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[57] ABSTRACT

In a known variable impedance circuit with the variable
impedance established across junctions of transistors
connected in two branches between a control current
source, for variably forward-biasing the junctions, and
an equalizing circuit for equalizing the currents in the
branches, the balance of the circuit is upset when an
amplifier connected to one branch draws input bias
current therefrom. This problem is overcome by a tran-
sistor connected to the other branch to draw a matching
current from the second branch. Transistors may be
connected to both branches to increase the currents in
the equalizing circuit and thereby improve the opera-

tion thereof when the control current is reduced to a

low value for obtaining a high impedance.

S Claims, 4 Drawing Figures
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ELECTRICALLY VARIABLE IMPEDANCE -
R CIRCUITS R

The present invention relates to an electrically vari-
able impedance circuit of the known type using forward
biased semiconductor junctions to provide an electri-
cally variable impedance at an input terminal of the
circuit. By utilizing the junctions in matched sets con-
nected in a balanced configuration, it is possible largely
to prevent the electrical signal controlling the imped-
ance from becoming mixed with signals applied to the
variable impedance.

Examples of the known type of circuit are disclosed
in U.S. Pat. No. 3,761,741. Under ideal conditions these
known circuits are capable of performing satisfactorily,
but two problems often prevent attainment of the ideal.
The first problem arises when the input terminal is con-
nected to an amplifier or other circuit which draws a
non-negligible input bias current. This current creates
an offset of the potential at the input terminal, the poten-
tial offset being determined by the product of the input
current and the value of the controlled impedance. The
offset potential varies as the controlled impedance is
varied by a control current and, hence, isolation is lost
between the control current and the signal imposed on
the input terminal; the circuit is no longer properly
balanced. - .

According to the present invention, there is provided
an electrically variable impedance circuit comprising a
source of a variable control current feeding first and
second circuit branches connected to a circuit tending
to equalize the currents in the two branches, each
branch including at least one three-terminal semicon-
~ductor device connected in the branch by way of first
and second terminals with further terminals of the de-
vices interconnected via junctions of the two semicon-
ductor devices and the point common to the two
branches, the junctions being connected back to back
and variably forward biased by the control current to
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provide a controlled impedance between a first one of 40

the further terminals corresponding to the first branch

and serving as a voltage reference and the second one of

the further terminals corresponding to the second
branch serving as an input terminal, and a first further
semiconductor device connected to the first branch to
pass a predetermined current establishing an offset be-
tween the current in that branch as determined by the
current equalizing circuit and the current passing be-
tween the first and second terminals of the semiconduc-
tor device 1n the first branch.

In particular, the first further semiconductor device
can match the input stage of the amplifier or other cir-
cuit connected to the input terminal so that the currents
drawn by the input stage and by the first further device
will always be at least approximately equal.

The second problem arises when the control current
is reduced to a low value. The action of the current
equalizing circuit then tends to fail. This second prob-
lem is overcome by providing a second further semi-
conductor device connected to the input terminal to
draw bias current, the two further devices both acting
to increase the current in the current equalizing circuit
relative to the current through the semiconductor de-
vices in the first and second branches.

If the circuit connected to the input terminal does not
draw any appreciable current, the currents drawn by
the first and second further devices should be equal. If
the current drawn by the circuit conected to the input
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terminal 1s not negligible, the current drawn by the first
further device should equal the sum of the currents
drawn by the circuit in question and the second further
device.

The invention will be described in more detail, by
way of example, with reference to the accompanying
drawings, in which:.

FIG. 1 is a diagram of a known circuit; and

FIGS. 2 to 4 are diagrams of circuits embodying the
invention.

A basic known circuit as described in U.S. Pat. No.
3,761,741 1s shown in FIG. 1. In the following brief
description it will be assumed that the current gains of
the transistors are high and that, therefore, collector
currents are equal to emitter currents, while base cur-
rents can be neglected. It is further assumed that Q3 is
identical with Q4 and Q1 with Q2.

The circuit comprises a controlled current source 10
whose current I, divides between two branches 11 and
12 including npn transistors Q1 and Q2 respectively.

