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PROVISIONAL SPECTFICATION

Improvements in and relating to Adjustable Electrical
- Phase-Shifting Networks

I, Epmunp Ramsay Wieaw, of 39,
Montague Road;” Southbourne, Bourne-
mouth, Hampshire, a British Subject,
do hereby declare the nature of this

5 invention to be as follows:—

Electrical networks in accordance with
this invention contain two arms in the
form known in the art as an L, with the
modification that a point in the one arm

10 of the L is connected to a point in the
other arm of the L via an additional
impedance. This impedance, preferably
a resistance or a condemser, is made
variable, all the other elements of the

15 network being fixed (or adjustable, but
fixed during this variation). In what
follows the elements contained in the
arms of the L will be called the ‘‘ basic
clements,” or ‘‘ impedances,” the

920 additional element just referred to above
will be called the * variable element,”
or ¢ impedance.”’

The input to the network is applied
across the two arms of the L in series,

25 the output is taken from across ome of
the two arms.  The network is designed
to work into a substantially infinite load
impedance. '

Tt is a feature of the invention that,

30 when the basic elements are properly
proportioned and the points ‘of connec-
_tion of the two ends of the variable
impedance are correctly placed, then the

voltage phase-shift through the network

35 can, by the adjustment of the variable
impedance, be made zero at any fre-
quency within a certain band of input
frequencies.

Tt is a further most valuable feature

40 of the invention that when the network
is thus adjusted to zero voltage phase-
shift the attenuation through the mnet-
work is constant irrespective of the fre-
quency, and is determined only by the

45 magnitudes of the basic elements.

Tn a preferred arrangement of the net-
work, one -arm of the L consists of a

capacitance and a resistance in series, and .
the other arm consists of a resistance and

50 capacitance in parallel. The two resist-
ances are commoned together at the angle

[Pricel[-] -

of the L.

The variable element is a
resistance connected between a point on
the resistance in the one arm and a point
on the resistance in the other arm. In 55
an alternative form the series and
parallel capacitances each consist of two
condensers in series, the junction of the
2nd and.S8rd condensers being at the
angle of the L, and the variable element 60
of the network consists of a condenser
connected between the junction of the 1st

and 2nd of these condensers in the one

arm of the L and the junction of the 3rd
and 4th of these-condensers in the other 65
arm. -

As a specific example of the invention,
consider the first case described in the
previous paragraph. If the two fixed
resistances are equal and the two fixed 70
capacitances -are equal the variable
resistance may be connected to the
junction of the capacitance and resistance
in the series arm and to such a point on
the resistance in the parallel arm as to 75
embrace 61.8% of this resistance.

When the variable resistance is set to

infinity-the frequency of zero phase-shift

is given by fus,

1
i\ndr finl’ = 80
27C.R. ,

where C=Capacity of either condenser.
R =TResistance in either arm.

And when the variable resistance is set to
zero, the frequency of zero phase-shift is
given by £, 85
3+

R

and £, =2.618(fur) = (Fins)

Intermediate values of frequency of zero
phase-shift are obtained with inter-
mediate values .of the variable resist-
ance. : : -

The voltage loss ratio through the mnet-
work remiains constant at all values of
the variable resistance provided the fre-

90
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-+ queney is such

- Zero. - .-
In the specific network just described
the ratio of f,/fu: becomes smaller if the

that the phase-shift‘ is

b points of connection of the variable -

resisfance to the series and parallel

resistances are altered.

" however, to maintain a specific relation-

ship between the fractions of the series

10 and the parallel resistances embraced by

the variable resistance if the voltage loss

ratio at the frequency of zero phase-shift

is to remain constant for all values of the
variable resistance.

15  In a modification of the specific net-

© work just deseribed a fixed resistance is

added in the arm of the L containing the

- parallel resistance and condenser, and in

-series with this combination. The value

20 of this resistance can be altered so as to

vary the values of f, and fur and to vary

the ratio of £, to fir. At the same time

~ the law connecting the frequency of

- zero phase-shift with the value of the

25 variable resistance is also modified. For

example the basic components of the net-

-work may be so proportioned that this

frequency may reach infinity when the

. variable resistance has either negative,

- 80 or zero, or finite magnitude, as may be

desired. i T T,
- "An equivalent modification may be

made (with the same advantages) to the

networks which -employ a vdriable
38 reactamce. .
. Networks of the type disclosed may be
- employed as ‘ frequency-selective ’” net-
works in, for example, frequency
bridges *’ and what are known in the art
40 as “ R/C-Coupled Oscillators.”” In the
latter case the sinusoidal variation with
respect to time of the single variable

It is essential,

7element of the network (for example a

resistance) will cause the oscillator to
produce "a - frequency-modulated wave- 45
form from which amplitude-modulation

is substantially absent. , ’

-~ Where frequency-modulation .of an -
R/C-Coupled Oscillator is required at
voice- or audio-frequencies, a carbon 50
microphone may act directly as this
variable resistance, alternatively well-
known dry-plate rectifier or thermionic
valve networks-may be arranged to pro-
vide, between the points required, a 55
resistance which is a function of an
externally applied alternating voltage,
thus allowing the R/C-Coupled Oscillator

to ‘be modulated by this- external
voltage. ) © 60

In such cases, by suitable choice of the
basic elements of the metwork, the
relationship  between  frequency  of
oscillation and variable resistance can be
adjusted so as to tend to correct for the 65
non-linear relationship which may exist
in the dry-plate rectifier or thermionic
valve network between effective resist-
ance and the instantaneous magnitude of
the current or voltage controlling the 70
modulation. ) ,

It is a feature of the invention ‘that,
provided the relative magnitude of the
basic non-reactive components and the
relative magnitudes of the basic reactive 75
components of the mnetwork are main-
tained, either or both of these sets of
components may be varied so as fo alter

_the range of frequency of zero phase-shift
‘associated with the variation of the 80

variable impedance in the network.

