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We, THE BriTisH BROADCASTING CORPOR-
ATION, a British Body Corporate, of Broad-
casting House, London, W.1, do hereby de-
clare the invention, for which we pray that
a patent may be granted to us, and the method
by which it is to be performed, to be par-
ticularly described in and by the following
statement: —

The present invention relates to means, in-

cluding a photo-controlled varistor (or
P.C.V.), for controlling the amplitude of elec-
trical signals. A photo-controlled varistor is
an assembly comprising a photo-sensitive re-
sistor arranged to receive radiation (such as
visible light) from an electrically driven
source of radiation.

A number of proposals have been published
which employ P.C.V. assemblies for limiting
compressing and expanding electrical signals.
In such processes it is the signal envelope
which is modified while the spectral content
of the signal waveform contained within the
cnvelope is not altered significantly.

The various devices employed are described
as input-controlled or output-controlled
according to whether the control signal is
derived from the input signal or output signal
respectively.

One difficulty that has been met with in
such assemblies is that it has not been found
possible to maintain the compression (or ex-
pansion) ratio N, which is defined as the
ratio of the decibel increments of output sig-
nal amplitude to the decibel increments of
input signal amplitude, constant over any
considerable range. The continual variation
of N, whenever the input signal level changes,
has been found disadvantageous. It is one
of the objects of the present invention to over-
come, or at least substantially reduce, this

difficulty.
[Price 4s. 6d.]
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It has been proposed to use as radiation
source 2 filamentary light source having a ther-
mal inertia sufficient to prevent it from follow-
ing current fluctuations baving frequencies in
excess of the syllabic rate of voice frequency
signals in a communication system.  For
many purposes such thermal inertia is not
acceptable.

According to the present invention, there
is provided a circuit having between input
and output terminals the photosensitive re-
sistor of a photo-controlled varistor arranged
to control the attenuation between the input
and output terminals, the source of radiation
of the varistor being a semiconductor diode
arranged to be driven in dependence upon
signals at the output or input terminals, and
the parameters of the circuit elements being
so chosen that, at least over a substantial
range of amplitude levels above a limiting
value, the ratio N of the decibel increments
of the output signal amplitude to the decibel
increments of the input signal amplitude re-
mains substantially constant at a value of sub-
stantially 1/2 or 2/1 or zero, according to
whether the circuit operates as a compressor,
an expander, or a limiter, respectively, over
said range.

Although for most purposes it is preferred
that the light-generating semiconductor diode
(e.g. Ga.P), should be one having a linear
relation between the driving current and the
radiation generated, and that the photo-sensi-
tive resistor (e.g. a Cd.Se photo-conductive
cell) should be one having a linear relation
between its conductance and the light flux,
the invention is not limited to such linear
devices. In the following description, how-
ever, linear devices will be assumed.

The invention will be described, by way

45

50

55

60

65

70

75

80



_ 1,096,196

10

15

20

25

30

35

40

45

50

55

of example, with reference to the accompany-
ing drawings in which

Fig. 1 is the block schematic diagram of dn
output-controlled compressor or limiter
according to the invention,

Figs. 2, 3 and 6 show curves used in ex-
plaining the operation of the ¢ircuit of Fig.
1, Figs. 2(a) and 6 illustrating the input/
output signal relationship obtained with the
circuit of Fig. 1 when N=1/2 and N=0
respectively,

Fig. 4 is the block circuit diagram of an
input-controlled expander according to the
invention,

Fig. 5 shows curves of the input/output
relationships obtained with the circuit of Fig.
4,
Fig. 7 is a block circuit diagram of a cir-
cuit arrangement according to the invention
including a light-controlled gate, a compressor
and a limiter,

Figs. 8 and 9 show curves illustrating the
operation of the circuit of Fig. 7,

Fig. 10 is the block circuit diagram of an
input-controlled limiter according to the in-
vention, and

Fig. 11 shows curves of the input/output
signal relationships obtained with the circuit
of Fig. 10.