Q3 and Q4 form a current equalizing circuit in which
a current drawn through Q3 results in a substantially
equal current flowing in Q4, because of the common
base and emitter connections of Q3 and Q4. In practice,
more complex current equalizing circuits are used, but
the principle of operation remains unchanged. (Again
see the aforementioned U.S. patent specification).

When a control current I,is drawn from the emitters
of Q1 and Q2, a current I, is set up in Q3, and hence by
current equalizing action the current I, in Q4 and Q2 is
equal to I,; . Since Q1 and Q2 have equal collector
currents, their base-emitter potentials must also be the
same. Thus, in the absence of an externally imposed
signal, the input terminal 13 (base of Q2) remains at
ground potential irrespective of the value of control
current I,, assuming that the reference potential on the
base of Q1 is ground, as shown.

If a signal voltage v;is applied to the input terminal
13, a signal current i, will flow. The ratio of v;to i is the
impedance R, observed at the input terminal and deter-
mined by the forward biased base-emitter junctions of
Q1 and Q2. This impedance is approximately inversely
proportional to control current I..

It may be necessary, particularly in integrated cir-
cuits, t0 connect the input terminal 13 of such a con-
trolled impedance directly to the input of an amplifier,
and this amplifier may draw input bias current I from -
the input terminal. The bias current will result in an
offset potential of size IzR ,away from ground, and since
R, varies with the control current I,, this offset will vary
also. Hence, isolation is lost between the control current
I, and the signal imposed at the input terminal; the cir-
cuit is no longer balanced.

In integrated circuits incorporating the configuration
of FIG. 1 or its more complex derivatives, the current
equalizing circuit may employ devices (normally pnp
transistors .as shown), the matching of whose current
gains i1s degraded at very low emitter currents. There-
fore, at very low control currents, typically a micro-
amp or less, the current equalizing action fails and the
input terminal no longer remains at ground potential.
Again isolation is lost between the control current and
the signal applied to the input terminal.

When the imbalance is caused by current I being
drawn at the input terminal, whether as an amplifier
Input current or otherwise, the asymmetry can be elimi-
nated in the embodiment of the invention shown in

FIG. 2 by drawing an equal current out of point 14 in



4,066,914

3

the branch 11. As above, the control current I, gives rise
to Q1 collector current I, but now the current in Q3 is
I.. + I This is mirrored in Q4, so that

c2 = (Icl -+ IB) IB = Ir:I

As before, the currents in Q1 and Q2 are equal, and
the potential of the input terminal 13 remains at ground.

Typically, the current 1z causing the original offset is
the input base current of an amplifier with an input stage
of the form shown in FIG. 2. The long-tailed pair con-
figuration may use Darlington-connected transistor
pairs in the Q5 and Q6 positions to reduce the magni-
tude of the base current and increase the input resis-
tance (as shown in FIG. 3).

The correcting current sink to be connected to point
14 may then consist of another substantially identical
amplifier employing transistors matching their counter-
parts in the first amplifier, and, therefore, having an
equal input current. However, such complexity i1s usu-
ally unnecessary, and the correction circuit may instead
resemble half of the input stage of the amplifier, as
shown in FIG. 2, Q7 should match Q5 and Q6 of FIG.
2 and carry a current 17/2 equal to that of QS, i.e. half
the total current I,-carried by QS and Q6

Clearly if the unbalancing current is of opposite
polarity, for example through the use of pnp transistors
in the amplifier input stage, the same method of re-
storing symmetry may be employed, with reversed
polarity of compensation current.

If asymmetry occurs at low values of control current
I, through failure of the current equalizing circuit Q3,
Q4, it is possible to improve balance by increasing the
minimum currents through the transistors Q3 and Q4 by
drawing equal, normally but not necessarily fixed cur-
rents Iz out of points 13 and 14, by connecting Q8 to
point 13. Since the value of variable impedance R, is
dependent on the currents in Q1 and Q2, and not on the
currents in the current equalizing circuit, the extra cur-
rent sinks do not affect R,. Since the minimum currents
in the equalizing circuit are now equal to or greater than
Iz the current equalizing circuit never works at such
low currents that its operation fails. |

It is to be understood that if there is no problem aris-
ing from low currents in Q3 and Q4, it 1s not necessary
to include Q8. This alternative is illustrated in FIG. 3. If
Q8 is employed, the current Iz drawn by Q7 should
equal the total current drawn by Q8 and whatever cir-
cuit, such as QS, is connected to the terminal 13. If the
circuit connected to the terminal 13 in fact draws no
current, then Q7 and Q8 draw equal currents Ip. This
alternative is illustrated in FIG. 4.