Dated the 4th day of J anuar,{r. 1945,
~E. RAMSAY WIGAN,

- COMPLETE SPECTFICATION
Improvements in and relating to Adjustable Electrical - -

- Phase-Shifting Networks

I, Eomunp Raussy Wican, of 35,
Montague Road, Southbourne, Bourne-
wouth, Hampshire, England, a British

86 Subject, do hereby declare the nature of
this invention and in what manner the
sawe is to be performed, to be particu-

- larly described and ascertained in and by
the following statement:—

90 The present invention relates to
electrical phase shifting networks, with
particular reference “to mnetworks which
may be conveniently adjusted to produce
a zero. phase shaft at any desired fre-

95 quency in a given range of frequencies.
- The invention is of ~ particular

advantage when applied to the fre-
quency determining network of an
oscillator of the resistance-reactance type,
which includes a coupling network of 100
the L type, having a series arm and a
shunt arm both of which include
resistive and reactive elements, the fre-
quency of oscillation being substantially -
that for which the phase shift produced 105
by the network is zero. Such a network
may also be used in frequency meters.

. As will be explained more fully later,

in the present invention an adjustable
impedance’ element_is added to the con- 110
ventional L network of the  resistance-
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‘reactance type,

and by means of this
adjustable element, the frequency of
zero phase shift may be varied over a
certain range, while the network .may
also be designed so that ‘the voltage
transfer ratio of the network at the fre-
quency of zero phase shift is independent
of the frequency, and is determined by

the series and shunt arms of the net- -

10 work.

This is a valuable property of
the invention because it enables the fre-
quency of an oscillator to be varied
without varying the output level, and
further if the adjustable impedance
element be adapted to be varied in some
way under the control of a signal (for
example, if the element should be a
microphone), substantially pure fre-
quency modulation wunaccompanied by
amplitude modulation will be obtained in
a very simple manner. '

The invention accordingly provides an
electrical  phase - shifting
including resistive and - reactive
1mpedance elements arranged in series
and shunt arms of the network, and
comprising an additional impedance
element connecting a point in a series
arm with a point in a shunt arm, the
arrangement being such that the phase

- shift produced by the network is zero at

35

40

45

50

55 TFig.

60

a frequency which depends on. . the
magnitude of the additional element.

The invention will be described with

reference to the accompanying drawings,
in which:— )

Fig.” 1 shows a schematic circuit
diagram of a known tvpe of phase shift-
ing network

Flg 2 shows the network of Fig. 1
modified according to the 1nvent10n, to
give one example illustrating the inven-
hon,

Fig. 3 shows a block schematic
diagram of the most general mnetwork
according to the 1nvent10n' o

Fig. 4 shows sehematlo cireuit
diagram which 1n01udes a group of net-
works according to the invention; .

Figs. 5 and 6 show characteristic curves
of networks according to the invention;

Figs. 7, 8, 9.and 10 show a schematic

diagram of particular metworks accord--

ing to the invention;

11 shows a schematic circuit
dmwram of an oscillator incorporating a
network according to the invention; and

Figs. 12 and 13 show modifications of
the networks of Fig. 2.

Fig. 1 shows a couphncr networ]x of
well known type often employed in a
resistance-reactance type of oscillator.
The input terminals 1, 2 are connected
to the output terminals 3, 4 by a series
arm including a condenser 5 in ser1es

network

with a resistance 6, and a shunt arm
including a condenser 7 in parallel with

a vegistance 8. = Fig. 2 shows one
partlcular example of a mnetwork acemd—
ing-to the present invention, and is-the
same as Flg 1 with the addition of a
resistance 9 (which may be variable)
connecting a point in the rvesistance 6
with a point in the resistance 8. It can

‘be shown that by proper proportioning of

the elements of the network, the phase
shift between the terminals 1, 2 and the
terminals 3, 4 can be made zero at a
particular frequeney, and moreover, if
the resistance 9 be made adjustable, the
frequency of zero phase shift may be
varied over a certain range. In addition,
the elements of the network may be so

‘designed that the voltage transfer ratio,

that is, the ratio of the output voltage
to the input voltage, at the frequency of
%ero phase shift, is constant.

Fig. 2 is, however .only one possible
form of the network according to the
invention, which ‘is - indicated more
generally in Fig. 3.  The series arm
includes two series impedances . repre-

sented by blocks 10 and 11, and the

shunt arm includes two impedances 12
and 13 connected in series, and shunted
by another impedance 14, still another
impedance 15 being connected in series
with the combination of 12, 13 and 14.
The adjustable impedance 16, which is
the principal characteristic of "the inven-
tion, is connected between the junction
points of impedances 10 and 11, and
impedance 12 and 13. :

Some of the blocks 10 to 15 may
include both resistance and reactance
elements; and the series and shunt arms
of the network must each of them
include at least one resistance element
and at least one reactance element. The
impedance 16 can be either a wvariable
resistance or a variable reactance. The
impedance 15 is not an essential element
and may he-omitted, but when used will
generally be a resistance element. Tt
will be understood, of course, that
reactance elements may be condensers
or inductances. TUsually, also, the
impedances 11, 12, 13 and 16 will be all
of the same Lmd that is, they will be
all resistances, or all reactances of the
same sign..

It W111 be understood also, that the
petworks included in TFig. 3 can

generally be replaced by equnmlent net--

works with the elements arranged in

other ways; according to well known
principles.

- The elemeﬁts of the network of I‘ln 3
may be designed to fulfil desired con-
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dlt;ens by solution of the network accord- 130
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ing to well known principles, but the
general solution is involved and tedious,
and accordingly the solution in one or
two typical cases will be quoted. It is

-always assumed -that tlte impedance to

which the terminals 3 and 4 are con-

-nected is substantially infinite.

" In the particular case of Fig. 3 shown
in Fig. 4, the impedance 10 consists of
an element of reactance X, in series with
a resistance x. The impedance 14 con-

“sists .of an element of reactance X, in

series  with a resistance 7,  The

impedances 11, 12, 13, 15 and 16 are

resistances ¥, a, b, r, and P respectively.
It will be understood that the reactances
X, and X, may be represented either by
condensers or by inductances.

