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

a current mirror and how one would scale the output current?

Fig. 1 is a common source amplifier in which a current mirror formed by Q2 and Q3
sources the bias current for the amplifying transistor Q1. The current flowing through Qg,

which is diode connected and hence saturated, results in the same Vgg appearing across
Q2. Providing Vg > Vgg — Vi, the same current would also flow through Q2, if Q2 is
matched with Qg in terms of aspect ratio (W/L). This serves as the biasing current for

Q1. The output current is scaled by sizing the aspect ratio of Q2.

(b) The circuit shown in Figure 1 is to be designed using a 0.18 um process. The transistors
have the following parameters: zin Cox = 387 pA-V2, 14Cox = 86 pA-V2, Vin=—Vp = 05V,
Voo = 1.8V, V’an =5 V/um, and V’ap = -6 V/um. The output voltage is to swing between 0.2

V to 1.6 V and the voltage gain must be at least 10 V/V.

(i)  Using the same channel length of transistors, design the circuit for a bias current

of 50 pA.

For an output of 1.6,
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(it) If the channel length is an integer multiple of 0.18 um, what is the needed channel
length required? [15%]

If we want the channel lengths to be an integer multiple of 0.18 um, we choose

L= 3018 pm) = 0,54 pm
{Mote: Choosing (L36 pwm results in slightly less
than — 10 ¥ /. )

chiecking,
i~ SV .54
Yo = An_ perrt (.54 pm) 54 k0
Iy 005 mA
—— 6V pm (54 pm)
B - 0.0% maA
= (4.8 kil
"‘1|" — _xb”l:.lrl'_l'l I ‘Fn:.l?]
= —0.5 mA V(5 E1164.8 K)
= — 4.7 VIV

(iii) If the gain is required to be increased by a factor of 2, what is the required
channel length?

[20%]
Ti the gain is o be deubled, and the Tr—'r ratios kept so, with Ly =1, = Lﬂ*
) _ SV /pm (0% pm) _
the same, ro || ra; must double, Frr 0.05 mA = 90 ki}
If ryy A Fo had been equal, this would have §V/ 0.9 wm
meant doubling [ and W, making the arca £ Hmes For = -S.l:':‘i {r'n..-’n ) = p33 k)
grealer. ) . )
For a gain of —20 V 7V, This results in a gain of
L, = 08 pm Ay = — (0.5 mAS VIO kD | 133 kD)
L, = 0.67 pm Ay = =23 YV/V
The ¢losest integer multiple that salisfies our
requirement is (018 pm)(5) = 0.9 pm,
(iv) What is the total increase in total gate area? [15%]
Increase in area = (0.9/0.54)% = 2.78 (instead of 4)
(c) State one application of the current mirror in a multi-stage amplifier. [10%)]

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

value of the current source can be replicated in a circuit such as in a multi-stage
amplifier.
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Q1 Design of Current Mirror Circuit

12 attempts, Average mark 63%, Maximum 100%, Minimum 40%.

Most students attempted this question. A small number did very well and some had difficulties. Very
few got the design correct taking into account the appropriate transistor sizing for the specified
biasing conditions. Quite a number had problems calculating the needed channel lengths to achieve
the required gain. However, most did address the implications of the overall result.
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2 (@) Explain what is meant by an ideal voltage source and an ideal current source.
[25%]
Ideal voltage source is one where the voltage across it is independent of the current
through it. Ideal current source is one where the current through it is independent of the
voltage across it.

(b) Shown in Figure 3 are two common-base (CB) amplifiers, driven by (a) an ideal
voltage source and (b) an ideal current source, respectively.

(i)  Assuming that each circuit has been properly biased, and that the biasing
networks, although not indicated in Fig. 3, do not affect the small-signal analysis,

calculate the output resistance, rout for circuits (a) and (b), using the following data:
r, =1kQ,ry =100 kQ,and £ =100. [50%]
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Q2 Common Base Amplifiers Driven by ldeal Sources

16 attempts, Average mark 83%, Maximum 100%, Minimum 25%.

All candidates attempted this question. Most of them did very well and a small number had
difficulties, in which the main difficulty was in calculating the output resistances of the circuits. A few
had problems with physical implications of the result and the practical applications.
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(i) Comment on the physical implications of the results for rout for the two
configurations. [25%]

The common-base amplifier, when driven by low source resistance, behaves as a
voltage amplifier. On the other hand, with high source resistance, it behaves like a
current follower. This transition takes place when the source resistance is at the vicinity
of the emitter resistance, re.

