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E4.16 CURRENT MODE ANALOGUE SIGNAL PROCESSING

L a) State the translinear principle for a circuit containing loops consisting entirely
of base-emitter junctions of bipolar transistors. Assume that each transistor has
a different area. Comment on how the effects of collector voltage variation and

finite B errors can be accounted for.

[5]

b) [dentify input and output currents in figure 1.1(a) Write equations relating the
currents in figure 1.1(a) assuming that current gain and collector voltage errors

are negligible. [5]
c) Show that the currents in figure 1.1(b) satisfy the following equation:
L-1 Li+h
[5]
d) Suggest how the circuit in figure 1.1(b) can be used as a mixer which can mul-

tiply a small differential RF signal with a bigger local oscillator signal. [ 5]

IB

(a) (0)

Figure 1.1 Translinear circuits for question 1.
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d)

e)

State the definition of the adjoint of a network [5]

State the transformation rules by which we can derive the adjoint of a voltage
mode circuit. [3]

Derive the current mode equivalent of the band reject filter of figure 2.1. As-
sume the voltage amplifier has a gain K and ideal terminal characteristics.

[7]
Modify the circuit of question 2.c) so that it has ideal current mode terminal
characteristics. [2]

How can the circuit of question 2.c) be used as a Voltage Mode circuit? [3 ]

[ Total: 20 ]

_o%ur
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Figure 2.1 Schematic of filter for question 2.c)
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d)

Define the two types of second generation current conveyor (CCII) in terms of
their voltage - current characteristics. [4]

Which common device is an approximate small signal realisation of one of the
CCII types? How does the small signal behaviour of this device deviate from
the behaviour of an ideal CCII at DC and as frequency increases? [2]

Draw schematic diagrams for the following circuits implemented with second
generation current Conveyors:

i) Finite gain current amplifier [3]
i) Ideal current integrator [2]
iii) Lossy current integrator [2]
iv) Summing current amplifier [2]

Use the subcircuits of question 3.c), and any other subcircuits you may need, to
derive a block diagram for a CCII implementation of a current mode version of

the filter of figure 3.1. [5]
[ Total: 20 ]
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AAA R
__l - "_
Vio C |
.—I' . < R C R
. LAA— R
- ®
Vl)llt

Figure 3.1 Voltage mode filter for question 3.
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4, Consider the circuit in figure 4.1.

In this question § = q/kT = 1/Vy, with V;p = 26mV the thermal voltage at room tem-
perature. Other symbols have the meaning shown in figure 4.1.

a)

b)

d)

Use the translinear principle to derive an expression relating the collector cur-
rents of the 4 transistors. Express I. in terms of £, low, Io and U. Assume the
transistors are all identical and have infinite current gain. [2]

Prove that
dlout _ Blowud,

[3]

Prove that the output current satisfies a differential equation of the form:

dlout
d + 0o = ﬁffﬂ (42)
t
Express the constants o and B in terms of the thermal voltage, bias currents
and the node capacitance. [4]
Derive a state space model for a second order high-pass filter of equation 4.3
using ideal integrators. [5]
2

st § (4.3)

T x(s) T s242{swy+ @}

Draw a block diagram to show how the filter in question 4.d) can be imple-
mented using two log-domain cells like the one in figure 4.1. Specify Iy, U
and C for each cell so that @y = 100MHz and ¢ = 1. Specify any "“black box™
circuits you need to implement feedback connections. The filter you design

should have voltage mode terminal characteristics. [6]
[ Total: 20 ]
Vee
I
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P

Figure 4.1 A filter unit cell for question 4.
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5. a) Draw a block diagram for the current feedback op-amp (CFOA), using voltage

buffers, current mirrors and passive components. [3] [ .
b) Write an equation for the frequency response of the open loop/gain of the V Ve Q"\‘C‘%Q *
CFOA. Explain why, in many applications, the CFOA does not exhibit a con- l1vas
stant gain-bandwidth product. (3]
c) Derive an equation for the DC voltage gain of the circuit in figure 5.1. What
roles do the two resistors play in determining the gain and bandwidth of the
amplifier? [3]
d) Why is the slew rate of the CFOA large? [3]
e) Draw schematic diagrams to show how the following building blocks may be
made out of current feedback op-amps and passive components:
i) Unity gain voltage buffer. [2]
i) Differentiator. [2]
iii) Integrator. [4]
[ Total: 20 ]
Vin & +
CFOA
—_ Vout
R,
R,

Figure 5.1 A current feedback op-amp circuit for question 5.
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d)

Draw a schematic diagram for a first generation current copier. Describe its
operation and comment on its limitations. [3]

