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13 Claims.

This invention relates to phase shifting net-
works and particularly to methods of and cir-
cuit arrangements for the transmission of signal
frequency voltages with a phase shift of ex-
actly 96¢°.

A proposed method for the production ¢f a
radiated signal of the single sideband character-
istic was predicated upon the cancellation of
one sideband by combining two simultaneousiy
produced modulated carriers, one carrier voltage
and the modulating voltage thereon being dis-
placed exactly 86° from the other carrier and its
modulating voltage. The method was theoret-
ically sound and no difficulty was experienced in
effecting the desired phase shift of one carrier
component. The problem of effecting a phase
chift of the modulating voltage was more diffi-
cult and, so far as I am aware, there has been
no entirely satisfactory method for obtaining a
phase shift of 90°, at constant amplitude, over
the wide band of audio frequency voltages. The
band of modulation frequencies for television is
much wider and the known phase shifting cir-
cuits would have resulted in wide variations
of phase displacement and of amplitude with
frequency. )

An object of this invention is to provide im-
proved methods of and circuits for obtaining a
phase shift of 99° in the transmission ol signal
frequency voltages. An obkject is to provide
methods of and circuit arrangements for obtain-
ing a frequency-independent transmission, with
a phase shift of exactly 90°, of a band of signal
frequency voltages, the method and circuits being
characterized by the use of a plurality of phase
shifting networks which each have a trans-
mission efiiciency that varies with frequency.
Turther objects are to provide phase shifting
methods and circuits that combine the phase
shifts of a positive and of a negstive reactance.
Other objects are to provide phase shifting cir-
cuits of the type last stated in which the re-
actances are of the same or of different char-
acter; that is, one an inductance and the other
a capacitance, or both either an inductance or a
capacitance.

These and other objects and advantages of the
invention will be apparent from the following
specification when taken with the accompany-
ing drawings, in which:

Fig. 1 is a schematic diagram of a circuil for
producing a phase shift; )

Fig. 2 is. a diagram of a circuit having the
characteristics of the Fig. 1 diagram;

Figs. 3 and 4 are generalized schematic dia-
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grams of phase shifting networks that include
positive and negative reactances in series;

Fig. 5 is a tabulation of the several reactance
combinations that may be used in Figs. 3 and 4
circuits;

Figs. 6 and 7 are circuit diagrams of phase
shifting networks that include positive and nega-
tive inductances in parallel;

Pig. 8 is a generalized circuit diagram of an
alternative arrangement of like reactances of
positive and negative characteristics;

Figs. 9 to 11, inclusive; are vector diagrams
illustrative of the phase displacing action of
the circuits of Figs. 6 to 8;

Fig. 12 is a curve sheet showing the typical
frequency-amplitude characteristic of a single
phase shifting unit;

Pigs. 13 and 14 are curve sheets, showing the
individual and the summation frequency-ampli-
tude characteristics of a plurality of such units;
and

Fig. 15 is a circuit diagram of a multiple unit

phase shifting network embodying the inven-
tion. .
A transmission network may be assembled
from a number of units, each including a nega-
tive impedance, to satisfy the rigorous require-
ment of passing all modulating or signal fre-
quencies with the same attenuation or amplifi-
cation, and of shifting their phase by the con-
stant amount of 90° at each individual and
simultaneously applied signal frequency. The
design and operating characteristic of - typical
individual units will be explained, and an ex-
ample of one circuit .embodiment will then be
described. .

The term “positive reactance,” as used in this
specificatien and in the claims, identifies a ca-
pacity or an inductance of conventional type,
and the term “negative reactance” refers to a
reactance whose phase angle is opposite to that
of a reactance of the conventional type. That is,
a negative capacity draws a lagging current, and
a negative inductance draws. a leading current.

One form of phase shifting circuit, as shown
schematically in Fig. 1, comprises a generator
M or source of modulation frequency voltage eo
in series with resistance Ri: and an inductance
L. The generator M and resistance R1 may be
the equivalent internal generator and internal
plate resistance of a vacuum tube amplifier. The
potential ex across the inductance L is applied
to another vacuum tube which is indicated by
the equivalent elements, i. e. a generator M’ in

- series with a resistor Re and a negative capacity
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—C. The potential e2 across the terminals of
the negative capacity @ is displaced by exactly
90° from the potential eo of the generator M.

