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Special instructions for students

exp(x)—exp(-x)

sinh (x) = -
cosh ()= 22 +2exp(—x)
tanh (x) = %&’3
S

sech® (x)+tanh’ (x) =1
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Question 1

The transfer function of an Infinite Impulse Response (IIR) filter of order N is given by:

y(m)= ia(n)y(m—n)+g;b(n)x[m—n)

n=1

In this question the design of an IIR filter of order 2 will be outlined using switched current
cells. This is a low-pass filter with a break frequency £, =0.35f; (f; is the switching
frequency). The filter nominal pass-band gain is unity. The filter coefficients are:

] a(j) b()
0 | — 0.44
1 0.76 0.88
2 0.45 0.44

(a) Draw a block diagram of such a filter, in terms of unity delay elements, gain
elements and summing junctions. [3]

(b) Design a switched current “pranching element” cell which for a given input
generates two outputs each equal to half the input. Discuss the effect of
transistor mismatch. [5]

(©)

i)  Use the divide-by-two branching element from part (b) to design one of the filter
coefficients of part (a) to a coefficient absolute tolerance of 5107 . Draw your
circuit diagram in terms of branching cells, NOT in terms of transistors. (hint:
you will need to construct a binary representation of the filter coefficient by
multiplying it by a suitable power of 2, and use several branching stages).

ii) Estimate the number of control clock phases required for each coefficient.

iii) Estimate the number of transistors, including switches and bias current sources
required to implement the filter using this technique.

iv) Estimate the number of phases needed to run this filter. If the transistors have a
transit frequency of 10 GHz, what is the maximum signal frequency the filter can
handle? Explain your answer.

[12]
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Question 2

In this question “x” denotes the current input terminal of a current conveyor, and “y” denotes
the other input terminal.

()

(b)

Describe the function of an ideal 3™ generation current conveyor, and write an
equation relating the voltages and currents at its terminals. What is the application of
the CCIII? [5]

i)  What is the terminal impedance of an ideal CCIII on the “x” terminal if the “y”
terminal is grounded?

ii)  What is the terminal impedance of a CCIII on the “y” terminal if the “y” terminal
is grounded?

iii) Without drawing a circuit diagram describethe kind of feedback connections and
the magnitude of the loop gain of each required to approximately obtain the
terminal characteristics of an ideal CCIII using real devices. Discuss the
consequences of such a circuit topology. [5]

Draw the circuit diagram of a current difference amplifier of gain +10 using only CCII-
current conveyors. [5]

Use your result from Question 2(c) above, together with any other current conveyors
needed to design a differential-to-single-ended current mode 2™ order active high pass
filter following the Sallen-Key methodology. [5]
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Question 3

In this question CFOA means Current feedback op-amp

(b)

©

(@)

iii)

iv)

iii)

Write a matrix equation describing the output of an ideal CFOA in terms of its
inputs.

Write an equation for the transfer function of a CFOA with a finite
transimpedance, but otherwise ideal.

Draw a circuit diagram for a non-inverting voltage amplifier constructed around
an finite gain but otherwise ideal CFOA.

Write an expression for the gain of this amplifier in terms of the CFOA gain and
any resistors used. What is the limit of this expression as the transimpedance
goes to infinity? [5]

Write an equation describing the frequency dependent transfer function of a
realistic CFOA in terms of its inputs. Include the effect of a finite, frequency
dependent transimpedance only.

What is the low frequency gain of this model? What is the bandwidth? What is
the gain-bandwidth product? [7]

Extend the model of part (b) to include a finite input impedance at the inverting
input. Assign a single pole model, at a time constant 7,, to this input impedance.

Show that the resulting non-inverting amplifier is a band-pass filter. Calculate the
centre frequency and quality factor of this filter. Assume the low frequency
transimpedance is much larger than any other impedance in the problem.

Comment on your result. How does the filter Q scale with the ratio of the input
pole frequency (typically GHz) to the transimpedance pole frequency (typically
kHz)?

(8]
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Question 4

(a) Derive the bipolar translinear principle with reference to a loop containing
2m base-emitter junctions. State all the assumptions that you make and list
the conditions which must be satisfied in order for this principle to be valid.

3]
(b) Compare the translinear principle relations for the MOS and the Bipolar
cases (2]
(c) Figure 4.1 illustrates a translinear circuit whose differential current output
realises a trigonometric approximation.
(i)  Express the currents I; and I, interms of / and 7I,. [3]
(i) Next, express the differential output 1, =1, in terms of 7 and I, and
3
show that when I, =y holds: I, -1, =§%V—J;)I . You may assume
Ty
that the transistors’ beta value is large. [4]

|2ll I
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Y
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ra——

Figure 4.1
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(d) Figure 4.2 illustrates a translinear circuit whose output current /, can
implement a variety of trigonometric approximations.

