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(a) Figure 1.1 shows the schematic of a superheterodyne receiver. What key

decisions need to be addressed in the design of the different blocks within the

receiver?

[10]

(b) Explain the superheterodyne principle and the problem of the image in

superheterodyne receivers.

(7]

(c) A superheterodyne receiver is tuned to receive an RF signal of 600 MHz. The
frequency of the local oscillator (f; =@, /27) is such that the IF signal is 50 MHz.
Find the value of f; and the image frequency.
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(a) Derive a formula for the overall noise figure of a cascade of systems, as shown
in Figure 2.1. Fiis the noise factor of each individual block and Giis the available
power gain.
[10]
(b) For the circuit in Figure 2.2; what is the equivalent input noise power spectral
density at 1 Hz? What is the equivalent input noise power spectral density at 100
MHz? vns2 = vn? = 1 (mV)2MHz, in?=1 (pA)?/Hz, Rs =1 kQ and Cp =1 pF.
[5]
(c) For the circuit in Figure 2.3; give an expression for the equivalent output noise
as a function of the equivalent output noise of transistors M1 and M2 (e,,, and
n2respect|vely) What are the main noise contributors for ei, and e,,2'7 How
would you design the transistors to reduce the equivalent noise?
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3. (a) Derive the transfer function for the circuit in Figure 3.1 ((Vyq = Vo2)(Vi=V3)).
What function does this circuit perform? What are the advantages of this topology
versus simpler ones? Can you suggest any reason why the circuit might not
behave as expected?

[10]
(b) Using the result obtained in (a), obtain the transfer function for the circuit in
Figure 3.2.

[8]
(c) What would be the value of C in Figure 3.2 if the pole due to the 1kQ resistance
is to be at 1 MHz?
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(a) Figure 4.1 shows a transconductor proposed by Szczepanski et al. in IEEE
Transactions on Circuits and Systems Il in 1997. Assuming that the transistors
are operating in strong inversion and /,=/,=lpj5s, What is the expression of the
output current, loy=/1-12?

[10]
(b) If transconductor is designed in such a way that the value of the
transconductance is 1 mS, how would you design a lossless integrator with a time
constant of 1 ns?

(5]

(c) Enumerate advantages and disadvantages of the previous topology. How
could you change the value of the transconductance after fabrication? How could
you implement a mixer using the previous topology?

[5]
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5. (a) Figure 5.1 shows an active implementation of an LC-ladder filter. Draw the flow
diagram corresponding to that topology.
(10
(b) Draw the LC ladder corresponding to the flow diagram in (a).
(8]
(c) Describe two possible implementations for the integrators in Figure 5.1. What
are the advantages and disadvantages of each implementation?

[5]
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6. (a) Explain a way of implementing a transconductor using a single MOS transistor
operating in the ohmicitriode region. Give an expression for the
transconductance.

[10]

(b) How would you use a differential amplifier to improve the design? Give an
expression for the transconductance.

[5]

(c) How would you design the biasing current source for the circuit in part (b) in

order to optimize the transconductor's performance? Draw the schematic
corresponding to this implementation.

(5]
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(a) (theory)

* Antenna: Must be connected to dc ground to prevent static charge accumulation.

- 1st filter (preselector): Limits bandwidth of spectrum reaching the RF amplifier (to
reduce IM distortion); attenuates receiver spurious responses (esp. image frequency);
attenuates oscillator and first IF re-radiation which may be picked up by the antenna.

- RF amplifier: Noise figure and gain are determined by receiver sensitivity requirements.
Amplifier gains greater than 20 dB are usually undesirable, because the required gain
may not be achievable from a single device, and high signal levels at the mixer will place
severe constraints on mixer linearity.

» 2nd filter: Attenuates noise at the image frequency, and second harmonics which may
originate in the RF amplifier.

- First mixer: Mixer performance is possibly the single most important determinant of
receiver performance. The mixer encounters the highest RF levels within the receiver,
S0 requires a high intercept point.

+ Local oscillator: The oscillator phase noise will determine the adjacent channel
performance. LO harmonics will also cause spurious responses. LO implementation will
depend on the actual application (i.e. fixed or programmable frequency etc.)

+ Injection filter: Attenuates wideband noise around the LO frequency, and attenuates
oscillator harmonics.