A vacuum tube circuit corresponding to the
Fig. 1 diagram is shown in Fig. 2. The voltage
eo is the input to a vacuum tube amplifier |
having a plate load L that is coupled through
the condenser 2 to the vacuum tube 3. The
plate load of the tube 8 is a network that has
the impedance characteristic of the negative ca-
pacity —C. This network comprises the series
resistances 4, 5, the negative resistance —R con-
nected betwesn the junction of the resistances
and ground, and the inductance 6 connected from
the outer terminal of resistance % to ground. The
negative resistance —R may be provided by a
dynatron, a feedback amplifier or by other known
negative resistance devices. Networks of this
general type are known for creating a negative
capacity equal to:

&

L
where L is the value of the inductance 6.

As stated above, the phase of the voltage e
across the capacity —C is displaced by exactly
90° from the source voltage eo. Assuming, for
simplicity of explanation, that Ri and Rz are
equal, and have the value R, and that the am-
plification constants w1, ue of tubes.t, 3 respec-
tively, are each equal to unity, the voltage rela-
tionships in the circuits of Figs. 1 and 2 may
be computed as follows:

) 7
el"‘eOR_’__ij (1)
1
eg=el-—-—%01— (2)
R+i s

Substituting the value of e: in Equation 2 and,
assuming that the circuit design is such that

L

R2=E, (3)
the voltage ez across the negative capacity is:.
e=la T 1 ®

wC
If the amplification factors of the tubes are not
unity, this equation becomes:
B
- e=jey N
wL—I—w c
Equations 4 and 5 show that the voltage e
across the negative capacity —C is at 90° with
respect to the input voltage eo regardless of fre-
quency.
When Ri and Re are different, the value of ez
may be computed as:

£
e=jey (6)
J <"“‘ R1R2> ‘I‘ (szL+ C)
If, by design,
L
R;R?,:a
and
B o
wy 4
w()o

Whlch lesults in equal phase angles at the fre-
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quency o of maximum transmission, Equation 6
reduces to

er—jor—A A ®
woL(?’L—f—'“)
where 71 is a variable and o="nwo.

It is to be noted that this equation is of the
same form as Equations 4 and 5, thus indicating
that the phase shift of the network is not de-
pendent upon an equality of the resistances of
the two sections. )

The fact that the phase shift is of the order
of 90° for all frequencies may be ascertfained from
an inspection of the Fig. 1 circuit. At very low
frequencies, the voitage e:r across the inductance
L leads the source voltage eo by almost 90°, and
the voltage across the negative capacity —C is
almost in phase with its input voltage ei. The
overall phase shift is therefore 90° at low fre-
quencies. As the frequency increases the phase
shift in the voltage e1 across inductance L de-
creases but the phase shift in the negative ca-
pacity circuit increases correspondingly, and the
sum of the phase shifts remains constant.

Unfortunately, the amplitude of the voltage ez
across the negative capacily is not independent
of frequency. This frequency-amplitude varia-
tion can be corrected and appropriate corrective
means will be described after an explanation of
other phase shifting units.

The network of Fig. 1 is a specific arrange-
ment of a generalized circuit, Fig. 3, in which
impedances Za, Zb are shown in place of the in-
ductance I, and capacity —C of Fig. 1. The tabu-
lation of Fig. 5 indicates the several possible com-
binations of unlike 1mpedances of positive and
negative character.

The general circuif arrangement of reactive
impedances in series with shunt resistances is
shown in Fig. 4. It can be demonstrated mathe-
matically that the Fig. 4 circuit has the same
phase shifting characteristics as the series re-
sistance, shunt reactance circuit of Fig. 3. Ap-
propriate combinations of unlike reactances for
the g’ig. 4 circuit are shown in tabulation of
Fig. 5.

The desired phase shift of exactly 90° may
also be obtained with positive and negative im-
pedances of like character; the impedances being
located in parallel circuits which produce equal
phase shifts of opposite sign when equal voltages
of opposite phase are impressed upon the circuits.
As shown schematically in Fig. 6, the two parallel
circuits each include a source of voltage eo, a
resistance R and an impedance, one impedance
being a positive inductance L. and the other a
negative inductance —L. The input voltages are
of opposite phase and develop voltages er across
the resistances R, voltages es, es across the +L
and —L, respectively; these voltages being com-
bined across output terminals connected to the
outer ends of the inductances to provide output
voltage es.

