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% 20 Claimsg,

This invention relates to radio antennas and in -

particular to directive antenns arrays and asso-
- clated apparatus whereby the directivity of the

aIrrays may be controlled in accordance with pre-
- defermined desired conditions or requirements.
The objects of my invention are: :

To provide a single antenns srray and asso-

ciated apparatus capable of simultaneously re- .

celving a plurality of radio transmissions either of
the same or of different frequencies from different
directions.

To provide & single anienns. AITay and associ-
ated apparatus capable of simultaneously recefy-
Ing a plurality of radio transmissions of different
frequencies from any one given direction.

To provide a circulsr antenns. arrey ang assoe-
-clated control apparatus by which radic trans-
missions from any direction in azimuth may be
received,

To provide a circular sntenne, RITAY 2NCG 2SSO~

clated control apparatus by which the directivity
of the array may be rotated in. the horizontal
plane at substantially any rate

To provide a completely -automatic direction
- finder capable of determining the direction of g
radio transmission in the horizontal plane,

To provide a voltage operated phase changer by
which the phase of 3, volirge or current wave
may be advanced or retarded through 360 elec-
trical degrees.

0 provide a voltage operated phass changer
and control apparatus therefor Py which the
phase and magnitude of g, voltage or current wave
- may be changed in accordance with o given cycle.

These and other objects and features will be-
Come. epparent from the following description
taken in connection with the attached drawings
illustrating several embodiments of my invention,
and wherein

Fig. 1 is a schematic circult dizgram showing
an antenns array and associated circuits in ac-
cordance with one embodiment of my invention:

Fig. 21s a schematic diagram Nustrating g voit-

age operated phase changer in accordance with
my invention:

Mg, 3 Is a diggram illustrating one method for

determining an antennes, array in accordance with
my invention;

Fig. 4 15 a vector dlagram illustratmg the mag-

&

Fig. 7 is a polar diagram used in explaining the
principles of my invention: |

Pigs. 8 and 9 illustrate respectively the phase
and megnitude relations of currents delivered to
the transmission lines shewn in the antenna array
of Flg. B

Fig. 10 is & schematic diagram of o phase con-
w0l device for controlling the pnase changer of

. Fig. 2: and

10

16

20

Fig. 11 Is o sectional diagram of the phase con -
trol device as viewed from the section line | foee b
of Mg, 10.

Referring o Fig. 1 T have schematically Dlus-
trated a six-element linear anienneg arrsy io-
gether with recelving apperatus and control
equipment suitable for recelving s plurality of
radio transmissions from different directions s
set forth in the first two ebjects of my invention.
In the figure, elements —8& revresent six anten.
nas arranged in linear array. These antennss
are preferably aperiodic and therefore are canable
of substantially equal response over a wide fre-
quency band., Connected acress an impedance
in each antenna are two phass changing devices

o5 Shown as blocks 8 and 18. Each block represents

30

apparstus for changing the magnitude and phase
of the voltage induced in the antennsa cirenuit.
The speclfic circuits for the phese changing de-
vices are illustrated in Fig. 2. One get of nphase
changers, represented by reference characters o
for example, is for determininz the feld patiern
of the antenna array for one particular £ requeney.

‘The other setl of phase changers, 16, are for deter-

- mining she fleld patiern for snother frequency

39
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nitude and phase relations of voltages which may 90

be
1; |
Fig. b is a second embodiment of my invention
wherein s plurality of antennas are arranged in
circular array:

Fig. 6 represents the field pattern of the array

‘resulting from a given predetermined set of con.
- ditions shown in Fig. 5;

obfained from the phase:changer shown in Fig.

09

which may hsve a maximum directivity either in
the same or in a different direction from that de-
termined by the phase changers 8. It is to be un-
aerstood that whereas I have illustrated only two
groups of phase changers, any number of groups
may be employed each group acting entirely inde-
pendently from the others and determining e,
separate field pattern. Extending from the
pnase changers 8 are a plurality of transmission
lines 12. Each line extends from the phase
changer to which it is connected at one end to g
receiver 14 which may be located at a rermote
point. The output impedance of the phase
chenger is matched to the impedance of the
line. In the interest of economy of transmission
lines it is preferable that adiacent lines, for ex-
ample those associated with antennas { and 2, be
connected together at a point 6 and that the
combined energies from these lines ha transmitted
over g single line 18 to receiver 8. 'The dimen-
slons of the lines are preferably so chosen that an
Impedance match occurs at the junction point 18,

It is preferable though not essential that the elec-
trical length of all of the lines {2 and all of the

lines 18 be equal. In a similar manner, fransmis-
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sfon lines 20 extending from phase changers {0

~are connected together at point 22 and the ener-

gies therein are transmitted over a common line
24 to a separate recelver 28, -

Associated with recelvers {§ and 26 are phase

change control devices 28 and 44 respectively.