The following additional symbols will

. be used :—
- Ri=a+y; R.=a+b;
"R, /R, =M; X,/ X,=N;
7 [Ri=A; rof Ro=D;
t[R,=g¢; alRy=p;
(1‘9)/?“]35 :’//a’zdi

K=P+a+y)/(a+y)

Voltage transfer ratio e./e,=L;

It follows that BM=d
Tt will be first assumed that »,=0.

20

25

Then it can be shown that the con- 30

dition for zero phase shift is

X, X, [RuRo= (1~ NA) [(1+MA) — p[d? [M+ (1~ NA)[(L+MA)] (P [pRs+1+d) (1)

In pracﬁée ig is usually desirable to
be able to choose the value of the voltage

5 transfer ratio L. It can be shown that

. at the frequency of zero phase shift, and

50

when the network elements have been
chosen so that L is the same at all such

X, X, =R,Ra(1 - NA) | (L+MA) - [Ray? + a*(R, +7) -, [L] | K(a +)

- A number of different pairs of values
of p and ¢, which satisfy the conditions,
are possible. These parameters determine
the tapping points on the series and
shunt arms to which the resistance P is
connected. Such pairs of values may be

determined from -one or other of
the " following equations,” which are
~ equivalent:— 7'
 1/L=1+BM+N/(1+BM) )
1L=1+d+N/+d) ~ ()

85

75

zero-phase-shift frequencies, _
HL=1+M+N)/1+MA) = (@)

Equation (1) may then be written in a
slightly different form using equation (2)

®3)

and if X, and X, are represented by con-
densers of capacities C, and C, then
X, X,=1/4=*fC,C,.  If X, and X, are
represented by inductances I; and L,
then X, X,=4=**11,L,.

It will be noted from equation (1) that
when P is infinite, then the correspond-
ing limiting value of the zero-phase-shift
frequency is that frequency for which -

X X=RR(1-NA) (L4 MA)) -
=RR,-rRu(l/L-1) 5

_The frequency of zero phase shift may -

be determined from -equation (1) or (3)

since it oceurs in the reactances X, and-

X,. For example, if f is this frequency

X, X, =RRo(1 - NA) [(1+ MA) ~ [Ryp® + (R, +2,) ~a®ry [ L] [ (a+7)" -

from equatioir (3); since K=1 when

Bquation (7) indicates that when X,
and X, are negative reactances, », may
be chosen so that the limiting zero-phase-
shift frequency 4s infinite when P=0.
Likewise when X; and X, are positive

80 reactances », may be chosen so that the

limiting zero-phase-shift frequency is
zero whéen P=0. In both cases, of
course, X,X, is zero. o

It is not practicable to give any very

85 definite directions as to the choice of

When P is zero the corresponding
limiting ~value of the zero-phase-shift

40

60

70

frequency is that frequency for which

@

values for the elements of the network to
fulfil specified conditions, because the
possibilities of choice -are rather wide
and the procedure will often be deter-
mined by such-factors as the limitations
set by the design or availability of certain
of the elements. However, the process
may be somewhat as follows:—

When designing a network to cover a
certain frequency range the first step is
to chose a value of L which is suitable
for the circuit associated with the net-
work; for example, when the network is

90
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used in an oscillator, the value of L will

be determined at least in part by the gain

of the associated amplifier. .

The parameters M, N and A are then

5 chosen to satisfy equation (2). Unless a
wide range of variation of the zero-phase-
shift frequency by adjustment.of P is
required, A may be made zero by making
r, zero. The tapping points to which the

10 resistance P are to be connected are
determined from equation (4) or (5) from
which d is found, and therefore- B may
be determined, since M has been already
fixed.

16 Any value of p may now be selected,
and from the value of B just determined
the corresponding value of ¢ is found.
If a wide range of variation of the zero-
phase-shift frequency is desired, a large

20 value of p should be chosen. All the
quantities in equation (1) are now fixed
except the individual values of X, X, R,
and R,. - '

Let it be assumed that X, and X, are

25 produced by condensers C, and C,. Then

the lowest frequency of the range will be
obtained for the maximum practicable
value of P, and the highest frequency
when P=0. A trial choice of values of
30 R,, R,, C, and C, should be made on the
assumption that P is disconnected, in
order to obtain the lowest desired zero-
phase-shift frequency. If R, can con-
veniently be given a value small com-
35 pared with the highest practicable value
of P, then this lowest frequency will not
be much affected when P is connected
and set to its maximum value. A suit-
able value of p may now be found from
40 equation (1) in order to obtain the
highest desired zero-phase-shift frequency
when P has its smallest practicable
value. Then ¢ is determined from the
value of B as already -mentioned.
45  The manner in which the-performance
of the network of Fig. 4 (in which the
reactances X, and X, are represented by

condensers) depends.on the value of the

resistance 7, is shown in Fig. 5, in
50 which the zero-phase-shift frequency f is
plotted against the value of P.  The
curve (a) represents the case when

7, =0, and is asymptotic to a line QR
parallel to OX, which line cuts the axis

55 OY at the point Q representing the
minimum value of f when P is infinite.
The curve (a) cuts the axis OY at a peint
corresponding to the maximum zero-
phase-shaft frequency fa when P=0.
60 When 7, has a small value, the corre-
sponding curve (b) lies above the curve

~ (a) and cuts the axis OY at'a point corre-

: slﬁonding to a higher maximum frequency

65 The curve (c) represents. the special

“value.

" tively to

critical case when the value of », has
been chosen so that f is infinite when P
is zero. This curve is asymptotic to OY.

The curve (d) shows the case when 7,
has a value larger than the ecritical 70
This curve is asymptotic to a
line ST parallel to OY and cutting the
axis OX in a point' S corresponding to
the minimum value of P for which any
zero-phase-shift frequency is possible. 7§

It will be evident from equation (6)
that each of the curves (a), (b), (), (d)
will be asymptotic to a different line
parallel to OX. Only the line QR corre-
sponding to curve (a) has been shown, in 80
order to avoid confusing the figure.

