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above a milliamp. For p-n-p transistors the
situation is even worse, because P is very
sensitive to collector current for p-n-p
planar transistors, falling to extremely low
values (= 10) at currents above several
milliamps. The uncertainty due to Vg,
however, is slightly reduced, since in gen-
eral p-n-p transistors have tighter Vpg
matching.

The performance of a two-transistor
mirror can be greatly improved by the
addition of a third transistor, as in Figure
4, resulting in the standard Wilson current
mirror. The third transistor Tr; fulfils two
roles; the first of which is to buffer Tr;
from changes in collector voltage and re-
move to a large extent the voltage sensitive
component in the current transfer ratio .
Changes of collector voltage have much
less effect on Try because it is effectively
current driven from its emitter. The
second improvement arises from the redis-
tribution of base currents within the cir-
cuit, bringing the current-transfer ratio
much nearer to unity. Figure 4 shows that,
to a second-order approximation, the input
and output currents are now equal. In a
similar fashion to Equation 1, the current-
transfer ratio for a three-transistor mirror
can be represented by:

ha=1+2(ABPBH £ (Vog/ V) — Vie/(Vido.7

where [} is the mean of the transistor cur-
rent gains, Af represents the spread of B
values for the three transistors and (Vo7
i1s the Early intercept voltage evaluated at a
Veg operating point of approximately
0.7V, as this is the difference between the
collector voltages of Tr; and Tt in a three-
transistor mirror circuit. The improve-
ment in the current-transfer ratio in this
equation is largely due to a reduced de-
pendence on 3 and the small voltage
difference (= Vgg) between Try and Tr,.
A spread of £20% in current gains for the
three transistors in the mirror would
produce error components of +0.2%,
+1% and —1% or, overall, approximately
+0 10 ~2% tolerance. Texas Instruments
have recently introduced monolithic three-
transistor Wilson current mirrors exhibit-
ing a current transfer ratio accurate to
within 1% of unity up to a milliamp, with a
voltage capability of 35V (TL 011). Also,
by paralleling transistors within the mir-
rors they have produced circuits displaying
halving, doubling and quadrupling func-
tions (TL 021, T1012 and TL 014).
Further improvements in mirror per-

formance can be obtained by the introduc-
tion of a fourth transistor to equalize the
collector veltages of Tr; and Tr», as shown
in Fig. 5. Note that the same symbol can
be used to represent current MIrrors, irres-
pective of the number of transistors used.
The only errors remaining now are due to
finite. § and base-emitter voltage dif-
ferences, giving:

ha= 1= 2(ARBHE(Vos Vo)
producing, tvpically, for the CA3096AE
Arrav:

rg=1£0.1%%1.0%=1+1%

A comparison between the three- and
four-transistor mirrors is given in Fig. 6.

Fig. 5. Fourth transistor equalizes input and
output collector volitages, further reducing
unbalancing influences.

RCA CA3096AE transistor array

Transfer ratio

I v
in 0 A3 A,
2V 0-995 | 1001
100pA
v 0-996 | 1-001
2V 0-990 | 0-999
1TmA
10V 0-991 1:000
2V 0886 | 0991
10 mA
10V 0890 | 0-994

Fig. 6. Table shows improvement in
tolerance to current and voltage variations
between circuit of Fig. 4 and that of Fig. 5.

+V

Fig. 7. Voltage-controlled current source. lo
is proportional to V,,,.

+V

V. O—AAN

in

-V v,

Fig. 8. Shunt feedback instead of the series
type in Fig. 7 produces in verting v.c.c.s.

The two sets of results were taken from
the circuit of Fig. 5, with the currents
measured directly by 4Va-digit digital
meters. Transistor Try was then shorted
out to obtain the results for a three-tran-
sistor mirror. In both cases it can be seen
that the current-transfer ratios are held
very constant against output voltage
changes. The removal of the Early in-
tercept voltage error component (approxi-
mately —1%) from the four-transistor cir-
cuit is evident. In addition, the current
transfer ratio is maintained to higher cur-
rent levels because of the increased p buf-
fering action with the four-transistor mir-
ror. At 10mA it is still within 1% of unity,
whereas the three-transistor version has
fallen to approximately 90%. These factors
make the four-transistor modified Wilson
mirror the best choice for circuit designs,
both discrete and monolithic. For preci-
sion circuits MAT 01 AH matched tran-
sistor pairs (Precision Monolithics) can be
used for Tr) Try and Try Try to give a
current-transfer ratio of unity to within
0.4%, due mainly to their very close Ve
matching.

Current mirror applications

In many applications it is desirable to
control the output current rather than the
output voltage of a circuit, especially when
driving reactive loads or current-activated
transducers. For example, a controlled
current is required to produce a defined
magnetic field from an inductive coil. It is
not always feasible to voltage drive the load
through a high-values series resistor, parti-
cularly if a significant back e.m.f. is gener-
ated. (An appropriate example could be
that of a recording head for magnetic tape
and cassettes.)

Unfortunately, all the standard texi-
book circuits for producing controlled bi-
polar output currents from ordinary opera-
tional amplifiers using grounded sources
and loads suffer from serious practical
problems, usually due to the extremely
tight matching required for the resistors
controlling the balance of negative and
positive feedback *. Circuits requiring
non-critical resistor matching that produce
superior results can be designed using
four-transistor current mirrors. Both
transconductance and current amplifier
configurations are possible, normally
termed voltage-controlled current sources
(v.c.c.s.) and current controlled current
sources (c.c.c.s.) respectively.

Figure 7 shows the circuit of a bipolar
transconductance amplifier (v.c.c.s.) using
both n-p-n and p-n-p current mirrors
where the outpur will be proportional to
the input voltage. The RCA CA 3096 AE
transistor array contains three n-p-n and
[wo p-n-p transistors, which means that
IWo arrays are required to construct a posi-
tive and negative four-transistor current
mirror pair. The current mirrors are used
to sense the operational amplifier’s supply
currents which, apart from the nearly con-
stant bias currents, are proportional to the
output current *. A copy of the output
current, whether positive or negative, is
thus fed back to the inverting input termi-
nal to be compared with the input voltage.