- Control channels 31—38 extend from the phase

eontrol device 28 to the phase changers 8. In a
similar manner control channels 37—42 extend
from the phase control device 44 to the group of
phase changers 10. Each control channel, 3 for
example, is to be considered as representing a

3,444,490
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developed across conductors 68 and 14 have 4
180° phase relation with respect to ground, The
megnitude of this voltage is controlled in part
by the value of the voltage appearing on grid
18, and the source of this controlling voltage is
in the phase control device 28. A conductor 78
extends between the grid 718 and the phase con-
trol device 28, and is one of the conductors malk-
ing up the channel 31 described in connection
with Fig. 1. A second conductor 80 extends be-

‘tween the anode T0 and the phase contro] de-

- vice 28 and is for the purpose of impressing 8

number of conductors sufficlent to control the |

operation of a single phase changer.

In general the phase changers, as illustrated
by the schematic wiring diagram of Fig. 2, com-
prise a plurality of vacuum tube amplifiers of the
- cathode follower phase Invertor type. I have
illustrated each phase changer as comprising
three amplifiers A, B, and C. The input circuits
of the amplifiers are connected in parallel across
an impedance §0 In the antenna circuit of each
of the antennas 1-8. Between the point §! and
the control grids $2, §3 and 64 of amplifiers A,
B, and C respectively, there is a connection hav-
- Ing electrical characteristics such that the volt-
ages applied to the grids have a predetermined
phase separation. The specific value of the
phase separation is not critical but in general the
voltage applied to grid 53 should lag the voltage
apllled to grid 52 by approximately 60°, Simi-
Ierly, the voltage applied to grid 54 should lead
the voltage applied to grid 52 by approximately
60°. These phase displaced voltages are obhtained
as follows: From the point §1 to the control grid
92, there is a non-reactive connection. Any po-
tential at point §1 is therefore impressed on grid
92 with substantiglly no change in phase. From

16

20

30

38

the point &{ to the grid 53 there is an inductive -

reactive connection. Any voltage occurring on
grid 53 as a result of an applied voltage st point

i, therefore undergoes a lagging phase shift..

Similarly, a capacitive reactance is connected be-
tween the point 5f and the grid &4 whereby any
voltage occurring on the latter grid, as the re-
sult of a voltage applied to the point 5§, under-
goes a leading phase shift. The inductive and
capacitive reactive connections are represented
by the inductor 56 and the capacitor 58. Shunt-
- Ing the inductor 56 is a variable resistance &0 by
which fthe phase voltage and the grid &3 may
be controlled over a predetermined range. Sim-
ilarly, a variable resistance 62 is shunted gcross
the capacitor 58 for varying the phase of the
voliage and the grid §4. It is to be understood
that the reactors 56 and 58 may also be made
variable fer producing phase variations of volt-
age on the grid to which they are connected.
Between the cathode 64 of amplifier A and
ground, there is a resistor 86. The voltage de-
veloped across this resistor is in phase with the
voltage appearing across the resistor 50 in the
- antenna circuit. A lead 68 connected to the
Junction point between the cathode 62 and the
- resistor 66 has a voltage impressed thereon hav-
Ing & phase relation the same as that across the
resistor 66. Between the anode 70 of amplifley

40

50

positive pofential on the gnode. A choke colil
82 prevents radio frequency currents from flow-
ing in the conducfor 80. The conductor 80 rep-
resents another of the conductors constituting the
plurality of conductors of channel 31. The mag-
nitude of the voltage applied to the anode also
controls the magnitude of the voltage appearing
across the conductors €8 and 74. The capacitor
84 by-passes the radio frequency current to
ground and blocks direct current from the con-
ductor 80 from ground.