Referring to Fig. 1, the circuit between in-
put terminals 1, 1/, to which a signal of am-
plitude ¢, is assumed to be applied, and out-
put terminals 2, 2/, at which the signal am-
plitude is e., contains a fixed series resistor
A.  The output terminals are shown con-
nected to a load B which represents the input
impedance of equipment that follows the cir-
cuit of Fig. 1 in a signal chain. The load
B will be assumed to be resistive. It is
desirable that the ratio A/B should be small,
say 1/100.

Across the output terminals 2, 2" is con-
nected the photo-sensitive resistor r (for ex-
ample a Cd.Se diode cell) of a varistor V.
The light source of the varistor (for example
a light-generating Ga.P diode) is excited from
the output signal through a chain including a
high gain amplifier 3, a rectifier 4 and a
smoothing circuit 5. The signal threshold
at which gain reduction begins is determined
by a reverse bias S, applied to the light source
of the varistor V by means of an adjustable
resistor 6. This bias prevents any rectified
current flowing to the varistor light source
until the output voltage e, of the smoothing
circuit 5 exceeds a predetermined value.

The effective resistance of the resistor » of
the varistor V to alternating current is

e;/A.Kl.K3=e-_F+[1 +A/B
If this circuit is to be used as a limiter, N

is required to be 0, i.e. e; is to be independent
of e.  Assuming that S, has been made

#ssumed to vary inversely as the light flux L
falling on it and L is assumed to be propor-
tiohal to the current in the light source of
V. These conditions can be met with suffici-
ent accuracy by a P.C.V. assénibly as already
described consisting of a Ga.P diode light
source and a Cd.Se didde eell.

Referring to Fig. 2; the valde N iéinains
constant at 1/1 until the ifiput Feachés a
threshold value S, detéfdiitied by the sét-
ting of the resistor 6 ifi- Fig. 1. Up to this
point the resistance of r remailis effectively
infinite,

Above the threshold Sy, three curves are
shown: curve (2) where N=1/2 is the de-
sired curve which is substantially a straight
line, and curves (b) and (c) which show sub-
stantial - variations of N with input signal
amplitude.  The way in which the para-
meters of the components in Fig. 1 can be
chosen in order to obtain the curve (a) will
be understood from the following analysis.
In this the elements A, B and » will be
assumed to have the values A, B and r re-

spectively.
K, and K, are constants such that
K1 =e, / €
and K.=(1/r)/(e,—S,). (1)

Fig. 3 illustrates the relationship between 1/r
and e,. '

It is clear that when e, is less than S, (or
e, less than S,/K,), the lamp of the varistor
V will not be lit, the resistance  will be very
high and no compression will occur.  Thus
equation (1) establishes the threshold input
level S, below which the system will behave
as a simple, linear, amplifier.

Assuming that e, is equal to or greater than
S,, then from general considerations we
have:—

e/es=1+A/B+Afr 2
Substituting from (1) dnto (2):—
efe.=(1+A/B—AK.S)+(AK.Ky)e: (3)
Whence
e=(1+A/B—AK.S).e+(AK .K)e) @)
Now, by adjusting A, B or K., the term (e.) in

equation (4) can be eliminated.  This hap-
pens when

AK.S,=1+A/B )
i.e. when

e=(AK,K)) (&)
or ______

e=ve /(AK.K,) (6)

Equation (6) implies that the circuit will act
as a compressor having a compression ratio
N of 1/2.

From equation (4), it can be shown that: —

—AK.S,] e/AKK, (4a)

large, the term in ¢, can be made 0 by making
K, comparable with S,, whence from equa-
tion (4a): —
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“Whence

“fiinals 2, 2.

es=S: /Ky ) @
Fig. 6-shows the itput/output:sighal rela-
fionships of the-cireuit of Fig.. 1- atrasiged’ to

“Satisty eguation (7).

“Rig.- 10:shows a- cifcuit for dpefation as’an
iAputscontrolled lisiter; the fuiiction of the

- phtoseiisitive resistor r is the same as in Fig.