It should be pointed out that the degree
of separation of the curves (a), (b), (e),
(d) depends on the value of p which has
been selected. When a relatively large 85
value of p is chosen, the curves are well
separated, as shown in Fig. 5; but for
smaller values, the curves (b), (¢) and
(d) tend to move closer together, and to
curve (a), and as p approaches zero they 90

~will all tend to coincide with curve (a).

The curves of Fig. 5 also represent the
case in which the reactances X, and X, -
are provided by inductances, so long as
the scale of ordinates along-OY is in 95

“terms of 1/f instead of in terms of f.

When all the elements of the network
have been selected, the equation (3) may
be written in the form R

(a) l/f2=A1—-A2-/K§ ’
or () f=A,~A,[K

() 100

where A,A,A; and A, are constants, the
forms (a) and- (b) corresponding respec-
the cases in —~which the
reactances X, and X, are provided by
condensers and inductances. ,

Equations (8) show in the simplest
form the relation between P (which is
contained in K) and the corresponding
zero-phase-shift frequency.

Fig. 6 shows 1/f* for equation 8 (a) 110
(or f* for equation 8 (b)) plotted against
1/K for the case in which » is larger
than the critical value (curve (d), Fig.

5). The curve is a straight line cutting
the axis OX and OY in V and W such 115
that OW=A, (or A;) and the tangent of
the angle OVW is A, (or A,). The
value OV of 1/K for infinite (or zero)
zero-phase-shift frequency is less than 1,
so that P has a minimum value corre- 120
sponding to OS in Fig. 5. If the
critical value of 7, is chosen (curve (c),
Fig. 5), then the point. V in Fig. 6 will
be such that OV=1, and the whole of

105

_ the range of P can then be used. This 125

condition. gives. the largest range of
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variation of - the zero-phase-shift “fre-
quency. S R ,
. Referring again to Fig. 4, if r, is zero

and 7, 1s not zero, it can be shown that
the equations corresponding to (1), (2) 6
and (3) are respectively:— o

| XE/RR1NDQ D) M op(1+ F N NDAD @R 1ad) ()

71/L=1+M'+N/(1+7D)

X, X;=R.R,~r,RN(1 + D) - a(R, + &Ry —Nry) [K(1+d) -

10 - Equations (4) and (5) remain un-

changed, : :

In this case the various parameters

may be chosen in - a manmer similar to
_that explained above. -

16 - The = equations corresponding  to

- equations (6) for the limiting zero-phase-

shift frequency when P is infinite are

- XX, =R,Ry—~#R,N(1+D)
=R,R,[1-ND(1+D)/M]
- It will be understood that although for
20 convenience the cases in which 7, =0 and

#4=0 have been treated separately, net-
- works may be uged-in which neither »,

|

nor-r,-is zZero. :

- It has already been pointed out that

b the reactances X, and X, of Fig. 4 may

be positive or negative. Another series

- of networks according to - the invention

may be obtained by replacing  the

- reactances X; and X, by resistances and

30 the resistances @, 9, a, b and P by
reactances all of the same kind.

Rle/X1X2= (1-- NA)/ 1+ MA) -pl

- Equation -(4) is ohzing‘éd as. follows : —
60  1/L=1+BN+M/(1+BN) . (14)

- Equation (2)-will be unchanged.

- Fig. 8 shows another circuit according
to the invention, which can be shown by
well - known  mnetwork

66 methods to be identically equivalent to
the circuit of Fig. 2. It will be noted
- that Fig. 8 differs from Fig. 2 in that the

" upper end of the shunt resistance 8 is

connected to the opposite end of the series

" 70 resistance 6. . If the capacities of con-

~ densers 5 and 7 in Fig. 8 are respectively
- -equal to the capacities of condensers 7

- - and 5 in Fig. 2, then both networks have
the -same relation between the value of P-

75 and the zero-phase-shift frequency, but

the value of I, is different unless the

a LI ——— - LR

transforming

o (10)
ap

Fig. 7 shows a typical example of one
of these mnetworks using capacitative
reactances. The series arm of the net-
work comprises a resistance 17 conmected 35
in series with two condensers 18 and 19.
and the shunt arm comprises a resistance i
20 in parallel with two series connected
condensers 21 and 22. A variable con-
denser 23 is connected between ~the 40
Junction point of the condensers 18 and
19 and the junction point of the con- -
densers 21 and 22. ' Tt T T

A resistance r, (not shown) could be
connected in §eries with the whole of the 45

“shunt arm (in the manner shown in Fig.

4) if the performance indicated by curve’
(b), (¢) or (d) of Fig. b is required.
Alternatively a condenser- (not shown)
having a reactance D times the reactance 50
of the condensers 21 and 22 taken in
series, may be connected in series with -
the resistance 20 to give the performance
just referred to, or both the resistance
and the condenser may be provided. 65

For the metwork of Fig. 7, equation (1)
will be modified as- follows:— -

@M+ (1-NA) (1 +MA)][(P[pXo+14d) "(rmg

capacities of condensers 5 and 7 are equal
in each network. .All the networks
covered by Fig. 4 can be transformed in-
a similar way. : 7 -
It may be pointed out that the mef-
works including condensers are suitable
for high frequencies. Then there is
always ‘a finite lower. limit to the zero-
phase-shift frequency, but: the upper- 85
limit, which occurs when ‘P approaches-
zero, can be made infinite if suitably pro- -
portioned  -resistances r, and/or 7, be-
included. Tikewise those -including in=
ductances are more suitable for low fre-- 90
quencies. . Then there is always a finite-
upper limit to-.the zero-phase-shift fre~
quency, but the lower limit, which
occurs when P approaches zero, can be
made zero by means of the resistances. 95
7, and [or r,. ' e

80
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- Fig. 9 which’is a modification of Fig. 7.

30

40

50

Tt should be noted, also, that the zero-
phase-shift frequency can be adjusted in
an alternative manner, namely by keep-
ing P fixed and simultaneously varying
the tapping pointe on the series and
shunt arms of the networks in such
manner that p and ¢ fulfil the conditions
of equation (4) or (8) or (14).