Referring now to amplifier B, the resistor 90
is connected between the cathode 92 and ground.
The resistor 24 s connected between the anode
86 and ground. The phase relation between con-
ductor 84 and ground and the conductor.100 and
ground Is 130° as will be seen from the description
in connection with amplifier A. The phase re-
lation between the voliage appearing across the
conductors 68 end T4 and the voltage appearing
aCcross the conductors 89 and {00 will have a sub-
stanfieily 60° phase relation as determined. by
the regetor 86, -

The magniturle of the voltage across conduc-
tors 86 and (08 is determined by the voltage ap-
pearing on the grid 182 and the anode 86. ‘The
grid voliage 1s limpressed from the phase control
aevice 28 to the grid 182 over the line 184 which
constituies part of the chennel 31. The anode
voltage is transmitted over the line 108 extend-
Ing hetween the ancde 28 and the phase control
device 28 and this line 106 likewise constitutes
pare of the channel 3,

With respect-to amplifler €, the phase relation
petween the voliage scross conductor 108 and
ground and the voliege across conductor 140 and
grounc 1s 180°, Howevar, due to the reactor B8,
vhie voitnge hetween conductors 108 and 110 s
displaced substantially 60° from the phase of the

- voliage acress conductors 58 and 78, The meagni-

66

aQ

a5

-4 and ground, there is a second resistor 12, and |

across this resistor a voltage is developed having
a 180° phase relation with respect to the volt-
age Impressed across the resistor 50 in the an-
- tenna circuit. A lead 74 connected to the junc-
Ylon point of the anode 10 with resistor 72 has

the same phase as that developed across resistor
12. It will therefore be seen that the voltages 75

70

tude of the voltage between conductors 108 and
1:8 is determined by the voltages applied to the
grid €172 and the anode {14 of emplifier C. The
voltages are Impressed over lines 116 and 118 re-
spectively {rom the phase change control device
28. Lines {16 and 118 constitute conductors of
the conirel channel 21. It will be seen that in
vhe ustrated case, the control channel 81 com-
prises six conductors 78, 80, 104, 108, 118, and {18,

Fae output conductors 68 and 14 of amplifier A
are connected to the output conductors 98 and 100
of amplifier B and to tha output conductors of 108
and {18 of amplifler C at the points. 120 and §22
In. such o manner that the phase relation of the
voltages appearing across points 120 and 22 due
to the above mentioned conductors are 120° apart.
This phase relation may he obtained by invert-
ing the phase of the voltages across conductors
98 and 102 and across 108 and 110 with respect to
the points (20 ang 122. Under these conditions, if
the voliage appearing across each of the resistors
6, 12, 28, 84, 28 and 120 were equal in magni-
tude, the combined voltage across points 120 and




% J'l.
{22 would be zero. However, if o voltage appear-
ing across any of the resistors immediately above
mentioned was reduced or increased, the volt-
age across points 120 and §22 would no longer be
zero, bhut would have a finite value and phase re-

lation dependent upon the magnitude of the -

voltages appearing- across the resistors. Con-
nected across points £26 and {22 are the lines 12
or 28 of Fig. 1 as the case may be.

Referring again té Fig. 1 it will be seen that
due o0 the common connections at points 148 and
142 of the lines 8 of which the lines 12 may be
considered as branches, a8 change of voltage across
any of the resistors in any of the amplifiers of
the phase changers 8 will result in a change in
magnitude and phase of the final voltage im-
pressed upon the receiver 14. Likewise when con-
sidering phase changers 10, a change in voltage
appearing across any resistor therein will affect
- the magnitude and phase ultimately impressed
upoen receiv . 26. However, there is no interac-
tion between phase changers 8 and 18 and there-
fore each receiver will be controlied by the re-
spective phase changers to which it 1s connected.

In Fig, 3 I have shown the manner in which a.

single antenna array may be designed to receive
radlo transmissions from two arbitrary directions
in such a manner that the fleld patterns of the
antennag array will be a maximum in the direc-

tion from which the transmissions are received.

If two different frequencies are bemg received the
directivities of each transmission may be the same
and there will be no interaction. If the radio
transmissions are of the same frequency, in or-
der to prevent interaction of the receivers it will
be necessary for the fransmissions to have dif-
ferent directions with respect to the antenna ar-
ray. 1 have assumed two transmitters located at
points 81 and 82 and a receiver located-at R. The
angle between the transmissions from S: and Sq
with respect to R is 8.