3 (@ With the aid of circuit block diagrams, define negative feedback as applied to
electronic circuits describing its effect on circuit characteristics such as gain, linearity,
input and output impedances, and bandwidth.

[25%]

Circuits such as amplifiers incorporate negative feedback. This reduces their gain, but
improves linearity, input and output impedances, bandwidth and stabilizes all of these
parameters, including the closed-loop gain. These parameters also become less dependent on
the details of the amplifying device itself, and more dependent on the feedback components,
which are less likely to vary with manufacturing tolerance, age and temperature. The
difference between positive and negative feedback for AC signals is phase. If the signal is fed
back out of phase, the feedback is negative and if it is in phase the feedback is positive.

|| | | — | | — | |
Signal I Comf:ralor + Amplifier |+ Sampling I ﬁr},RL
Source Mixer - Gain, A |- Network I| -3

|

I I

| 1 e Feedback |

Network |

| = Gain: p

— I

Feedback | |
amplifier |

—— ————— ——— —— — — — — s}

(b) What are the four negative feedback circuit topologies? State clearly if the nature of the
sampled and mixing signals is a voltage or current as applied to the different amplifier
topologies. [25%]

Series-Shunt (mixing signal is voltage, sampled signal is voltage)
Series-Series (mixing signal is voltage, sampled signal is current)
Shunt-Series (mixing signal is current, sampled signal is current)
Shunt-Shunt (mixing signal is current, sampled signal is voltage)
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Vi=BVo| B v, =p1,| B

Voltage amplifier with series-shunt feedback
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Current amplifier with shunt-series feedback

Current

Trans-resistance amplifier with shunt-shunt feedback

(c) For the feedback trans-resistance amplifier circuit shown in Fig. 3, assume Re >> Rc and r, >> Rc

and that the feedback causes the signal voltage at the input node to be nearly zero. [50%]
Vee To obtain A, remove the feedback resistor RF and consider the small-signal
response of the resulting common-emitter amplifier.
Vo = —Bl; Re= A = 22 = —p(Re | o)

ifro>>Re=A -~ —BR,
[f the voltage at the input is near to cero volts
V I

I, =—--2. =t -1
=1y R, - B Vo Re
y = A _ BR¢
= =
T BA | BAc
I ‘
s For = 100, R, = 10 K and R, = 100 K
A, - 100 X 10 K

T+ (100 % 10 KJ/ 100 K
90,9 % 10° V/A

Q3 Feedback Circuit

15 attempts, Average mark 66%, Maximum 95%, Minimum 55%.

Almost all attempted this question. While most, if not all, had no problems with the concept of
negative feedback, associated circuit topologies and effect on key performance attributes only very
few could carry out systematic analysis to identify the nature of the feedback signal. The difficulty for
the low performers was evaluating the feedback transfer functions and the gain.
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4 (@) Consider a MOSFET fabricated in one-micron CMQOS technology. With the aid
of a device schematic, describe the main sources of capacitances (along with typical
values) that influence high frequency circuit performance. [25%]

Gate-to-channel capacitance: linear region, Cgs = Cdg = (1/2) WLCox; Cox ~ 1fF/pum2
Gate-to-channel capacitance: saturation region, Cgs = (2/3) WLCox = Cdg =0

Overlap capacitance (~1-10 fF): Cgs = Cdg = WLp where Lp = overlap length

Source and drain junction capacitances Cs» and Cas (voltage-dependent) due to the
depletion layer between S and D, and bulk (substrate)

S ‘ﬁ“ﬁm )

G
%@%ﬁﬂrmf,\v l
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! T
Csb Lgehm  CA
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(b) With the aid of a simplified equivalent circuit, show that the MOSFET’s unity gain
frequency (wr) can be approximated as wr = gm /(Cgs + Cgda), Where gm is the
transconductance, and Cg, Cg¢ the gate-source and gate-drain capacitances,
respectively. [15%]

Equivalent circuit with the important C’s. Here S is connected to the substrate (B) and
Csb, Cdb, Cgb neglected to simplify analysis for unity gain frequency calculation
R,

— l | T L
0 +
I @)I V_gsTCgs #gm\’gs =T, To

S S

lo/iin = gm /[S(Cgs + Cga)] and current gain becomes unity when ot = gm /[Cgs + Cga)

(c) The components in the circuit shown in Fig. 4 have the following parameters: pnCox
(W/L) =2 mAV-2 Vt =05V, Cgs = Cgd = 10 fF, R; = 100 kQ, Re1 = 600 kQ, Re2 = 1.4
MQ, Ry =2 kQ, R, =10k, Ry =1 kQ and Cc1 = Cc2 = Cs = oo. The supply voltage Vop
= 1.8V and Early voltage Va = -26V.