Draw a schematic diagram for a second generation current copier (SI cell);
explain its operation. What is its main advantage relative to the first generation

copier? [3]

Explain 3 limitations of the second generation SI cell and describe, using appro-

priate circuit diagrams, methods used to reduce the effects of these limitations.
[ 3 each]

Comment on how the considerations listed in question 6.c) will limit the max-
imum signal frequency in an application where filter coefficients need to be
realised with a high relative accuracy. [5]

[ Total: 20 ]
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Ql:
a) [bookwork] In a closed loop containing :
- an equal number CW and CCW pnp BE junctions
- an equal number CW and CCW npn BE junctions
- all transistors at same temperature
the collector current densities satisfy:

I I

HAC, =HA,

neC’W n,eff neCCW n.eff
The effective areas can be used to account for drain voltage:
A, =A(1+V,IV,)

If the emitter current appears in a circuit then, clearly, 1, =1.(f+1)/

b) [computed example, taught] Inputs: I, , I , Is . The rest are outputs.
L+l =1=2I,=1=1I, (1+y),13 =1 (l_y)

L =1
I =1,
L=l =il
5, I I~y
Let the average of 1; , I, be I we can write:
I =1 (1+y)
I, =1, (l—y)

¢) [computed example, taught]

I,=L+1,=(1,+1,)(1+)

I,=L+L=(1,+1,)(1-y)

A —fm=(10+152)(1—y)—(10+152)(1+y)=(-(f1+12)—15)y}:>
Iy d; =—(1]+12)y

d) [exercise]

Apply the LO on Is and the RF on I; and I, . Then,

I y (I
I.=(L.-I.)=]|1 5 L—-I)=1,, +-LO"RF
IF ( 02 01) [ + Il +}.2 J( 2 1) RE + (IRF>

The lower the common mode RF signal the higher the gain.
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Q2: a) [bookwork] Two networks A, B are called adjoint if: Z(fof —I:Vf ) =0

(will accept for partial credit verbose descriptions)

[3]
b) [bookwork] Keep passives the same, Replace voltage amps by reverse current amps of
equal gain and vice versa, replace voltage sources by current meters and current sources
by voltage meters.
¢) [computed example]

[3]
2¢[
R | R
K lin
’outl _I C I_c-
1 R/2
' [7]
d) If the voltage amplifier is ideal then this has already an ideal current input. To also
have an ideal current output we need a transconductor at the output (left)
2]

e) To use this in voltage mode we need a transconductor at the input (right) and a
transimpedance at the output (left)

[3]
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Q3. a) [bookwork] CCII are inverting and non inverting
L 0 0 0|V,

¥

v.|=|1 0 o1

X

L| |0 £ 0|7

[4]
b) [bookwork] The MOSFET is similar to a CCII- . At higher frequencies Iy is
significant.
[2]
¢) [bookwork] i) Current amp
N

ii) current integrator:

I
‘—T Y cem+ | jour

R 1
Iout = TR ,[ Im.dt

Precede these with a current buffer (ground y, input at x, output at z) for better behaviour.
iii) lossy current integrator: use shunt RC in place of C
iv) x is a summing junction , connect currents to it via mirrors

[9]

d) [computed example]

Observe that block A and the feedback resistor form a lossy voltage integrator, block B
an ideal voltage integrator, block c a voltage gain cell. By superposition, Vi, contibutes to
Vout

RCV. : ; ; :
g— so that a current differentiator is needed as well. This would be same as

1+ RsC
integrator with interchanged R and C.
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4. a) [extension of taught theory]
=Ll =>LL=(L+U) ==L/, ~U

ouf

(2]
1 I dl dav. pl, I,
b) I =1 ¢ex V+—In| 2| |=LexppV,=>—2=], €z e
) ouf 5 pﬁ[ c ﬂ (I‘ )J 0 pﬁ & dt ouﬁ df C
[3]
dl I
out ﬁfu.rdff — ﬁ out (Im[o Jlf Iﬂm _U) =
¢) substitute in a) ar G C
dI ut ﬂ U /8 I!'n IU
R = Iou.‘ s
dt C C
[4]
d) [application] state space model:
2
S
H(s)=
(+) s> +24 5@, + @
y(s* +24 s, +@; )=5"x
if  is the solution of z (s2 +2{ sw, + a)(f) =u then y is the 2" derivative of z.
The state space decomposition of the unit response is:
I=w dlz 0 1 z 0
=>— |= ) +
Ww=i=y=u-2lww+w;z di|w| |-ap 20w, || w]| |u
[5]
e)
w Z
LDI2 LDI1 L

r 3

-

For both integrators U=0. Then, assuming we have unity gain inverters,

ﬁIDI ﬁffﬂ —_ wz
cC, ¢, | BI, o
b 0 -2 Assuming equal capacitors, [, =41,
ﬁIOZ — Cl
- 24‘&)0
(‘2