It is apparent that, for applied voltage eo of
the same phase, the phase shift in the two cir-
cuits will be in opposite directions since the re-
actance of one circuit is positive while that of the
other is negative. The vector diagrams of Figs.
9 and 10 show this relationship for the illustrated
case of inductive reactances, and also show that
the lagging and leading phase angles « will be
equal when the resistances R are equal and the
inductances have the same numerical value. But
the input voltages eo of the parallel branches are
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out of phase and one of the vector diagrams is
reversed, as shown in Fig. 11. Since e3 and e
are equal and are displaced by the same amount
from the applied voltages, the resultant es of
the summation of the voltages es and es is al-
ways at 90° to the applied voltages.

The described phase shifting units supply the
desired phase shift of exactly 90° but the ampli-
tude of the output voltage varies with frequency.
Examination of Equation 4 indicates that the
output voltage ez is zero for zero frequency:and
for infinite fregquency, and that it rises to a
peak value of 0.5 eo at the frequency at which

1
, wL—w C—R

Amplification by the tubes will raise the output
voltage, as indicated by Equation 5 bub the fun-
damental operation is not affected by amplifica-
tion and, for simplicity, it will be assumed that
the amplification is unity. The transmission or
frequency-amplitude characteristic of a single
unit, as shown by curve 18 of Fig. 12, is symmetri-
cal about a vertical axis passing through the
peak value when plotted on a Iogarithmic fre-
quency scale.

An almost infinite number of such transmission
characteristics, - with maximum ftransmission
peaks spaced from each other by only a few
cycles, will give a flat summation characteristic
corresponding to a uniform transmission at all
frequencies. The sum er of the voltages of a
plurality of units that have voltage peaks spaced
from each other, in frequency, by a constant
multiplier S, is ‘

S
er=¢ o
=——-mf 2_[_./‘35'217

where f is the frequency at which the voltages
are to be added, fo is the frequency of the peak
voltage of the single unit, and » is an integer
from minus infinity to plus infinity correspond-
ing to the voltage contributed by the minus or
the plus p circuit below or above the reference
frequency fo. Calculation and experiment show
that when S is the base of the hyperbolic loga-
rithms, i. e. 2.7182818, the summation voltage er
is a constant value that is independent of /. A
spacing of the peak voltage frequencies of the
separate phase shifting units by S=2.7182818
will provide the constant phase of 90° and all
frequencies will be transmitted with equal effi-
ciency, the output voltage er being approximately
1.5705 eq.

A different spacing of the peak frequencies of
successive units will introduce a frequency-am-
plitude error but the frequency spacing is not ex-
tremely critical and the factor S may depart
materially from its optimum value without intro-
ducing large errors. The summation voltage of
units having peaks spaced by one octave, i. e.
S=2, will be constant within about 1% of the
mean value, and a network having units de-
signed for voltage peaks spaced by S=4 will
maintain the summation voltage constant within
+0.5% at all frequencies.

The transmission characteristics of a network
of the S=4 type are shown in Fig. 13. The sev-
eral phase shifting units are in parallel in the
transmission path and have individual fre-
quency-amplitude characteristics represented by
the overlapping curves {8, These curves rise to a
maximum at the frequencies 156.25, 625, 2500,
10,000, etc., and, for a network of this S=4 type,
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practically constant amplitude of 1.130 eo. The
amplitude error of =0.5% will be immaterial in
most instances. A further reduction of the num-

ber of units by increasing S to 10 will introduce

a maximum error of about 5% (x5.47%) for.a
mean value of er of about 0.68 eo.

The curves of Fig. 14 were plotted for a net-
work having a finite number of units for effecting
a. frequency-independent phase -shift within a
finite range of frequencies. The peaks of the
component units are spaced by the ideal value
of $=2.7182818 and the peak frequencies of the -
several units are noted on the curve sheet. All
of the intermediate units have the same trans- .
mission efficiency, as indicated by the similar
curves 18, but the end units have an approxi-
mately 65% higher efficiency as shown by curves
18’. The constant amplitude section of the sum-
mation voltage curve i1’ therefore extends well
beyond the limits that would be obtained if all
units had the same transmission efficiency. The
number of units required for a given frequency
range is thus reduced as the end sections com-
pensate to some extent for the voltage contribu-
tiong of the adjacent omitted units.