This is quite a practical scheme when
the elements «, ¥, a, b and P are re-
sistance elements, since the relation be-
tween p and ¢ is linear. The arrange-
ment is also theroetically possible though
hardly practicable; if these elements are
condensers as in Fig. 7. . When these
elements are resistive, the highest fre-
quency is obtained when ¢=0 or p=1.
when X, and X, are negative reactances
of the lowest frequency when they are
positive reactances. . - -

As it thay be inconvenient to divide the
series and shunt impedance elements of

the network in order to obtain the tapping.

points for the adjustable element P, the
same result may be achieved in a-different
way, an example of which is shown in

In Fig. 9 the condenser 24 replaces the
two condensers 18 and 19 of Fig. 7, and
i« shunted by two other condensers 25
and 26 connected in series. Likewise the
condenser 27 replaces the two condensers

21 and 22 of Fig. 7 and is shunted by the -

two condensers 28 and 29 conmnected in

series. The condenser 23, which repre--

sents the variable element P, is connected
between the junction points of the con-
densers 25 and 26 and of the condensers
28 and 29 respectively. The capacities of
the condensers 24, 25 and 26 will be chosen
so that if the deltas 24, 25; 26 and 27, 28,
929 be supposed replaced by the eguivalent
T arrangements, the capacities of the T
which act effectively in: series With the
resistance 17 are respectively. &qual to
the capacities of condensers 18-amid 19 of
Fig. 7. Similarly the effective_series

capacities of the T network equivalent to -

the delta 27, 28, 29 should be respectively
equal to the capacities of the two con-

* densers 2L and 22. .- -

55

60

The arrangement -then-op erates in the

same way as that of Fig. 7, except that
an additional reactance contributed by
the shunt arms of the equivalent T net-

works acts effectively in series with the -

variable element 28, so that this addi-
tional reactance must be included in the
value of P, and sets a limit-to its mini-
mum value. : .

A gimilar ~delta arrangement can

evidently be used in a network similar to

Tig: 2 in which each of the resistances 0

and 8 could be shunted by a tapped -

65 resistance, the resistance 9 being con-

nected between the two taps. The values
of the resistances would be chosen accord-
ing to the same principles as in Fig. 9.
Clearly, also an arrangement similar to
Fig. 9 could be used in which all the con-
densers are replaced by inductances.

‘Tt is. evident also, that the delta
arrangement could be used, if desired,
for only one of the arms of the network.

This delta arrangement may be found 76
convenient in order to avoid tapping a
precision element. Thus in-Fig. 9, the
condensers 24 and 27 may be high grade
adjustable condensers in order to provide

70

-

o pumber of different.frequency ranges. 80

Tn such a case tapping these condensers
would be impracticable, and- the addi-
tional condensers such as 26 and 26 can
conveniently be provided with the proper
capacity ratio, and would not need to be 85
changed when the condenser 24 s
changed. This device is also useful in
other circumstances, an -example of
which occurs in Fig: 12.. :
_Referring -again. to Fig. 3, the intro- 90
duction of the impedance 15 may be
freated in a slightly different manner..
Suppose that the elements 10 to 14 and

16 have been designed according to the
principles already explained so that a 96

_constant voltage transfer ratio at the zero-

phase-shift frequency, determined by the
adjustment of element 16, has been ob-
tained. Then for given- setting of this

element, the network is equivalent to the 100

portion inside the dotted outline of Fig.
10, which consists of a series impedance

~ 7, and a shunt impedance Z, whose values

can be calculated according to well-known
principles from the values of the elements 105
10 to 14 and 16. The voltage transfer
ratio L will be Z,[(Z4,+%,) which, as
already stated, will be constant at.the
zero-phase-shift frequency for adjust-

_ments of the. element 16. If now.the 110

element 15 of impedance Z, be introduced:
in series with Zs,, then the voltage trans-
fer ratio of the whole network of Fig. 10

~will still be equal-to L provided that an

impedance Z;, 1s introduced in series with 115
7., as shown, having the .value

(I1)%,/L. The relation between the

value of P and the zero-phase-shift fre-

quency will be unchanged. It will be
understood that Z; and Z, can be any type 120
of impedances whatever, provided that
their ratio is p=(1—1L) /L independent of -
frequency. Thus, for example, if Z, com-
prises an inductance L, in parallel with:
a series combination of a condenser of 125
capacity O, and a resistance R,, then

i ::lmpedance Z, will be an inductance A
-in parallel with a series combination of a .

condenser of capacity C/p and a resist-
ance pR,. It is evident that Z, and Z, 130
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could comprise single impedance elements
- of any type, or any kind of network of
such elements.
It will be understood that the im-
9 pedances Z; and Z, may be introduced in
this manner whether or not 7, is included-
in the shunt arm of the original network,
and whatever be the form of the original
. network. The value of L to be used is
10 in all cases that of the original metwork
before Z;, and Z, have been introduced. 7
‘When, as in the case first treated above,
- the impedance Z, is a resistance 7, and
when no corresponding impedance Z, is
15 included in the series arm, then the re-
lation between P and the zero-phase-shift
frequency is affected by r,, according to
equations (1) and (3) and the curves shown
in Fig. 5, '
= 20 "In order further to illustrate the inven-
tion, some particular cases will be quoted.
A simple case of Fig. 2 is that for which
R,=R,=R; C =C; and 7, =7,=0.
- From equation (%) it follows that
% L=}. TIf g is chosen equal to Zer0, SO
that - the variable resistance P.is con-
nected to the junction point C and R in
the series arm, then it follows from equa-

1= Ve =

P (chms) | oo

tions (4) or (5) that p=0.618.

It can be shown from equation (1) by 30
putting P=0 and P =00 therein, that the
ratio of the maximum to the minimum
zero-phase-shift freqflency is 2.618.