1 and: like parts in the two Figures have the
same feferenice.  In Fig. 10, the control chain

-supplyifig cuttent to the Ga.P diode is fed

feoin the: input signal ¢ making K,=e, /e, so
that

e/ ex={1+(A/By~A.KoS) +A K Kee, | ®)

Wwhich may be contiasted with equation (3).
‘Agdin, by adjusting A, B, or K,, the con-
§tant term in équation (8) ¢an be eliiinated.
This happens whén
AK.,S,=1+A/B

el/é'z'i'A.Ki.Kg.el (9)

a=1/(AK,K,) (10)
"Fig. 11 shows the input /utput signat rela-

and

" tionships of the circuit of Fig. 10, curve (a)

being an ideal curve with a slope ‘of N=0

of mhisadjastment of the comiporents in the
dirciit.
Fig. 4 shows the cifcuit of Fig. 1 modi-

“fied t0 convert it into an expander with N=

2/1.  Like pafts in the two Figures have the
sain€ teferenice. In this case the light-sensi-
tive resistor r is connected in parallel with a
fited resistor C connected in series between
the 1nput and output tenmnals A fixed re-

The light source of the varis-
tor V is ex(:it‘ed' by the input sighal e;.

The ¢choice of the resistance C and D is
important.  For efficient expander action the
ratio C/D" must be large (for example 100/1);
the choite of their ohmic values depends on
the” paramieters of the P.C.V. assembly and is
decided as follows: —

When the lamip varistor V is unexcited,
aid the cell in complete darkness, the cell
tesistance » rises to a very high value 7, (in
some cells r indy reach 10 or more megohms).
In this regime the cell response to light
changes is usually too sluggish for use. On
the other hand when the lathp gets brighter
and r has been reduced to some 100’s of kilo-
ohms, the response is rapid and the expander
system is usable.  The value of C has to
be chosen to make a suitable compromise
between a resistance low enough to swamp
the higher values of r (where response is
sluggish) and a resistance so low that an ex-
cessively high light intensity is called for
from the lamp before any expander action
statts.

Values of C and D near 300 k. ohms,
and 3 k. ohms, respectively, have been found

Fig. 5 shows the relation between input suitable for a typical expander employing a

“and output signal amplitude, curve (a) being

the desiréd carve with a substantially constant
slope of 2/1 and cutves (b) and (c) being non-
Titiear.

"The corréct design of the circuit of Fig.
4 to produce the curve (a) of Fig. 5 can be
séen from thé following analysis: —

We have fiom gerieral considérations: —

a/e:=1+1/D[(1/C)+(1/1)] 1n
We again have

. Kf':%/ 51
I/r—[K (K] 61 or)] prOVlded e_\>su/Kl (12)

e/e:=1+1/D [(1/C)+K (Kiei—S,)] (13)
o obtain an expansion ratio of 2/1, we so
ffafige the circuit constants that
K.§,=1/C (14)
Then, substituting (14) into (13)
EL/E)-1+1/(DK K] 91)
er—DKl Ko 31 /(1 +DK1 Kn E]) (15)

* Substititing (12) iiito (11)

- As before, DK, K, is made small so that

rr—D K1 K e), (16)
‘which stiows that the éXpansion ratio will be
N= 2/ 1 for all input levels gredter than Sy
at Which =35,/K,.

The broken line G in Fig. S indicates the
point on the graphs at which the perforimance
suddenly changes because the threshold Sy
‘Hds ‘been passed.

Cd.Se cell.

It is to be borme in mind, however, that
the transition from the linear to the expander
regime can be made more sudden simply by
increasing the input voltage ¢, at which the
threshold Sy, is set.  For if ¢ is made larger,
any given percentage of ¢ will also be larger.
The price paid for the more rapid ‘transit
of the signal through the threshold point
(where the lamp “will be very faint, and the
cell response sluggish) is that any rise of
threshold level brings both the lamp and its
driving amplifier by that miuch nearer to their
point of overload.

All other considerations however demand

‘that for efficient operation an expander of
the type described should have the lowest
possible ‘threshold level; in Fig. 4 for in-

stance the “no-sighal-loss” of the circuit is
40 dB (the ratio 1+C/D),

It will be evident that by using circuits
according to Figs. 1 and 4 in cascade there
can be obtained a circuit with N=1.