In the circuit shown in FIG. 3, the amplifier con-
nected to the input terminal 13 and drawmg the input
bias current Izis shown as a long-tailed pair with com-
bined emitter current 1 determined by a transistor Q9
and its emitter resistor R1. The two halves of the long-
tailed pair are formed by Darlington-connected transis-
tor pairs QSA, QSB and Q6A, Q6B. The compensating
current Iz drawn from point 14 is the base bias current
drawn by another Darlington pair Q7A, Q7B matching
Q5A, QSB and with emitter current I1;/2 determined by
Q10 and its emitter resistor R2.

In order to provide a higher value of the controlled
impedance, each branch 11 and 12 includes more junc-
tions 1n series with the base-emitter junctions of Q1 and
2, the additional junctions being represented as diodes
D although in practice diode-connected transistors are
employed, as shown in the aforementioned U.S. specifi-
cation. Because of the increased number of junctions
(four per branch in FIG. 3 and five per branch in FIG.
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4), it is no longer appropriate to make the reference
voltage on the base of Q1 ground potential. It may be
about half the supply potential + V. The current equal-
izing circuit is symbolized at 15.

The current source transistors Q9 and Q10 are
matched and have their bases connected together to a
bias potential of about two junction voltages above
earth. In order that the collector current I-of Q10 shall
be half of that of Q9, resistor R2 is approximately twice
the value of R1.

In FIG. 4, it is assumed that whatever circuit 1s to be
connected to terminal 13 will not draw any bias current
but that 1t is desirable to draw a current Iz of say, 4uA
from points 13 and 14 in order to maintain proper action
of the current equalizing circuit 15. 4 A current sinks
attached to points 14 and 13 are formed by matched npn
transistors Q11, Q12 with their bases conected together
to a small fixed bias potential (approximately 2V,,) and
their emitters returned to ground via matched 150 kohm
resistors R3 and R4.

I claim:

1. An electrically variable impedance circuit compris-
ing first and second circuit branches having a point
common thereto, a source of a variable control current
feeding said first and second circuit branches in parallel,
a circuit connected to said two branches and tending to
equalize the currents in said two branches, each branch
including at least one three-terminal semiconductor de-
vice having first, second and further terminals and con-
nected in the branch by way of said first and second
terminals, said further terminals of said devices being
interconnected via junctions of the two semiconductor
devices and said point common to said two branches,
said junctions being connected back to back and vari-
ably forward biased by said control current to provide
a controlled impedance between a first one of said fur-
ther terminals corresponding to the first branch and
serving as a voltage reference and the second one of
said further terminals corresponding to said second
branch serving as an input terminal, and the improve-
ment comprising a first further semiconductor device
connected to said first branch to pass a predetermined
current establishing an offset between the current in
that branch as determined by said current equalizing
circuit and the current passing between said first and
second terminals of said semiconductor device in said
first branch.

2. A circuit according to claim 1, wherein said input
terminal is connected to the input stage of a circuit
drawing bias current from the input terminal, and said
first further device matches said input stage so as to
draw substantially the same current from said first
branch.

3. A circuit according to claim 1, further comprising
a second further semiconductor device connected to
said input terminal to draw bias current, the two said
further devices both acting to increase the current in
said current equalizing circuit relative to the current
through said semiconductor devices in said first and
second branches.

4. A circuit according to claim 3, wherein said two
further devices are arranged to draw equal currents.

S. A circuit according to claim 3, wherein said input
terminal 1s connected to the input stage of a circuit

drawing bias current from said input terminal, and said

first further device draws a current equal to the com-

bined currents drawn by said input stage and by said

second further device.
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