This simple case gives a rather small
total variation of the zero-phase-shift 35
frequency, and as already explained, the
introduction of a suitable resistance 7,
will enable this range to be extended to
infinity. A suitable value of 7, can be

_ obtained by solving equation (1) for A 40

when the left hand side is put equal to
zero. In this case, and for the particular
case in  which R,=R,=R; and
C,=C,=C; r,=0; the values of p and ¢
were 4 and § respectively. This gives an
infinite zero-phase-shift frequemcy for
P=0; and the corresponding values of A
and L are § and 0.4, respectively. It can
be seen from equation (1) or (3) that the
zero-phase-shift frequency for P=oo is
given by 1/f=+2.7RC. For the special
case in which R=1065 ohms, C=
0.15554F and 7, =854 ohms, the following
measured value of the zero-phase-shift
frequency f for various values of P were 55
obtained : — ,

4hH

50

5000 , _361] 110.5’ 52.0

f (els) '}l 1860 {! 1536.5 ll 3000

If in this case a compensating resistance

Z for 7, be included in the series arm in

60 the manner explained with reference to

Fig. 10, the value of L for the network

without 7, is now } (from equation (2)

since A=0) so p=2, and the value of Z,

should be 2r, =708 ohms. The zero-phase-

65 shift frequency for P=0 will however

not be infinite, since #, no longer affects
the frequency characteristic.

Two numerical examples will be given

for the network of Fig. 4; in the first of

70 which X, and X, are negative reactances-

" represented by condensers of capacities

C, and C,, and in the second of which X,

P (Ohms},{ :[ %o ) 5550 } 2020 J

5000 | 7000.

and X, are positive reactances represented
by inductances L, and L.

Casz 1. 75

R, = 1070 ohms M=1,015 -

R, = 1053 ohms N = 4.04

C, = 0.098uF: A = 0.105

C. = 0.398uF. L =0.18 ,
-y = 112 ohms 80

7y ="0 )

p = 0.265

g = 0.110.

The following measured values of the
zero-phase-shift frequency £ were obtained 85
for various values of P:—

- 485

1091 ’ 500 | 496 |

Fels I' 1040 l’ 1206 | 1500-

2000

4000 f 8000 [ 10,000

The ,ﬁlue of P when f=00is about 480 -ohms, sor that smaller Vv,alues of P.cannot

90 be used. ]
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R, = 1100 ohms M- 1.043 " Note that the resistance of L, is in- 10
" R, = 1053 ohms N = 0.265 cluded in R,; and r, represents the whole
L, = 0.206 henry D = 0.114 of the resistance of L, so that no actual
5 L, = 0.728 henry L =043 element had to be supplied for ..
rp =0 B _The following measured values of the
r, = 120 ohms zero-phase-shift frequency were obtained 16
p = 0.83b - ‘for various value of P:— . - -
q =0.030, EE '
P (ohms) | 0 | 50 ‘ 100 ’ 200 l 250 | 500 | 1000 l 2000 ’.3000 |
 f (efs) 113 | 130 [ 144 l 167 \ 176 | 214 | 260 |- 308 | 354 420
A final nuinerical example of Fig. 7will Be given:—
20 " R, (resistance of 17) ~ 2000 ohms M=2
R, (resistance of 20) = 1000 ohms N = 1.365
C, (capacity of 19). . = 0.114uF. A= .015
Cx (capacity of 21) =" 0.3114pF. L =023
Cy (capacity of 22) o= 0.3106uF. :
R5 ) 7, (in series with shunt arm)= 30 ohms

- 0, (Cx and Cy in series) -

Element 18 was short-circuited, “

0.1555uF.

- The folldwing measured values of the 30
zero-phase-shift” frequency are obtained

o sorq'=10 for.various values of the capacity Cp of
p = 0.5. the condenser R8:— -~ ,
Co (uT7) l 0 l 0.02 l 0.06 | 0.1 ‘ 0.2 ! 04 l 08

35‘ f (e]s).. - [ 866 691

790

Fig. 11 shows an oscillator circuit em-
ploying one of the networks according to
the invention. The arrangement of Tig.
4 in which the reactances X, and X, are

40 represented by inductances L, and L, is
" particularly convenient for this purpose,
and results in a very simple circuit. In

Fig. 11 a thermionic valve 30 has-'a

very simple cireuit. - In. Fig. 11 a
5 thermionic valve 30 has a resistance 31
~ conmected in series between the cathode

and ground. The anode is connected

through a suitable anode resistance 32 to

_the positive terminal 33 for the high ten-
0 sion _supply - source (not shown), the

grounded negative terminal of “which is

34. The outpit-oscillations may be taken
from terminal 35 connected to the anode

through a blocking condenser 36.

- 4385

o
=

539.5 ‘ 460

The cathode circuit of the valve is con- 55
nected to the control grid circuit by a
network according to the invention com-
prising a series arm including an induc-
tance coil 37 (I,) and a tapped resistance
38 (R,); and a shunt arm including an 60
inductance coil 89 (I,) and . a tapped
resistance 40 (R.), a.resistance 41 (r.)
being shown connected in series with the
inductance coil 39.- It will be understood
that - the resistance 41 includes the 65
resistance of the coil 89 and may not be
represented by any actual element.

The inductance’ coil 39 is also the
primary winding of a transformer, the
secondary winding 42 of which is con- 70
nected to a high resistance potentiometer
43 and has -one terminal connected to

‘ground. _The adjustable contact of the
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potentiometer 43 is connected to the con-
‘trol grid of the valve 80. An adjustable
Tesistance 44 (P) is-connected between
‘the tapping points on the resistances 38
5 and 40.- - - . - R

- The transformer formed by the coils 39
and 42-may have a step-up ratio of the
order of 3:1, and-the potentiometer 43
should have a very high resistance so
10 that the inductance L, is substantially
the primary inductance of the trans-

former. - :
Since there is substantially a zero phase
change between the control grid and
15 cathode of an amplifying valve arranged
in the manner of Fig. 11, oscillations will
occur at the zero-phase-shift frequency

- of the coupling network.