- IF stages: The IF filter determines adjacent channel selectivity. This is often a
crystal filter (narrowband). Crystal filters are available only in certain centre frequencies,
which will constrain the choice of IF. Often the second-image requirement is more
stringent on the design of this filter. The IF amplifier is usually a high gain stage.
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(b) (theory)

If we are trying to select one particular frequency channel from the complete RF spectrum,
then we need a bandpass filter to reject any unwanted frequencies. Generally this filter
has to be narrowband, and high Q filters are difficult to design at high frequencies. This
problem is compounded if the input signal frequency is variable (i.e. the signal is
transmitted in one of a number of possible channels, each with the same bandwidth). A
tuneable, high Q bandpass filter with constant bandwidth is now required.

The solution is to use a superhet receiver (supersonic heterodyne). This system
downconverts the input signal to an intermediate frequency (IF), and a bandpass IF filter
is then used to select the wanted signal. The design of the bandpass IF filter is eased
since it doesn’t have to be tuneable, and the IF centre frequency is much lower than the
input RF signal.

aerial .
mixer IF mixer
— signal
RF signal — baseband
pre-filter bandpass signal
filter
ﬁrst second
oscillator oscillator

The downconversion is performed by ‘mixing’ (multiplying) the RF input signal (fRF) with a
local oscillator signal (fLQ), such that the resulting output is at the required IF frequency
(fIF).

Received RF signal = 2Acos[(fRF)t +8] Local oscillator signal LO = cos(fLO)t

Mixer output = 2A cos(fLO)t cos[(fRF)t +8]
= Acos[(fLO - fRF)t - 8] + Acos[(fLO + fRF) + 0]
i.e. sum and difference components

The sum components are at a very high frequency and are removed by filtering. The
difference frequency component is a replica of the RF component in terms of amplitude
and phase, but is shifted down to an intermediate frequency (IF):

fiIF =fLo- fRF

The oscillator frequency fLO is often tuneable to ensure that a range of input RF
frequencies can be selected.
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- Image signals: An image channel (fiM) is also converted to the intermediate frequency,
where fIF = fiM — fLO

A

wanted image
| | | | -
fIF fRF fLo fim

This image signal must be suppressed by filtering before downconversion. The pre-filter
can be a simple low pass filter. The pre-filter should pass RF signals that are at f_LO—f|F,

but reject image signals at f O+f|F. The design of the pre-filter is thus eased if fiF is fairly
high.

A

- pre-filter

I I [ \

fir frF fLo fim
bandpass
filter - 2fIF =

The bandpass filter that selects the required channel is centred at fjF. The design of this
filter is eased if f|F is fairly low. Thus there is a trade-off between these two requirements.

(c) (new computed example)
f_1s 650 MHz and the image is 700 MHz.
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5
(a) (new application of theory)
» Considering the first stage alone:

veql®
F1= —

vns

Thus the equivalent input noise voltage veq1? = Flvns®
This equivalent input noise veq1? consists of the received (source) input noise, plus internal

noise vn1? contributed by the first stage:
veq1? = vns? + vn1?
vn1? = veq® - vns® = (F1-1) vns®

- Considering the second stage alone, vn2? = (F2-1)vns?

And the same for the N stages: vaN2=(FN-1)vns?

The total power of noise will then be:
N N N

vnt® = HGi-vn32+ HGi-vn12+HGi-vn22+...+GN-vnN2 =
i=1 i=1 i=2

N N N
[TGi-vns®+ HGi-(F1—1)-vnsZ+ HGi-(F2—1)-vn32+...+GN-(FN—1)-vnN2
1 i=1 i=2
2
. vnt _ (F1-1) (FN—1)
FVT—_F1+—_(31—++__N71

HGi~vn32 ]G

1 i=1
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(b) (new computed example)

vneq(t) = vns(t) + vn(t) + in(t)Rs + vn(t)Rs/Xcp
= vns(t) + vn(t)(1+Rs/Xcp) + in(t)Rs
vni? = vns? + vn?|1 + Rs/Xcp|? + in? Rs?

= vns? + vn*(1 + (@CpRs)?) + in’ Rs?

At 1 Hz - 2 (mV)?/Hz
At 100 MHz: 2.394 (mV)?/Hz

(c) (new application of theory)

. 2

eou ei1(g‘“:‘;) +ens

The main sources of noise are flicker at low frequency and thermal noise. If the length of M1
is much smaller than that of M2, the input 1/f noise will be dominated by M1. To minimize the
1/f contribution due to M1, its width must be increased. The thermal noise can be reduced
by increasing the transconductance of the transistors. This can be achieved either by
Increasing the quiescent current or the width of the transistors.
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3
(a) (application of theory)
It's a lossless MOSFET-C integrator

1
Vo1 -Vo2 =s_6( Id1a + 1d2b — Id1b — Id2a )

) é((Gl —~G2)V1-V2)+ (131—[32)(\’22 “Vlz))

(G1-G2)

Provided that devices are matched (equal B), then Vout = c
S

V1-V2)
where G1 - G2 = 2B(Vc1 — Vc2)

Advantages: The fully balanced topology cancels out even order harmonics.
The transconductance does not depend on the threshold voltage.
No differential inputs have to be generated.