(i) Express the current 7, in terms of 7, and the output current 7, .

2]
(i) Next, express the output current /, in terms of 7,7, and the emitter
area 4. [3]
(iii) Determine the emitter area 4 so that
L Ay
I,=1.051+3451; +0’7[%_TX2—}' (3]

i

e, AT

)
L
E

Figure 4.2
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Question 5

(@) Figure 5.1 illustrates a general companding circuit.

Figure 5.1

(i)  Derive the condition under which the circuit operates as an input-output
linear integrator. [2]

(ii) Ifthe input signal X is a current of value I, and the output signal Y is a

current g(V. ) = Iptanh(aV, ) with a = VT_I and I a constant with
dimensions of current, determine the function f( ) which ensures that the
circuit operates as an input-output linear companding integrator.

(2]

(b) You are given the following state-space:

St )=y 1t ) ¥, %y (E)

J;_,(t)=—2030x;(2‘)+a70 x,(t)+w, U(t)
Y(t)=x,(1)

where U(t)denotes the input, y(t) denotes the output, x,(7)and x,(t) are
state variables and a dot above a variable denotes time-differentiation. The input
U is tuned appropriately to initially start oscillation.

(i)  Show that the transfer function of the above oscillator is provided by the
2
relation: H(s)= —20 [3]

s* +w,’
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V.
(ii) Using the exponential mappings x ; =/, exp[y—jJ (j=12) and
T

14 . :

U=lg exp(V—UJ show that the above linear state-space equations can be
T

transformed into non-linear log-domain design equations (/¢ denotes the reverse

saturation current of a bipolar junction transistor). [6]

(iii) Sketch the transistor level implementation of the log-domain oscillator
which realises these design relations and choose DC bias current values to

give an oscillation frequency o, =27 (5x10° )rad/s. You may assume
that all capacitors to be used are of value 7.5 pF. [7]
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Question 6

(a) Derive and sketch the adjoint network of a resistor, a nullor and a voltage
amplifier [6]

(®
(1)  Figure 6.1 illustrates a typical current amplifier. Show that

4, (} + ﬁj
Tour R,

= ——————— with 4, denoting the gain of the amplifier.

fin 4+ (I + &]
R:’

out

R

3]

R1 R2

Figure 6.1

(ii) Figure 6.2 illustrates a current-mode Sallen-Key filter. Based on the
results you derived in (i) show that its transfer function is provided by the

relation Lo (s) = 2 2 where G =1 +& and 4, >> 1.
L,(s)  (RCY s +(3-G)RC)s+1 R,
[5]
¢ [
slan
iOIJt J
R R
Jf?vv»—-—w\/\,r‘? . e |
c —[ i !
R
R‘I
Figure 6.2
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(c) Figure 6.3 shows the architecture of a simple current-follower, where the
Symbols CM represent current-mirrors with an arrow marking their input side.

(i) Derive expressions for d.c. input offset voltage and small-signal input
resistance at node X. [2]

Explain with the aid of a diagram in each case, how the circuit can be modified to:

(ii) Reduce the d.c. offset without increasing the small-signal input resistance
(2]
(iii) Reduce the small signal input resistance without increasing the
value of /. [2]

I, ‘“C{ID—

R _< cM

1. <«—out
X .Lln. .____ ,.____.
¢ e

B

| CM

=

._
Figure 6.3
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ANSWER Ql:
a) [bookwork] ~
x(m)
b{n) bi2) b(1) by 0]
T e T gl —» y(m)
Z,q(m) Zy(m) Zy(m)
—afn) -a(2] —a(l)
3]
b) [computed example]
I Phase 1 Phase 2
O
I L,
QA & -«
S Qi 5
2
Q:
[3]
Transistor mismatch has the effect that 7 = é(l +g),1, = %(l —¢€)
(2]
¢) [computed example]
A binary representation of a coefficient can be implemented by the branching elements.
Each stage needs a separate phase, so an N-bit representation needs N phases: For
example, 0.88 = 0.11100001 in the required 8 bit accuracy.
(2]

A block diagram of a circuit which can do this is:
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S1 -
S2 S3
I s4 _
gy = T HO—
ﬁlg: o
S5
— I S6 S7
([
ﬁzl._' . (52
=T

[4]
Similar circuits are needed for each of the other 4 coefficients.
The coefficient itself needs 8 phases (1 for each bit, plus an extra one for the signal
duplication so that 1 copy is fed to the coefficient and 1 to the delay element.
This is 9 phases in all:

[2]
To estimate the number of transistors, each duplicator is 2 memory + 6 switches+2 current
bias sources = 10 FET x8 =80
Each delay-duplicator has to be a CCI so it is another 3 memories +6 switches+ 3 current
sources=12 FET x 6 =72
So the total circuit has about 152 transistors and 9 phases.