(1) Construct the small signal equivalent circuit.
[15%]
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gd
\
\

R vcg:_T
v vi(s) ‘ Rin J*Cgs
m "I

— where R = R; and Rin = Re1//Ra2

(i) Find the mid band voltage gain vo/vi. [15%]
VolVi = — gmRL’ =— 1.64 VIV
where

Ip = K(Ves-V1)?
where Ves= Ve — Vs

Ve=VopXRe2/(Re1+tRe2)=1.8x1.4/2=1.26 V
Vs = Rsxlp
K = 0.5 unCox (W/L) = 10 AV

- Ip = (Ve — V1 - (In/K)*®)/Rs

-2 Ib~0.26 mA

2 10 =|Va|/ Ip = 26V/0.26mA = 100 kQ

- Ves =1.26 — 0.26 mA x1kQ ~ 1V

Om = UnCox (W/L) (Ves—Vi) = 2x107 (1-0.5) =102 A/V

RL’ = ro//[Rp//RL =100k€Q//2k€//10kQ ~ 1.64 kQ

(iif) What is the approximate upper -3dB frequency fy ?

[20%]

For an approximate analysis, we use Miller’s theorem. The total input capacitance
is Ct = Cgs + Cga (1+gmRL’) = 10fF+10fFx(1+1.64) = 3.64 x10* F

R’ = Ru//Rin = 100kQ//[1.4MQ//0.6MQ] ~ 80.8 kQ

fi = (21 x3.64x104 x 80.8x10°%)! ~ 54 MHz

(iv) In less than three lines, comment using intuitive-based reasoning, on the circuit's
high frequency behaviour in relation to the source follower.
[10%]
In the common source amplifier, due to Miller effect (capacitive feedback),
Cin is large — this degrades fx. In the source follower, Cin is actually reduced!

High Frequency Analysis

4 attempts, Average mark 70%, Maximum 83%, Minimum 55%.

Only four candidates attempted this question with a reasonable spread of marks. While the candidates
understood the small signal equivalent circuit and calculation of the unity gain frequency, the main
difficulties were in estimating the 3-dB frequency. Virtually all of them had the right intuitive
reasoning on the impact of parasitic capacitances on high frequency performance.
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5 (@) Give a short account of the applications in which integrated phase-lock loop
architectures are commonly used.

In a frequency synthesiser design for a computer motherboard, a current-starved Voltage-
Controlled Oscillator (VCO) comprising seven identical stages is to be designed, based on the
circuit in Figure 5, which shows a single stage (comprising transistors M1, M2, M3 and M4),
enclosed in dashed lines, and the current control circuit (M5 and M6).

5 The use of a phase-locked loop allows synthesis of stable high frequencies given a high
quality low-frequency reference. Any system that requires provision of a set of stable high
frequency signals can benefit from the PLL technique. Examples of these applications
include wireless base stations, wireless handsets, pagers, CATV systems, clock-recovery and
clock-generation systems. Other applications of PLLs are found in tone decoding, coherent
demodulation, bit synchronization, and symbol synchronization in computer
communications. Phase-locked loops can also be used to demodulate frequency-modulated
signals. A similar principle underpins the lock-in amplifier for recovery of small signals that
otherwise would be lost in noise

Certain of the elements of a PLL are readily implemented using circuit structures from digital
technology. As a result, phase-locked loops integrate well into mixed-signal environments.
(b) Complete the schematic circuit for the VCO, and explain its mode of operation, giving
details of what determines the frequency of operation.

A VCO is a variable frequency oscillator whose frequency is controlled by a voltage
according to the following equation:

fout = F(Vcontrol)

Ideally, F is a linear function of Vcontro. An ideal and a typical characteristic are shown
below.