‘There gre many types of arrays known to the
prior art and I have chosen the type known
as 8 binomial array for describing my invention.
At right angles to the direction of transmissions
from &1 a six-element binomial array is laid
out. As Is well known the spacing between the
antennas of the array are one-half wavelength at
the operating frequency which I have designated
in Fig. 3 as
' ALl
-2
The relative magnitudes of the voltage out-
puts from the wave changers associated with
eachh anfenng are 1-5-10-10-5-1 sequential-
ly beitween end antennas of the array. 1t
is of course understood that a one-half wave-
length separation is equivalent to a 180° time
phase displacement, Construction lines are
drawn parallel to the transmissions from Sz
through the antennas of the array. A similar
array Is constructed at right angles to the trans-

missions from S2 and the distance between the
antennas are designated

A2

——

piA

Through the antennas of the second array,
construction lines are drawn parallel to the
transnﬁssiﬂns from S2. At points where the
two sets of construction lines intersect, the
antenng array comprising antennas §—2—3—
- §—8—5 in accordance with my invention may
be positioned as shown In Fig. 3. It will be

seen . that projections from the antennas to
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points on 2 line a4 right angles to elther directio
of transmission will be equal to one-hslf th
wavelength of either transmission.

Considering transmissions from 81 for exampl
it will be observed that there will be a differenc
in phase between the energies arriving at tr
various antennas of the array, and that this phas
relation for a given wavelength is dependent upo
the angle between the array and the direction
reception. This gngle I have designated ¢ an
the phase between the energies induced in an
two adjacent antennas is equal to = cot ¢ radian

In order that the sntenns array will have
field pattern with a maximum directivity in tk
direction of Si, it is required that the effectis
outputs of wave changers associated with ¢tk
antennas be cophasal. This result may be &
tained as follows:

A wave front passing through the array will Ix
tercept the antenna closest to the transmitter
certain number of electrical degrees in spat
phase before intercepting the second antenn
If the effective output voltage from a pha
changer associgted with the first antenna is di
layed an amount equal to this space phase, tl
effect upon a receiver would be the same as
the receiver were being acted upon by in-phs
voltages from bhoth antennas. Applying th
principle to all of the antennas of the array,
will be seen that by a plurality of suitable pha:
changing means, the effective output voltag
from all antennas can be made cophasal.

In Fig, 4 T have illustrated by g group of ve
tors, certain conditions which must prevai]l |
order that the antenng array of Fig. 3 have ti
desired maximum directivity in direction S1 fro
the receiver R. The angle ¢ between the arre
and the direction of reception is asstimed to 1
60°. The vector Vs represents the output voltag
from the phase changer associated with antenz
6. Vs represents in magnitude and phase {l
value of the output voltage from the wa
changer asscociated with antenns 8. The pha
relation of the voltage induced in antennsa & wil
respect to that induced in antenna 6 is 104° :
represented by the angle between Vs and Vs. Th
means that the phase changer associated wii
antenna & must advance the phase of the inp
voltage by 104° in order that the outputs of t!
two phase changers will be cophasal. A simil
analysis applies to all of the remaining vecto
V4, V3, V2 and Vi. A defailed example of {I
manner in which the phase changers operate
provide an outputbt of the desired magnitude ax
phase will be given hereinafter in connection wi
a second embodiment of my Invention,

Although I have described my invention .
embodied in the diagram of Tg. 3 as comprisiz
an antenna having a directivity in two directior
it is to be understood that any number of dire
tivities could be obtained provided only that t
distance between adjacent antennas is substa:
tially equal to the operating wavelength divid
by twice the sine of the angle between the dire
tion in which the antenna grray extends a1
the direction of reception. This distance
shown in Fig, 3 as

At Ay
~2ginp 2 sin g

The directivity can therefore he varied over
considerable angle without materially affectis
the field pattern of the antennsa grray.
Referring to Fig. 5 I have illustrated anoth
embodiment of my invention wherein a plurali
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of antennas are arranged in two concentric cir-
cular arrays. Connected to each antenna is &
‘phase changer of the type illustrated in Fig. 2 and
from each wave changer a transmission line ex-
tends to a central receiver. At any instant of
‘tlme a predetermined number of the antennas are
conditioned through the medium of thelr asso-
clated phase changers so that as a group they
are responsive to radio transmissions from g pre-
determined direction and substantially non-
responsive to transmissions from other direc-
tions.  Even though the antennss constitute g,
recelving array, the antenna may be said to have
& field pattern having a maximum directivity in
a predetermined direction. |