Eig. 7 shows the circuit embodying a com-
pressor as in Fig. 1, an amplitude limiter as
in Fig. 10, and other refinements.

The compressor part of the circuit includes

‘the varistor V and a control chain the gain

of which is controlled by a variable attenu-
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ator 10, whilst a component 11, represented
for simplicity as an amplifier, performs the
functions of parts 3, 4, 5 and 6 in Fig. 1.

In the circuit of Fig. 7, the threshold S,
can be controlled by the attenuator 10, which
has the effect of altering e, in Fig. 1. Itis
to be noted, however, that the attenuator 10
is mechanically coupled to an attenuator 12
in the signal chain after the variable gain
stages, in such a way that when the attenu-
ation produced by 10 increases by x dB, the
attenuation produced by 12 is increased by
x/2 dB.  This ensures that for signals hav-
ing sufficient amplitude to produce compres-
sion, the output at 2 shall remain unchanged
when 10 is used to alter the value of Sy, from
S 10 S as is shown in Fig. 8. If 12
were not ganged to 10, a decrease in attenu-
ation by y dB at 10 (introduced in order to
decrease S, by ¥ dB from S t0 Sens) would
reduce the output at 2 by y/2 dB.

It can be seen from Figs. 8 and 9 that the
output signal is a compressed version of the
input signal.

The circuit of Fig. 7 also includes a limiter
comprising a further varistor V, having its
light source driven from the output of the
variable gain stage of the compressor, through
a control chain, fed from the same point, in
which a variable attenuator 13 controls the
gain of a component 14, represented for sim-
plicity as an amplifier, but performing the
functions of parts 3, 4, 5 and 6 in Fig. 10.
An ideal limiter acts as a compressor of com-
pression ratio N=0. The circuit shown in
Fig. 10 will produce a compression ratio
which is zero when the input voltage e is
just above the limiting threshold Su, N re-
maining very small until the control chain
overloads. When the output of the attenu-
ator 13, amplified and rectified by 14, is
sufficient to overcome the reverse bias S,, the
Ga.P diode is excited and the limiting action
sets in.  Thus, by means of the attenuator
13, which can conveniently be calibrated in
dB, the limiting level can be adjusted as re-
quired.

The circuit of Fig. 7 also includes a light-
controlled gate, or gate-step, including a
varistor V. having its resistor connected in
parallel with a variable resistor 15 in the
main signal path between input and output
terminals 1, 2.  The light source of this
varistor V. is fed with signals from the input
terminal 1, through a variable attenuator 17,
an amplifier 18, a further variable attenuator
19 by means of which the gate threshold can
be adjusted, and a component 20 represented
for simplicity as an amplifier, but performing
the functions of parts 3, 4, 5 and 6 in Fig. 4.

The gate can be regarded as an expander,
such as that of Fig. 4, carried to the limit
of performance, the “step” control being the
resistor 15 which corresponds to C in Fig.
4, The gate acts virtually as a two-position

switch; when the input is insufficient to oper-
ate the gate, the gate has a loss fixed by
15 and there is no compression (N=1); when
the input rises the resistance of the resistive
element of the varistor V, is reduced sharply
and the standing loss of the system is reduced,
the amount of reduction depending on the
setting of 15.

The gate-step may be introduced, for
example, to prevent the studio background
noise from becoming obtrusive in the pauses
in the programme signal, e.g. between
sentences and movements of a musical
composition.

In the absence of the gate-step, noise sig-
nals, either when alone or when associated
with the programme signal, will always be
too small to influence the compressor, for the
compressor operates in terms of the major
signal components and thus ignores the minor.
It follows that when speech starts the com-

pressor operates to reduce (by some quantity

L, dB) the level of the composite signal-plus-
noise, that is to say the signal-to-noise ratio
at the input and output of the compressor.
When speech stops, the gain of the system
immediately rises by precisely the amount L,
that it fell when speech started; the noise
level follows the rise of gain and the impres-
sion is given that the output signal-to-noise
ratio has been reduced by L, dB.