1200

ﬂ)ut 1100 -
A Vcem‘er 1000 - P /
' a00 - Ve
f max T 1‘ g | //,.
| g 700 - /
| [ e
fcemer T g 600 ¢ i
: € gl 4
| 400 - /
fmin + t i } > Veontrol & '///
Vmin VDD/: Vmax 200 il L L L L L
04 05 06 07 08 08 1
Vaoltaae in volts
Ideal VCO characteristic Typical law for Veontrol

A typical schematic for a three-stage current-starved VCO is shown below. Its operation is very

similar to that of a ring oscillator.
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Current-starved VCO Simplified VCO stage

MOSFETs M2 and M3 act as an inverter, while MOSFETs M1 and M4 operate as current
sources, limiting the current available to the inverter and therefore the speed with which
parasitic capacitances arising at the output of the stage can be charged or discharged. These
capacitances are due to the diode capacitances associated with the drains of M2 and M3, the
gate capacitances of the succeeding stage, and any other linked interconnect or other parasitic
capacitances. As with a ring oscillator, an odd number of stages is required, and each is
identical to the one just described. A bias circuit regulated by Vcontrol feeds the current
sources of each stage, so that all vary in synchronism.

An important property of the VCO is the need for a high input impedance, determined by the
circuitry connected to Veontrol. This needs to be as high as possible to avoid adverse
interaction with the loop filter that has to drive it.

(c) The total capacitance being driven at the output node of each stage is 2 fF. Assume the
minimum value of the control voltage Vinvco is equivalent to the threshold voltage for M5.
The threshold voltage for all devices has magnitude 1 V. The supply voltage Vpp is 5 V, and
the maximum drain current in each stage is to be 100 pA. Stating any other assumptions
made,

(i)  Estimate the maximum frequency that can be generated;

To determine design equations for use with the current-starved VCO we consider a simplified
single stage (shown in Fig 4b) and estimate the total capacitance Cit being driven at the
drains of M2 and M3.

Cn:-r = Cour + Cin-
The time take to charge Ciot from zero to Vsp with the constant current Ip4 is given by:

— Vsr

21 - Ctota

The time take to discharge Ciot from Vpp to Vsp is

— Voo —=Vsp
tE Ctot

Ipy

If we set Ip1 = Ips = Ip, then the sum of t; and t2 is just

- Yop
it = Crnr?

[10%]



Assuming all stages are identical, the oscillation frequency fout of the current-starved VCO for
N (odd number > 3) is:
1

f = = 2
our N(ty+t) N.LeoeVop

The maximum VCO oscillation frequency corresponds to the largest value of Ip, which will
be obtained when Vcontrol = Vop . It IS possible to deduce the VCO gain, Ky, from these
equations. The definition of Ky is:

Ky = 27 - ImaxTImin o dians/volt-second

Vmax—Vmin
Numerical part: €,,; = 2fF i
forax = o = 10010 = 143 x 109 Hz = 1.43 GHz

NCenrVop TSI —15

(i) Develop an equation for the VCO gain, Ky, and estimate its value. Comment on the
linearity that can be achieved.

Vinvco = 5 V corresponds to the maximum value of Ipz, which we are told is 100 pA.

Vinvco = 1 V corresponds to Vr for the bias control device, at which point Ip falls to zero, and f.

also falls to zero.
Formally, Ky= 2. fmasfmin 5

Vmox—Vmin -1

Note that the variation of frequency with control voltage is not expected to be a linear
relationship.

1230-0

= 2.25x 10%rad/V-s

() As Vinvco approaches Vr (i.e. small Vinvco), the variation of Ip will become approximately
proportional to (Ves — V1)? — the device is in saturation mode

(if) Similarly, as Vinvco approaches VDD, the device leaves saturation mode, and the current
falls off slightly. In the mid-range region i.e. Vinvco lying between 2V and 4V good
linearity is obtained. In practice, the VCO parameters would be chosen for an
appropriate centre frequency with Vinvco set to the mid-point of this range.

(d) With the help of a block diagram, explain how the VCO developed in parts (b) and (c)
could be used in combination with other suitably chosen circuit elements to achieve a
frequency synthesiser whose output frequency is to be exactly 4 times the frequency of a
stable reference.