[2]
The transistors need to settle to 0.005 so each subphase (9+1=10 in a period) needs to be
such that

e >0995 > T >

.For f, =10GHz = T 2126ns . The sampling frequency

007 £,
needs to be 10 times lower than the switch phase frequency, i.e. f, < l 2; =796kHz
26us
and the Nyquist frequency is again half this so f,, =388kHz
[2]

Note: Partial of full credit will be awarded for any reasonable answer to these estimates.
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ANSWERS Q2:

a) [bookwork]

£ T8 =1 e 1

'T n o /e

v.|=|1 0 ofi ie,-f*}\ L
i o il e o g [ e

i| o 1 o]y, "I A il

This is an ideal current meter. The two inputs together behave like an ideal node

[5]
b) [interpretation of theory]
From the behavioural equation, if y is grounded, v, =0=Z_=0.
Similarly, if x is grounded, v, =0=Z =0.
To obtain zero terminal impedance on the terminals we need unity gain positive feedback
connected in series with each of the inputs. Since the output is required to be a current
source the connection at the output side is a shunt connection. So a series-shunt positive
feedback connection at each of the inputs is required. The opposite current polarity
requires an extra inversion in one of the feedback connections.
Such a circuit is likely to be unstable in a real implementation. Alternatively, a very large
loop gain shunt-series connection is required, severely restricting the bandwidth of the

device.
(Note: Either answer will be accepted as correct)

[5]

¢) [computed example]

—
+ Input=l, -

7.=7,

V,=-ik,

b= (Il - Iz)Rl

) . _R

i,=—i, ==L(I,-1,)= R, =10R,

R,

[5]

d) [computed example]
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" (o), H=1

.

(c),H
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ANSWER Q3.
a) [bookwork-+extensions]

NONINVERTING INPUT ]

INVERTING INPUT —

v,. =21, foranideal CFOA Z, =.
The non-inverting amplifier diagram is the same as with a voltage op-amp:

af §

V.. =Z,Iand the gain goes to infinity as Z, — oo, with the input current out of the

aur

inverting input. The inverting input voltage follows that of the non-inverting input.

Since:
V.=V,
V-V g
:'_+—V;+Q’—)‘=0 :G:fﬂﬂizzr i*&-i l+é
R; R E, Ry Re R:
I/:m' =_Z?'f—

limG=1+%sG0

Z—w .
G

[5]

b)Let Z, = Zo . Then,
" l4sr

G:K”” =i L_]_L 1+ Zo = ZU Go s
V. 1+st\ R, R, R.(1+s7)) R.+Z, ]_,______‘SL_SZ-

Re+Z,

. The low frequency gain is clearly:

G
G(0)=—2—
(0) RAZ 41

the bandwidth: o, = -1-(1 +i} = % depends only on R,., an the gain bandwidth
T 3 TR,

product is:
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@,G(0)= G % 1+ 2 , which is clearly not a constant.
R./Z,+1 7R\ R

7

[7]

c) we allow for a finite R, =R, /(1+s7,):
V.=V, +iR,

4 ' ; .
AN A/ e :56:@:2?(;1‘] /(H&A,F_Z_L]
RG R!" V; Rc: RF R(r' RF RF

Z,G, R. G, Z Zi3, Z; G,
=G = 1+ 22 =
7 R',, RF .R +GR +Z (1+Sf)R,+ RnGU + Zn
" l4st, l4sT
Z,G,y (1+ 7))
"R, (1+57,)(1+57)+ R,G, (1+57)+ Z, (1+sz'})
Z,G, 1457, _ The
R +Z, +GR(J R,_.(r+r,)+GOR0r+££L gig? Retn
R.+Z,+G,R, R.+Z,+GyR,
LPF + BPF , both 2nd order.
with G, =1+ 3¢
RG
two filter transfer functions share natural frequency and Q:
i 1+Z,/R,.+G,R, /R, 0= R.+Z,+G,R, 7T,
’ 77, "% R.(r+7,)+G,Rr +Z,r, \1+ Z, /R +G,R, /R,

if Z,is by far the largest term, as is usually the case,

. 1+Z,/R,. +G,R /R, _
" 77, - R *rrl

An attempt to increase the bandwidth clearly increases the Q, as does an attempt to
overcompensate the amplifier. The break frequency now varies with the square root of R,
and the gain-bandwidth product is:

GBP = ZyGy \j Z, = \/ Z,Gy much closer to a constant.

R.+Z,+G,R, R.7T,
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