In accordance with my invention the field pat-
tern of the directive array is rotated in azimuth.
The rate of rotation may have substantially any
~value, being determined in accordance with my
invention by the rate of rotation of a mechanical
phase control device to be hereinafter described.
The rotation of the field pattern is accomplished
by progressively energizing antennas on one side
of the group which is active at any given moment
and de-energizing antennas on the other side of
this group. | |

In order o describe my invention, it is con-
venient to discuss a given antenna array which is
conditioned to recelve in accordance with a pre-
determined fleld pattern. ¥or example in Fig, 5
I have fllustrated an outer antenna, array in
which fifteen equally spaced antennas are posi-
tioned on the circumference of a circle having a
radius of 432 electrical degrees and an inner an-
tenna array positioned on the circumference of
& circle having a radius of 340 electrical degrees.
One antenna of each array is bositioned on g
common radius. Adjacent antennas of the array
are spaced 24 electrical degrees apart. Consider-
ing for the moment the outer srray, the adja-
cent antennas thereof are spaced apart one-half
wavelength at the operating frequency or 180
electrical degrees. It is from this given condition
that the radius of the array equals 432 degrees.

In Fig. 5 I have not shown all of the antennas
constituting the complete array, since so doing
would merely complicate the drawing and add
nothing to a clear understanding of the operation
of my invention. I have gssigned reference char-
acters Ai~Aq to a group of antennas in the outer
array and AvAii to 8 group of antennas in the
inner array. A discussion of the manner in which
these antennas and their associateq wave chang-
€rs are conditioned to operate will be sufiicient
to completely describe the operation of the SyS-
tem as a whole. Opposite each antenna I have
Indicated certain voltage values and phase rela-
tions to be used in describing its operation. As-
- suming the direction of maximum reception is
rotating in the direction of arrow Dr the upper
values indicate certain voltage and phase relations
when the antenna array is conditioned to receive

from the direction of the arrow D: and the lower

values indicate conditions when the array is c¢on-
ditioned to receive from the direction Do, ‘The

~amplitude and phase relations of the voltages de-

livered from the phase changers of the array grad-

Ually shift from one set of values to the other
as the directivity of the array changes from the

direction of D: to Dz as will be hereinafter more
completely described. When the array is receiv-
ing from the direction D1, the phase changer as-
sociated with antenng As is delivering a maximum
voltage E having a phase relation of zero degrees
taken as a reference, Phase changers associated
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with snfennas A2 and A4 on elther side of Az are
conditioned to deliver a voltage of .67E having
a phase relation of 37.2°. Similarly, phase chang-
ers associated with antennas A1 and As are con-
ditioned to deliver a voltage of .167E having a
phase relation of 143°. It will be observed that
the values .167--.67-1-.67-.167 bear the relation of
1-4-6-4-1 respectively, and that these values rep-
resent magnitudes corresponding to the effective
received voltages in a binomial array of five an-
tennas. As above described in ‘connection with
Fig. 3, in order that an antenna array have a
maximum directivity in a direction normal to the
array, it is necessary that the efiective voltages
delivered from the antennas have a cophasal re-
lation. Since the antennas of my array are on .
the arc of a circle, it is necessary that means
be provided in the form of a phase changer to
develop these cophasal voltages. For example, in
order that antenna Az deliver a voltage in phase
with antennsa A3z, the phase changer associated
with A2 must advance the phase of the voltage
wave as 1t strikes the antenna by 37.2°. Similarly,
the phase changer associated with antenna A;
must -advance the phase of the voltage wave in-
tercepting the antenng by 143°.

As 1s known in the prior art, in order that an
antenna array have a unidirectional receiving
pattern with a maximum directivity normal to the
array, it is customary to provide either g second
array of reflecting antennas usually spaced one-
quarter wavelength from the energized antennas’
or to provide means for energizing this second
array. BDue to the fact that the antennas of my
invention are aperiodic, it is necessary to provide
8 second energized array rather than one of the
unenergized or reflector type. Accordingly, a sec-
ond group of antennas Ar-Aiz2 is provided to form
an inner array.. Since the antennas of the arrays
are on the arcs of circles, it is impossible to locate
all antennas of the inner array so that they will
be one-quarter wavelength from corresponding
antennas in the outer array. However, the an-
tennas of the inner array may be conditioned to
deliver g voltage wave having a phase relation
such that substantially the same effect is obtained
as 1f the one-quarter wave phase relation existed.
The values of the voltages and phase relations
delivered by the output of antennas ArAiz is re-
corded in Fig. 5. |