Disadvantage: The output resistance of the Opamp generates losses in the transfer function.
The new transfer function would be:

Vo, = C182v1 v

sC+R,

out

(b) (application of theory)

- E1-S2v1-vz)

sC+10

\Y

out

(c) (new computed example)

15 92pF
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4
(a) (new theory)

After analysing the circuit, assuming that all the transistors are operating in the strong inver-
sion saturation region:

Ot

(b) (new theory)

L
9 ¢ oul + 4 b
I1 L’ )J Iz
1pF
M1 M3 ><—

M2
e, . f*——:qlf*

V,
d B

(c) (new theory)

Advantages: The transconductance does not depend on the threshold voltage. It's tunable
through Vg. The cross-couple topology cancels out even order harmonics.

Main disadvantage: The output resistance of the transistors originates losses in the transfer
function.

It can be tuned through Vg.

A mixer can be implemented by using Vg as a second input.
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5
(a) (application of theory and new computed example)

1 VI 1 V2 1 V3 -1yv4 1 vyvs -1 v6 1V7

11 1 plt 1l i 117

(b) (application of theory and new computed example)

o— 1
1 1/3 1/4 }
Vin T 1/2 T 1 v 6T 1/2 TV7
V2 \Z!
2 14 I6 7

(c) (theory)

Op-amp RC (7= RC)

I
|
Vin \C
AV >
R V Vout

N/

Requires a process with linear, stable resistors and capacitors. Not easily
tuneable. Capacitor has one end at virtual earth, which eliminates parasitic
effects.
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Gm-C

e Single-ended integrator:

Vout Gm o©u . .
== U = unity-gain frequency
Vin sC s

To implement a summing integrator we simply connect transconductors in parallel
since the output currents will sum together.

» Fully-differential integrator:
In most integrated applications it is desirable to keep the signals fully-differential to

improve noise immunity and distortion performance.
Youd

oz

A . - ‘ . A
Vin | Gm ~ " C |Vout Vin | Gm | TVout
[ < - P WP o— =

ou = Gm/C in both cases

The first circuit will suffer from the effect of bottom plate parasitic capacitance.
The second circuit is therefore preferable, although at the expense of an increased
area (higher capacitance). Even in the second circuit, some parasitics may remain
in parallel with C (due to output devices of the transconductor etc), thus C must be
kept fairly high to swamp out the parasitics.
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e Miller Integrator

C
s
) AH + \;:\‘—i +\-i o
Vin Gm i Vout
o = '/ _ R - t ! —o
— | |
‘ A
C

Miller Integrator (Gm-C opamp integrator, owu = Gm/C)

To further reduce the effect of parasitics, a common approach is to realise a Miller
integrator. The transconductor outputs are at virtual earth, which has several
benefits:

The transconductor can have a lower output impedance

The transconductor output is not subjected to large voltage swings, so there

will be no slew rate problems at these nodes

Transconductor output capacitance does not affect the integrator unity-gain
frequency.
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6
(a) (theory)

The drain current of a MOSFET in the triode region is given by the equation:
Id = 2B(Vgs-Vth)Vds - Vds%2)  where B=KW/2L
or
Id = G Vds — pVds2 where G = 28(Vgs — Vth).
To operate in the triode region the device must be biased with Vds < (Vgs — Vth).
Neglecting the Vds? term, the device acts as a resistor with small-signal resistance

dVds/did = 1/G. If greater accuracy is required we cannot simply neglect the Vds
term, but must cancel it out.

(b) (theory)

0
.

(
Ve o jj>| LﬂMZ

VemtVine—— | Ml

Il

-0
Iout

Assuming M1 is in the triode region:
Id1 = 2p(Vem + Vin - Vth)Vc — BVc?

If we set 11 = 28(Vom - Vth)Vc — BVE?, then lout = Id1 — 11 = (2BVc)Vin
Gm a (ZBVC)

(c) (new theory)
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where M1’ has to be matched with M1 and M2’ with M2.