[20%]

[30%]



e | 7
T[T

(d) The main elements of a phase-locked loop are shown below.
ERROR DETECTOR LOOP FILTER vCo

CP
+
Frer O—1>(D) = {E Z(s) Ky Fo

PHASE / CHARGE/
DETECTOR PUMP

FEEDBACK DIVIDER Fo=N Frer
1

N

PLL Model

It is a feedback system that combines:

(i) avoltage controlled oscillator (VCO) and

(i) an error detector (comprises a phase comparator and a charge pump)

(iii)a low-pass loop filter (LPF)
so connected that the oscillator maintains a constant phase angle relative to a reference signal.
The phase comparator may be based on an analogue multiplier, an XOR gate or a bistable.
The loop filter is typically an off-chip RC circuit.
The phase-locked loop can be analysed quite generally as a negative-feedback system with a
forward gain term and a feedback term. A simple block diagram of a voltage-based negative-
feedback system is shown in Figure 2. Analysis can proceed in the normal way using
Laplace Transform theory with a forward gain term, G(s), and a feedback term, H(s). The
standard equations for a negative feedback system apply.



v, o—20 ap) Vo

H(s)

Figure 2 Standard negative-feedback control system model

In practice, phase-locked loops are intrinsically non-linear analogue systems, requiring a
proper parametric analysis to cover the wide range of conditions that may arise when out-of-
lock. A linear approach is satisfactory in normal operating conditions.

In a PLL-based system required to generate higher frequencies than the input, the VCO
oscillates at a frequency of fo. In a manner akin to that of a feedback network in other linear
systems, a portion of this signal is fed back to the error detector, via a frequency divider with
a pre-determined ratio 1/N. This divided-down frequency is fed to one input of the error
detector. The other input in this example is a fixed reference signal, Frer. The error detector
compares the signals at both inputs. Negative feedback forces the error signal, e(s), to
approach zero, at which point the feedback divider output and the reference frequency are in
phase and frequency lock. When the two signal inputs are equal in phase and frequency, the
error will be constant and the loop is said to be in a “locked” condition.

The block diagram above shows a suitable architecture. In the architecture shown, Fo = N x
Frer. Hence, if the feedback divider is specified as a ‘divide-by-4’ counter, the output
frequency will be 4 x Frer.

Q5 Voltage Controlled Oscillator

0 attempts, Average mark 0%, Maximum 0%, Minimum 0%.

No candidates attempted this question despite the question being reasonably straightforward,
although it have many parts to it probably giving the impression that it was a very long question.
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Bipolar Junction Transistors:

Ic =aig Ic = fi, i; =(l-a)i; i =(B+Di,
p=—2  a=L v K _o5mvar3ook
l-a p+1 q
ngI_C r”:V_T r-e:V_T r-o:\i
V; I I I
MOSFETs:
: 1 w
ip = K[2(Ves =V Vs _VDSZ] K= Eﬂcox(r)
. K'(W '
ip = K(Vgs —V,)* :E(Tj(ves -V, k"= 1Cox
On = ZK(VGS _Vt) f'o :w
D
Differential Amplifiers:
Vo = Advd + Acmvcm
CMRR =20log|A, / A, | A, =-o A =Yo—g R,
ch Vd
OR OR
A - AR, _ IR
2R ‘IR,
BJT small signal operation: i, = a, d Ve ic, = a_d Ve
2 A, 2 2 2V, 2

FET small signal operation:

Millers Theorem:

. 2
Thermal Noise: <V, >

Ry =2(8+D(r, +Rg) Rg =emitter resistance

. | I Vid - I I Vid
Ipr ® 5+ & ;2 R 9
2 (Vg -V, ) 2 2 (Vg -V, ) 2
Ceq = Cbridge(l_ K) K= \i
Vl
= 4KTBR k=1.38x10*J /K



Feedback Architectures and Properties:

Series-Shunt

Series-Series

Shunt-Series

Shunt-Shunt

Feedback signal X¢ | Voltage Voltage Current Current
Sampled signal X, Voltage Current Current Voltage
To find input loop, | V=0 1,=0 1,=0 V=0
set?

To find output loop, | 1;=0 1i=0 Vi=0 Vi=0
sett

Signal Source Thevenin Thevenin Norton Norton
B =Xt/ Xo Vil Vo Vil lo It/ 1o It/ Vo
A=Xo! X Ay =V, IV Gm=lo/Vi A= 1o/l Rm=VJ/li
D = 1+BA 1+B Ay 1+ Gm 1+B A 1+ Rwm
As AJ/D Gwm/D A/D Rwm/D

Rif RiD RiD Ri/D Ri/D

Rot Ro/(1+BA\) Ro(1+BGw) Ro(1+BA)) Ro/(1+BRwm)
R’or=Ror \ RL R’o/D R’o(1+BGm)/D | R’(1+BA)/D R’o/D

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