It will be clear, therefore, from what
20 has been explained, that the network may
~ be designed to obtain any desired range
of oscillation- frequencies by adjustment
of the single -resistance element 44; and
moreover; -the amplitude of the oscilla~
25 tions may - be_made practically inde-
pendent of the frequency. The value of
L for the network should be chosen suit-
ably in relation to the transformer ratio
and to the gain of the amplifier, and the
30 potentiometer 43 provides a convenient
.- fine adjustment for I to enable the oscil-

" lation condition to be correctly set.
- It will be understood that the output
may be taken from the valve 80 in various
35 other ways. For example, a separate
amplifying valve (not shown) may be pro-
vided, with its control grid (or cathode)
connected directly to the control grid (or
cathode) of the valve 80. In this case the

40 resistance 32 and-condenser 36 will not be -

needed. -- - -

- Attention is however drawn to the fact
that the conditions for constant voltage
transfer ratio L are only approximately

- 45 fulfilled in the circuit of Fig. 11 because
- of the" presence of  the resistance 7, in

series with L;. The voltage applied to
the- control grid of the valve 30 should
ideally be proportioned to the voltage

60 across the resistance 40, ‘but it will be seen
‘that in Fig: 11, the voltage applied to the

control grid is proportional to the voltage
across -1i,, which-is slightly different on
account of the presence of 7,. However;

55 if 7, is small, and/or the range of varia-

tion of the element 44 is small, the value

of L will vary only slightly as this
element is adjusted. .- ST

‘As already mentioned, the ecircuit of

60 Fig. 11 provides a particularly simple

" oscillation circuit. However, any of the

«other networks which have been described

may be used to couple the cathode to the

. control grid of the value 80, with the bias

09" and other operating arrangements for the

valve modified where necessary, as will

be understood by those skilled in the art.-

A step-up transformer will be “required
between the output of the network and the
control grid, because the voltage ampli- 70
fication factor of the valve 30 arranged

as a cathode follower is always less than

1. Such a transformer should be designed

to have a very high primary impedance
otherwise an appreciable phase shift may 75
be introduced which might result in a
corresponding small variation in the volt-
age transfer ratio. It is however the
particular -advantage of the -network
shown in Fig. 11 that the primary wind- 80
ing of this transformer can form an
integral part of the network.

It will be understood also, that any of
the networks according to the invention
may be used in the wusual two-valve 85
resistance reactance. oscillator circuits in
which the anode of each valve is coupled
{o the control grid of the other, one of the
couplings including the network which
determines the frequency. 90
_.Owing to the fact that the oscillation
amplitude can be independent of the fre-
quency, an oscillator employing a net-
worlk according to the invention may be
very easily used to produce frequency 95
modulated waves without any accompany-
ing amplitude modulation. Thus, for
example, in an oscillatign eircuit employ-
ing any of the networks of Fig. 4, the
element 16 need only be replaced by a 100
carbon microphone, the resistance of -
which, as is well known, varies in accord-

- anice with the pressure of the sound waves

which impinge on the diaphragm. The
circuit being designed to generate a suit- 100
able carrier frequency, the output waves.
will be frequency modulated in accord-
ance with the speech signals, without any
amplitude modulation. ,
- It ‘s, however; well known that the 110
operation of a carbon microphone is non-
linear, since the resistance varies more
rapidly for outward excursions of the
diaphragm than for inward excursions.
This effect can be:-very conveniently 115
corrected by - suitable- choice of- the
resistance #; or r, because as shown in
Fig. b the steepness-and shape "of the
characteristic curve relating the zero-
phase-shift frequency to the value of P 120
may be adjusted thereby until it is sub-
stantially the inverse of the correspond-
ing microphone resistance characteristio.
Actually the two charactertistic curves
are not quite the same shape, butadequate 125
compensation over a relatively wide fre-
quency band is possible, so that prac-
tically undistorted frequency modulated
waves will be obtained from the oscillator. :
It may be pointed out that the variable 130 .
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resistance element may be used for a
somewhat different purpose. Suppose a

number of single frequency oscillators.

~ according to Fig. 11 have to be manu-
5 factured. Then, as is well known, the
output frequency of the individual oscil-
lators will vary within a certain small
range on account of the unavoidable
manufacturing variation of the elements
10 which take up the circuit. By providing
a single adjustable resistance 44 con-
nected to tapping points on the resistances

38 and 40 determined in the manmer ex-
plained, the frequency of each individual

15 oscillator may be accurately set or

trimmed by the simple adjustment of the -

element 44, which may then be locked if

desired in any convenient manmer. This -

forms a very inexpensive means of ob-

20 taining an accurate output frequency in

a circuit employing elements made: fo

commercial limits. This method of trim-

ming the network may clearly be used

whatever be the purpose for which the

26 network is used. Networks such as these

shown in Fig. 7 or 9 may be adjusted in

the same way by providing a small trim-
ming condenser for the element 23.

The variable element corresponding %o

30 44 in Fig. 11 may be a semi-conducting

device, such as a rectifier, which may be

controlled by an adjustable voltage ox-

current. Fig. 12 shows how the network
of Fig. 2 may be arranged, using a recti-
85 fier 45 connecting the tapping points in
the resistances 6 and 8. An additional

resistance 45 is connected at one end to

the junction point of the elements 6 and

7, and at the other end to a terminal 47.

40 A direct current source of adjustable
voltage (not shown) is intended.to be con-
nected with its positive terminal to
terminal 47 and its negative terminal to
~terminal 4. As is well known, the effec-
-45 tive resistance of the rectifier 45 will de-
pend on the applied voltage, the adjust-
ment of which will change the zero-phase-
shift frequency accordingly.  This pro-
~vides a convenient means of remote con-
50 trol of the network. If the metwork be
used as part of an oscillator circuit
similar to that shown -in Fig.- 11 for
example, the oscillation frequency may

be conveniently controlled in this way.

55 If the source connected to terminals 4 and
47 includes a source of signal voltage, the
arrangement provides an alternative
means of frequency modulation of the

- oscillafions. If the rectifier 45 is reversed,

G0 then the connections at terminals 4 and -
47 to the direct current source should also™

be reversed.

Tig. 13 shows a variation of Fig. 12 in -

which a bridge rectifier 48 is used instead
65 of the single rectifier 45.. In this case an

extra resistance corresponding to 46 is not
needed. -One pair of diagonal terminals

of the bridge rectifier are respectively
connected to the taps on the resistances 6
and 8, and the other pair to two terminals 70
49 and 50, to which a direct current
source (not shown) should be connected.
This source may include a source of
modulating signal voltage when the net-
work is used in an oscillator circuit, as in 79

“the case of Fig. 1.