The gate-step can be adjusted to correct
this effect; when properly adjusted the gate-
step reduces the system gain by exactly the
amount L,, thus maintaining the effective out-
put signal-to-noise ratio during pauses in the
programme.  To achieve this the gate-step
must be adjusted to agree with the value of
L,; L, will, of course, depend upon the user’s
choice of programme level at the input of the
COmpressor.

It will be appreciated that the threshold,
at which the gate operates, must be set slightly
above the studio noise level, otherwise the
noise signal will operate the gate.

In the optically-controlled systems des-
cribed which use semiconductor diode lamps,
the response time of the lamps (much less
than 1 ms) is so short that the overall time-
constant of the P.C.V. assembly plus driving
amplifier can be decided almost completely
by the electrical components in the control
loop.

In systems used for controlling the ampli-
tude of audio frequency signals the “operate”
time constants of the limiter, compressor and
expander may be made about 1 ms; on the
other hand the “release” time constant of the
gate, limiter and compressor (namely the rate
at which the P.C.V. clement is allowed to
revert to its un-excited state) may be 500
ms, Unless the closure of the gate is some-
what delayed, the after-reverberations of
speech and music are cut-off unnaturally short
at the ends of sentences and musical phrases.
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It should be noted that all the equations
given in this description relate to the steady
state condition.

Although the invention has been described
with particular reference to audio frequency
signals, the circuits can be adapted to oper-
ate with signals of higher frequencies by suit-
able choice of component values.

In Specification No. 967,152 there is
claimed, inter alia, an amplitude compression
and/or expansion arrangement for voice fre-
quency electrical signals in a communication
system comprising a variable loss network
including a photo-electric element, a source
of light acting upon said element and means
to modulate said source of light in accord-
ance with the syllabic rate of said voice fre-
quency signals.

WHAT WE CLAIM IS:—

1. A circuit having between input and out-
put terminals the photo-sensitive resistor of
a photo-controlled varistor arranged to con-
trol the attenuation between the input and
output terminals, the source of radiation of
the varistor being a semiconductor diode
arranged to be driven in dependence upon
signals at the output or input terminals, and
the parameters of the circuit elements being
so chosen that, at least over a substantial range
of amplitude levels above a limiting value,
the ratio N of the decibel increments of the
output signal amplitude to the decibel incre-
ments of the input signal amplitude remains
substantially constant at a value of substanti-
ally 1/2 or 2/1 or zero, according to whether
the circuit operates as a COmMpIessor, an ex-
pander, or a limiter, respectively, over said
range.

2. A circuit according to claim 1, wherein

said photosensitive resistor is connected in
parallel with said output terminals.

3. A circuit according to claim 2, having
its output terminals connected to a load and
having a resistor connected in series between
an input terminal and the photo-sensitive re-
sistor, said series resistor having a resistance
which is much smaller than the impedance of
said load over the operating frequency range.

4, A circuit according to any preceding
claim, comprising means for applying a vari-
able bias to the light source of the varistor
in such a manner as to vary the said limiting
value.

5. A circuit according to claim 1, wherein
said photo-sensitive resistor is connected in
series between the input and output terminals.

6. A circuit according to claim 5, compris-
ing a resistor connected in parallel with said
photo-sensitive resistor.

7. A circuit according to claim 6, wherein
the parallel-connected resistor is variable.

8. A circuit according to claim 2, in which
the source of radiation of the varistor is driven
in dependence on signals at said output ter-
minals and comprising a variable attenuator
arranged to control the amplitude of the sig-
nals applied to the said source and a further
variable attenuator ganged to the first-named
attenuator and so arranged that the ampli-
tude of the output signals remains substanti-
ally unaffected by variation of the first-named
attenuator over a substantial range.

9. A circuit substantially as hereinbefore
described with reference to Fig. 1, or Fig.
4 or Fig. 7 or Fig. 10 of the accompanying
drawings.

REDDIE & GROSE,
Agents for the Applicants,
6, Bream’s Buildings, London, E.C4.

.eamingfon Spa: Printed for Her Majesty’s Stationery Ofice by the Courier Press.—1967

'ublished at The Patent Office, 25, Southampton Buildings, London, W.C.2, from which copies may be obtained.
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