current steering circuit, the main difficulties were in the 
calculation of transistor sizes. Virtually all students could calculate the output resistances of 
the sources and sinks. 
 
Q5 Voltage Reference Circuit 
Two candidates attempted this question and one did very well. While the question was 
straightforward, the difficulty, if any, was describing the approaches available to the CMOS 
IC designer in designing a stable voltage reference. Not all considered key factors such as 
power consumption and real estate. 