Curve {1’ is flat between about 150 cycles and
2. megacycles, and this wide frequency range of
constant amplitude transmission is obtained with
but twelve phase shifting units. Inspection of
the curve sheet shows that only seven units would
be required to cover the range of from 150 cycles
to 10 kilocycles if the unit which is peaked at
27,183 cycles -is made the end unit of higher
transmission efficiency. - A lesser number of units
will be required-if some amplitude error can be
tolerated and, for other spacings of the peak
voltages, the increased transmission of the end
units should be adjusted to provide the greatest
range of approximately constant transmission.

A fragmentary circuit diagram for a network
assembly of units of the Fig. 1 type is shown in
Fig. 15. The source of signal voltage is the micro-
phone {2 and its amplifier 13 to which a. plu-
rality of phase shifting units, indicated generally
by the dotted line blocks 14, are connected in par-
allel. The number of units 14 will depend upon
the range of modulation frequencies and the
permissible amplitude error. The circuit on only
one unit is snown as the units are of identical de-
sign  but have impedances of different values.
The output voltage of amplifier {3 passes by lead
{5 and blocking condenser {6 to the grid of vacu-
um tube 1T which has an inductive plate load 18
that corresponds to the positive inductance L. of
Fig. 1. The voltage developed across inductance
18 is passed by condenser 19 to the grid of the
vacuum tube 28. The plate voltage to tube 28 is
from a current source 2{ through a resistor 22
in parallel with the plate load that provides the
negative capacity —C of Fig. 1. The current
sources for energizing the tubes are shown, for
simplicity, as batteries but the customary ener-
gization from an alternating current source and
rectifiers will usually be employed.

The negative capacity network is connected
to the plate of tube 20 through an isolating con-
denser 23 and comprises the serially connected
resistors 24, 25 and inductance 26, and the dyna-
tron tube. 27 that has a plate connected to the
junction of resistors 24, 25 and a cathode con-
nected to the cathode of tube 29. The plate of
the dynatron tube is energized from current
source 21 through the inductance 26 and resistor
25. - The screen grid of tube 2T is connected
through a battery 28 to the positive terminal of
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the battery 21, the polarity of the battery 28 be-~
ing'such that the screen grid has a higher positive
potential than the plate. . The dynatron tube 20
functions as a negative resistance device and, in
the illustrated circiit, the dynatron and its plate
circuit load create the effect of a negative ca-
pacity in the plate circuit of the tube 20.

The output lead 29 from the tube 20 of each
unit extends to an amplifier 33, and the several
amplifiers 36 work into a common output lead
31. The purpose of the amplifier tubes is to pre-
vent coupling between the several negative ca-
pacities. and "thus make each unit per se inde-
pendent. :

The illustrated. circuit places all units in paral-
lel in the transmission path but other arrange-
ments may be used to develop in the output lead
a voltage that is the summation of the voltages
developed by the several units.

The dynatron tube and other negative resist- ¢

ance devices have a constant resistance for only
a limited range of voltages and the input to the
phase -shifting -units should be restricted to the
voltage range for which the negative resistance
of the tube 27 is constant or substantially con-
stant. The phase-shifted voltage from the plu-
rality of units {4 may then be brought to any
desired level by amplifiers individual to.the units
or by a common amplifier.

The design of vacuum tube circuits for pro-
ducing the other describaed types of phase shift-
ing units will be obvious to those familiar with
negative impedance circuits.  The number of
units and the frequency.spacing of the peak
transmission may be varied in accordance with
the range of frequencies to be transmitted. and
the allowable amplitude error. Some amplitude
deficiency may be corrected in a succeeding pcr-
tion of the transmission system, and this possi-
bility of course increases the latitude in the de-
sign of a phase shifting network for any given
use.

I claim:

1. In the transmission of signal voltages in a

band of frequencies, the process of obtaining a

frequency-independent phase shift of constant
magnitude throughout the band which com-
prises impressing the signal voltages on two cir-
cuits containing reactances of opposite charac-
ter and of opposite algebraic sign, thereby to pro-
duce two voltage components with phase shifts
that each vary with frequency and at the same
rate, and combining the two phase-shifted volt-
age components to produce an output voltage
having a phase shift of constant magnitude.

2. In the transmission of signal voltages in a
band of frequencies, the process of effecting a
phase shift of exactiy 90° at all frequencies which
comprises impressing the signal voltages on two
circuits containing reactances of opposite char-
acter and of opposite algebraic sign, thereby to
produce in succession during transmission two
phase shifts that vary with frequency in opposite
sense and that equal 90° at respectively substan-
tially zero and substantially infinite frequency,
and adding the frequency-~variant phase shifts to
produce a frequency-independent phase shift
of 90°. .