-_Another convenient method of con-
trolling the zero-phase-shift frequency of
a network such as any of those covered by

Tig. 4 is to replace the resistance 16, or 80

part of it, by the resistance element of
an indirectly heated thermistor the heat-
ing coil of which is connected to a source
of adjustable direct or alternating
current. , 85

‘Tt will be evident that any of the net-
works covered by Fig. 4 may be provided
with a rectifier arranged as in Fig. 12 or
13, and any such networks may be used
in oscillator circuits similar to that shown 90
in Fig. 11, ot in any other manner.

Having now particularly described and
ascertained the nature of my said inven-
tion and in what manuer the same is to
be performed, I declare that what I claim 95

iyt —

1. An electrical phase-shifting network
including resistive. and  reactive imped-
ance elements arranged in series and
shunt arms of the network, and compris- 100
ing an additional impedance element con-
necting a point on a series arm with.a
point on a shunt arm, the arrangement
being such that the voltage phase shift
produced by the network is zero at-a fre- 10
quency which depends on the magnitude
of the additional element.

2. An electrical phase shifting network
comprising series and.shunt arms includ-
ing resistive and reactive elements, and 110
an additional adjustable impedance
element connecting a point on & series
arm with a point on a shunt arm in such
manner 4s.to control the. frequency at
which the voltage phase-shift. produced 115 .
by the mefwork is zero, the elements of
the_network being so proportioned that
the voltage . transfer ratio- at the fre-
quency of zero-phase-shift is constant for
all settings of the adjustable element.

- 3. An elgctrical phase shifting net-
work according to claim. 2 further com-
prising an extra impedance element or
network of impedance elements conneeted
in series with the shunt arm, and a corre-

120

126

- sponding extra impedance element or net-
work connected in- series with the series

arm and so proportioned that the voltage
transfer ratio and the zero-phase-shift fre-
quency of the phase shifting network are 130
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1

- unchanged when both the extra elements

or networks are short circuited.
- 4. A modification to the network
according to claim 8 in which the extra
impedance element in the series arm is
effectively produced by appropriately
changing the values, or the values and
the arrangement, of the elements in the

- series arm of the network. -

10 5. A network according to claim 2 in
which the elements are so proportioned
that the voltage transfer ratio of the net-
work at the zero-phase-shift frequency is
independent of the magnitude of the

15 additional impedance element.

6. A network according to claim 2 or

9 in which one of the elements, to a point

on- which the additional element is con-

nected, or each of the said elements, com-
prises a delta formation of three jm-

pedance elements of like nature, the addi- -

tional element being conmected to the
apex of the delta. )

7. A network according to claim 2, 5
or 6 in which the additional element is a
resistive element and is adapted to con-
nect & point on a series resistive element
with a point on a shunt resistive element.
~ 8. A network according to claim 2, 5
or 6 in which the additional element is a
reactive element and is adapted to con-
nect-a point on a series reactive element
-with a point on a shunt reactive element.
- 9. A network according to claim 7 in

85 which the shunt.arm of the network in-
- " cludes the said shunt resistive eloment
and a reactive element in parallel there-
with. . A

- 10. A network according to claim 9 in
40 which the shunt-arm further includes a
~ second resistive -element in series with
both the said resistive and - reactive
_elements, : B -

. 11. A network according to claim 9 or
10 in which a resistive element is also
counected -in series with the said reactive
element, - S -

12. A network according to claim 8 in
which the shunt arm of the network in-
cludes the said shunt reactive element
and a resistive element in parellel there-
with. = S

18. A network according to.claim 12 in
- which a reactive element is also connected
55 in series with-the said resistive element.

© 14, A network according to claim- 7,

9, 10 or 11 in-which the said additional

element ‘comprises an adjustable - re-

sistance. - S
60. 15. A mnetwork according to claim 7,

2%

30

45

50

9,.10 or 11 in which the said additional
element comprises a carhon microphone.
16, A network according to claim 7,9,
10 or 11 in which the said additional ele-
ment comprises a rectifier and in which 65
means is provided for applying a control-
ling voltage to the said rectifier. - :
17 A network according to claim 7, 9,
10 or 11 in which the said additional
element comprises the resistance element
of an indirectly heated thermistor, and in
which means is provided for applying a
controlling current to the heating coil of
the fthermistor. C

18. A network according to any of the 70.

claims 2 to 17 in which- all the reactive
elements comprise condensers.

-19. A network according to any of the
claims 2 to 17 in which all the reactive
elements comprises inductances.

R0. An oscillation generator compris-
ing a thermionic valve amplifier having
its input and output eircuits connected by
a path which includes a network accord-
ing to any-preceding claim. .

Rl. A generator according to claim 20
in "which the amplifier comprises two
amplifying stages. i

R2. A generator according to claim 20
in which the amplifier comprises a single
cathode follower stage. '

23. An_ oscillation generator compris-
ing a thermionic valve, a phase shifting
network according to claim 7, 9, 10 or 11
having a series arm comnected to the O
cathode of the valve and including a first
resistance - and a first inductance in
series, and a shunt arm also connectsd 4o
the said cathode, and including a second
resistance and a second inductance in 100
parallel; there being also provided a
secondary winding inductively coupled to
the said second inductance and connected
to the control grid of the valve.

. R4. A generator according to claim 20,
2L, 22 or 23 in which the additional im.
pedance element comprises a carbon
microphone. -
. 5. The electrical phase shifting mnet-
work deseribed with reference to Fig. 2,
3, 7,8, 9, 10, 12 or 13, or to Figs. 4, 5
and 6 of the accompanying drawings.

- R6. The oscillation generator according
to claim 20 described with referemce to
Fig. 11 of the accompanying drawings. 115 -
Dated this 6th' day of February, A.D.

1946,
ERNEST E. TOWLER, .-

Chartered Patent Agent, ~~
For the Applicant. :
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