The above discussion has dealt with the magni-
tudes and phase relations of voltages delivered
by the antennas under consideration when max-
imum reception is from the direction Di. If now
the various magnitudes and phase relations of
all the antennas be changed in a manner such
that they correspond to the lower sets of figures
shown adjacent the various antennas, the an-
tenna array as a whole will have a field pattern
siich that its maximum directivity is in the direc-
tion D2. An examination of the drawing will
show that under these conditions antennas Az and
A4 for example will deliver equal voltages of .89%
having a phase relation of 9.5°. The antennas
of a binomial array under these conditions would
normally have sequential voltage values of
1-5-10-10-5-1. However, since the outer anten-
nas of a six-element array deliver only = of the
total voltage developed by the array and the power
varies with the square of the voltage, these outer
antennas have been disregarded in the computa-
tion. By so doing no serious error could be noted
in any practical system. For this reason the mag-
nitudes of voltages delivered by antennas Ai, As,
A1, and A, have been considered as zero. The
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phase relation however of these voltages has been

recorded to indicate the phase relation at which
voltages would begin to be developed by these
antennas during the rotation of the fleld pat-
tern. The field pattern for the condition in which
antennas Az-As of the outer array and antennas

wi |

As—~A11 of the inner array are conditioned for re- -

ception for the direction Dz has been computed
and is shown on the polar diagram of Flg. 6. It
will be seen from this diagram that the field pat-
tern has a very marked directivity in the direc-
tion Da.

- Y will now describe the manner in which the
phase changers are operated so as to deliver out-
put voltages having a desired magnitude and
phase in accordance with the conditions indicated
on Fig. 5. In Fig. T are plotted two curves M
- and N from the voltage and phase values ap-
pearing on Fig, 5. Curve M shows the order of
change of the voltage and phase delivered by s
phase changer assoclated with any antenna in the
outer array. Curve N shows similar values for a
- phase changer associated with any antenng of
~ the inner array. These curves are substantially
two spirals having g 90° phase relation therebe-
tween: A discussion of the variation in magni-
tude and phase of voltages from anfennas in the
outer array only will be given in order to not
unduly lengthen the specification and since a sim-
ilar discussion would apply to antennas of the
inner array.

In Fig. 7 I have shown a plurality of vectors
extending from the origin to certain points on
curve M, these vectors representing the specific
values of magnitude and phase of voltages ap-
pearing on Fig. 5. Curve M is interpreted as

follows:
~ When.the directivity of the array changes from
Dt to D2, the magnitude and phase relation of the
output voltage from antenna Az as represented
by vector V7 changes to a value represented by
vector Vs. At the same time the magnitude and
phase relation of output voltages from antenna As
changes from a value represented by vector Vs
to a value represented by vector Vie, and likewise
the output from antenna A1 changes from vector
Vi1 to zero. It will be observed that during this
period there is considerable reduction in magni-
fude and an Increase in phase difference in the
voltage outputs from antennas As, A2, snd Ai.
On the other hand, the output from antenna, A
increases .from a value represented by veetor. Vo
to & value represented by vector Vs, while the
: c_:uutput from antenna As increases from the value
represented by vector Vu to the value represented
by vector Vio. It is clear that the changes in
output just deseribed occur while the directivity is
changing from the direction D1 to the direction
D2 or through 12°. The manner in which the
magnitude and phase of the output voltage from
any antenna changes through one complete ro-
tation of the field pattern is shown on Figs. 8
and 9 respectively for that portion of the com-
plete cycle during which any given antenna is
conditioned to receive. In Fig. 8 curve 2060
- shows a variation in phase through which the
output of any antenna of the outer array passes
during 3 120° rotation of the fleld pattern.
202 shows the change In phase throush which
the voltage output from any antenna of the
Inner array passes during the same period.

The phase changer which is associated with
any of the antennsas of the arrays, is shown in
Fig. 2 and has been previously described. The
manner in which the output of the phase
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changer iIs controlled so that it will deliver a
varigble voltage having a variable phase in ac-
cordance with the requirements of any antenna
shown in Pig. 5 will now be described. First,

from the wave changer associated with each an-
tenna of the outer antenna array, there extends
a2, transmission line 220 to a central receiver.
Preferably these f{ransmission lines are of equal
length and have the same electrical character-
istics. Other similar fransmission lines 222 ex-
tend between the phase changers associated with
the various antennas of the inner array and the
central receiver. ‘These latfer transmission lines
should also be of equal length and electrical
characteristic, but need not necessarily be equal

. to the first group of transmission lines 220. Each

transmission lne has been diagrammatically
illustrated in Fig. 5 as a single conductor, In
reglity the line is preferably composed of two
conductors extending from the points {20 and
(22 in Fig. 2.