3. In the transmission of signal voltages in a
band of frequencies, the process which comprises
producing from the signal voltages two voltage
components of equal magnitude and with fre-
quency~variant phase shifts of equal magnitude
and opposite algebraic sign, and adding the
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voltage components to obtain an output voltage
of exactly 90° phase shift at all frequencies.

4. In the transmission of signal voltages in a
band of frequencies, the process which comprises
producing from the signal voltage a plurality of
voltage components each at 90° to the signal
voltage and each varying in amplitude as the sig-
nal voltage frequency departs from a maximum
transmission frequency for each component, the
maximum: transmission frequencies for the re-
spective components being spaced from each
other, and combining the several voltage com-
ponents to obtain a 90° phase shifted output volt-
age that is of substantially constant amplitude
throughout the frequency band.

5. A phase shifting nefwork having a fre-
quency-independent phase shift of exactly 90°,
said network comprising a transmission section
having a positive reactance, a transmission sec-
tion having a negative reactance, and connections
between said transmission sections for combining
‘the phase shifted output voltages of both trans-
mission  sections -to produce an overall output
voltage of 90° phase shift.

6. A phase shifting network having a fie-
quency-independent phase shift of exactly 90°,
said network comprising two serially arranged
transmission sections each including - resistance
and a reactance, the reactances being of opposite
character and of opposite algebraic sign.

7. A phase shifting network -as claimed in
claim 6, wherein both sections have the same
ratio. of resistance to reactance. .

8. A phase shifting network comprising two
transmission sections in parallel, a voltage source
for impressing signal voltages of opposite phase
upon said sections, each section including resist-
ance and reactances of like character, one react-
ance being positive and the other negative, a pair
of output terminals for the network, and circuit
connections between said terminals and said sec-
tions for developing between said terminals the
summation of the phase-shifted voltages of the
sections. - )

9. A phase shifting network comprising a plu-
rality of phase-shifting units, each unit includ-
ing reactances of opposite algebraic sign and re-
sistance for producing a frequency-independent
phase shift of 90°, said reactances imparting a
frequency-variant transmission efficiency to said
units, a source for impressing upon said units a
band of signal frequency voltages, and output ter-
minals across which the summation of the out-
put voltages of the several units is developed, the
impedances of the several units having values
corresponding to maximum fransmission efficien-
cies at frequencies that for all pairs of adjacent
units bear a substantially constant ratio.

10. In a transmission network, a plurality of
circuit units, and input and output terminals be-
tween which said units are connected in parallel;
each unit including reactance imparting there-
to a transmission efficiency that varies with fre-
quency as a function of

1
1

where n is a variable equal to the ratio of the
frequency of maximum transmission efficiency
to any other frequency for which the transmission
efficiency is to be determined, and the reactances
of each unit corresponding to a frequency of
maximum. transmission efficiency differing from
the maximum transmission frequency of all other
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units, the frequencies of all pairs of adjacent
maximum transmission peaks having substantial-
ly the same ratio.

11. In a transmission network, the invention
as claimed in claim 10, wherein the ratio of the
frequencies of any two adjacent maximum trans-
mission peaks is between 2 and 10.

12. In a transmission network, the invention
as claimed in claim 10, wherein the ratio of the
frequencies of any two adjacent maximum trans-
mission peaks is substantially 2.7182818.

13. In a transmission system, input and output
terminals, a plurality of transmission units in
parallel between said terminals, each unift in-
cluding a pair of sections having reactances of
opposite algebraic sign for producing a 90° phase
shift, said reactances imparting to the units a
sharply-peaked frequency-variant transmission

[523
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efficiency with the maximum transmission of the
several units at different frequencies to provide
an approximately constant summation output,
the peak transmission efficiencies of all of said
units being substantially equal, and means pre-
cluding a gradual decrease in transmission effi-
ciency in the frequency regions outside the maxi-
mum transmission efficiencies of the end units;
said means comprising additional units of higher
maximum transmission efficiency than said plu-
rality of units, said additional units being con-
nected between said terminals and having react-
ances imparting thereto frequencies of maximum
transmission efficiency lying outside of the range
of approximately constant summation output of
said plurality of units.

KENNETH W. JARVIS.