For the circuit to have voltage mode characteristics we need a transconductor at the input
and a transimpedance at the output.
[6]
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5) a) [bookwork]

G INPUT —
-~ Your

IGINPUT —

Z(I) is usually a mirror feeding into a high impedance node, typically a capacitor.
[3]
b) [extension of theory]

From V+to V-: £= :
¥.. L+
From V- to the high impedance junction: I—‘ = 1
i l+srt,

The transimpedance is typically a capacitor. Finally there is another buffer, presumably
similar to the one at the input. To lowest order,
Zoi= You _ ——-—ZO :

" i 14T, L4t

This is NOT a dominant pole amplifier and cannot be expected to manifest a constant
GBW product.

[3]
¢) [bookwork]

(Vm«r =V _vi] 7 = Vum — ng {l __Z_} = -—vmzu
R, R, R, R R,

In the limit Z > =

Vou —1 +%. R2 sets the bandwidth, R1 the gain.
V. 1

d) [bookwork] The slew rate of an amplifier is determined by the maximum current
available at the high impedance capacitive node. In the CFOA this current is the input
current mirrored, unlike the op-amp where it is limited by an internal supply.

e) [design, extension of theory]

i) Voltage buffer: The previous circuit with R2=0

ii) Differentiator: Use an inductor in the feedback path, or an HPF at the v-input.

iii) Integrator. Cannot use a feedback capacitor, since it would lead leads to an increasing
feedback current with frequency. Given that there are 3+ poles in the forward
(transimpedance) path it follows that the oscillation condition can be satisfied with C in
the feedback.

To make an integrator one can use a passive LPF at the voltage input terminal of a
CFOA.
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6. [mostly bookwork — I do not expect the semi-quantitative analysis for full credit]
a) 1* generation copier: M1 memorises, M2 copies.
Transistor match important

3]

It is a sample and hold, does not matter what the memory device is. Complexity: 2 clock
phases.
[3]

c[bookwork, interpretation]
i) Drain voltage variation: Gain error due to channel length modulation. In memory cycle
input admitance is

in= &m
in the output cycle output admittance is
1701.‘-‘ = AIJ
A cycle reading from a source of Z, and writing to a load Z, would lead to a current gain
correction
i B 1

i, Zg,+11+Z,A1,
A level difference between input and output can also lead to a gain error.
Cascoding is one way to reduce this effect.
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Ro = gmaTusiTes2
N . [3]
ii) Charge injection
Switches are not ideal relays, but transistor circuits. This means that the gate currents of

the switches add onto the signal currents so that 8i = @C,v,,,, - So the charge injection

current error is proportional to the switching frequency. Charge injection errors are
reduced by use of dummy switches operated in antiphase with the main switch:
Dummy switch compensation

1 1x°
T 7

3]
iii) Settling time
Both at input and at output mode there will be an single pole low pass response for signal
to settle. Typically the input settling will be

but there is only half a period available for the signal to settle. Can be

T, =

2n fr
partially corrected by measuring the discrepancy between signal and memorised version,
as in the S7I cell:

4 clock phases are now required, and the signal frequency is effectively constrained to %4
the master clock frequency.

[3]
d) [interpretation of theory] I look for interpretation here. To correct channel length
modulation error, we will assume a chain of identical cells so, in each cycle the gain is:

iy 8nZ, 1 g AL+l 1 _[x]z_l_L
i Zg +11+Z,Al, g, /A, 1+Al,/g, \l+x

in

fr

x being the FET intrinsic voltage gain. x ==L . cascoding increases the max voltage gain

t0 X, =X With a cascode cell we still need £, < f, /100

cascode
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3
. Tt
The settling time introduces a gain of H =sinc {—ﬂgﬂJ =] —%{—M] so that

W AW

. : 1 S A :
approximately M < 35" Algorithmic corrections make the error smaller but introduce

a factor of 2 reduction on the signal frequency relative to the switching frequency.

Finally, charge injection adds a constant error term. We can estimate:
ol wa C. V..

inj W gs 5 f 2 3
CU_\.,g my LN f;.'g = Lo
5Ixa’g = @ gml/;)f) 5‘{\-!;: a).wg(o’." f T

W

meaning that the charge injection error gets worse the higher the ratio of the switching to
signal frequency.
[5]
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