Tn Fig. 5, as well as Pig. 1, T have illustrated
eachh bhase changer unit as being connected
directly with its associsted antenna, and have
also i{llustrated o transmission line extended
from the phase changer to the receiver, If is to
be clearly understood that =szch antenna could
be first coupled to a transmission line with the
far end of the line connected with a phase
changer unit. Under these conditions all the
phase changers could be centrnlly iocated at the
receiver. If this type of. consirucition were em-
ployed it would of course, be desirable to match
the output impedance of the antenna with the
input impedance of the transmission line and the
output impedance of the transmission line with
the input lmpedance of the phase changer in
aeeordance with known methods,

Also extending between eachh phase changer
and a phase control device is a conftrol channel.
Each channel is diagrammatically illustrated in
Pig. 5 as a line 230. Each lins is actually com-
posed of a plurality of conductors and as shown
in Fig. 2 these conductors are identified by refer-
ence numerals 738, 80, {84, i85, {i5, 118, The
phase control device 232 is preferably located
adjacent the central receiver bul in Fig., & it
has been drawn at the tor of the figure in
order to make the diagram lesg confusing, 1T
is the func‘“im] of the pvhase contrel device 1o
apply voltages to the various grids &, (82, and
(1§12 of the amplifiers shown in IFilg, Z of such
magnitude that the outvput voliage from the
combined amplifiers as it a2pnears scress termii
nals {28 and (22 will have the desired amz}htur’iﬂ
and phase. As an exsmple when the outpud
from antenna A; has an amplitude of F and
phase zero, let it he required to produce an out-
put voltege from A2z of & magnitude .BTE and
phase of 37.2°.

Considering Figs. 2 and 7 the ouiput of ampli-
fier A variles in accordance with a vector ex-
tending from the origin hoerizontally to the right
along a line 24%8. This line reoregsents the refer-
ence from which all phases are measured., The
line 242 positioned In the 2ng gquadrant of the
diagram of Fig. 7 is that along which the vol.
tage output from amplifier B varies. 7This line
bears an angular relation witlh respect to line
240 of approximately 127° in accordance with this
example and for a reason which will be brought
cut later. This angle of 127° is determined by

the reactor 58 in the grid circuit of amplifier B
and the polarity in which the output leads 88
and 100 are connected to points 126 and 122, In




2,444,400

11

the third quadrant o line 244 extends o n diyoc-~
tion having an angular relation with line 246 of
216° for reasons which will be described later.
It is along this line that the vector of the voilt-
age output from amplifier ¢ extends. The direc-
tion of line 244 is determined by the capacitor
%8 and the polarity in which the output leads
138 and 110 are connected to points 120 and [22.
- -Digressing for the moment from the particular
problem at hand, it will be noted that if the volt-
ages applied to the grids {02 and {12 of ampli-
flers B and C respectively were such that a cur-
rent output from these ampliflers were reduced
to zero, the vector output from the complete
phase changer would be determined solely by the
output from amplifier A. The vectors normally
extending along the lnes 282 and 244 would be
reduced to zero, and the output vector from am-
plifier A would lie on line 248. 'The magnitude
of this vector could be determined by the voltage
applied to the grid 78 and to the anode 0. As
a matter of fact the outout vector from antenns,
A3 extends along this line, and may be repre-
sented by the vector Vi. At the same instant of
‘time it is desired that the output from antenns,
Az have a magnitude of .67E and a phase rela-
tion of 37.2°, as shown by vector V2. This vector
may be obtained by reducing the voltage on the
grid 76 of amplifier A to a valie where the out-
put is represented by vector Viz while at the same
time Increasing the voltage applied to the grid
102 of amplifier B until the output from this am-
plfiler may be represented by the vector Vis.
The output from amplifier C is maintained zero
durlng this time. The sum of vectors Viz and
Vi3 Is equal to the desired vector V.

At this same instant the output voitage from
antenna Ai should have g value of .167E andg a
phase relation of 143°. ‘This voltage is shown by
vector Vi1 and may be obtained by reducing the
output from amplifier A to zero, and maintaining
outputs from amplifiers B and C equal to values
shown by vectors Vis and Vis respectively. In
% similar manner the desired amplitude and
phase relation of any voltage of any antenna of
the array may be obtained.. -

The manner in which the direct current volt-~
ages 10 be impressed on the grids 76, 102, 112,
and amplifiers A, B and C respectively may be
generated is {llustrated in Figs. 10 and 11. In
these figures I have represented a plurality of
variable capacitors. Each capacitor comprises
two electrodes, one fixed and one rotatable. One
of these variable capacitors is provided for each
phase control grid electrode controlling the out-
put of an amplifier in all phase changers. In
-the present illustration there would thus be &
total of 90 capacitors, three for each phase
changer of which there is one for eachh of the
thirty antennas comprising the inner snd outer

- antenna arrays. However, T have illustrated in
Figs. 10 and 11 only forty-five of these variable
capacitors or a number sufficient to control the
outputs of the antennas constituting one of the
circular arrays. It is understood that the other
forty-flve variable capacitors for the other array
would be similar to those illustrated in Figs. 10
and 11. As{llustrated by these figures the forty-
five fixed electrodes of the varlable capacitors are

divided into groups of 15, each group lying on the
periphery of a circle. T have designated these
groups as X, Y and Z. Associated with groups X,
‘é: and Z are three rotating electrodes X’, ¥’ and
likened to cams having predetermined irregular

respectively. The rotating electrodes may bhe
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{fneen ng shown in Plg. 10.  As tho eleotrodes X',
¥’ end % rotate, it will be seen that the inter-
elecirode capacitance between the surfaces of
the rotating electrodes and the fixed electrodes
changes due to the irregular shape of the former.

The fized electrodes ¥1-Xis are connected to
the phose control grids 716 of the amplifiers A
associated with the phase changers in the outer
anienng array. Similarly, each fixed electrode
Yi~¥is of group Y 15 associated with the phase
control grid {02 of amplifier B of these phase
chengers and fixed electrodes Zi~Zis of group Z
are connected to phase control grids 1§12 of am-
plifier C of the phase changers. It will be ob-

‘served that the fixed electrodes of group X are

connected to that amplifier A whose output is in
phase with its input, that the electrodes of group
Y are connected to that amplifier having an in-
ductive; reactance in its input circuit, and that
the electredes of group Z are connected to that
amplifier having a capacitive reactance in its
inpuf circuit.

In the lead between each fixed electrode in
groups X, ¥, Z and o phase control grid in the
phoase changer, there is a vacuum tube rectifier
D. As shown in Figs. 10 and 11 these rectifiers
may consist of 2 triode In which case an amplify-
ing as well as a detecting action is obtained. It
Is to be understood that any equivalent rectify-
ing device such as a diode or a selenium rectifler
may ke employed. | :

A source of high frequency current 250 is con-

- nected between the rotating electrodes X’, ¥’ 7’
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and ground through the medium of a brush 252

bearing on a ring 264 the latter being a part of
or electrically connected to the rotating elec-
trodes, The circuit 26¢, tuned to the frequency
of the source and comprising a capacitor 258 and
inductor 269, acts as a tank circuit connected
across the output of the high frequency source to
improve the regulation thereof., The frequency
of the source 250 should be high enough to make
the capacitance reactance between the rotating
elecirodes and any flxed electrode relatively low.
Suflicient energy may thereby the transferred to
the rectiflers to cause them to operate efficiently.
The rectified output of the rectifiers is passed
over the control circuits, 78, 104 and 116 for ex-
ampie, and impressed on the phase control grids
of the phase changer amplifiers. Referring again
to Fllg. 7 it will be ohserved that the vector Vr and
therefore the output of amplifier A has a magni-
tude for a portion of the operative cycle at least,
greater than the outputs of either amplifiers B
or C at any time. This means that the capaci-
tance bhetween the rotating electrode associated
therewith X’ and any fixed electrode X1-X15,
must be proportionately greater than the capaci-
tance between either of the other rotating elec-
trodes and their corresponding fixed electrodes.
‘Thiz is illustrated in Mg, 10 wherein the rotat-
ing electrode X’ has a relatively long electrode
suriace opposite the fixed electrodes. Referring
to Fig. T it was mentioned that the line 24?2 was
bositioned at an angle of approximately 127° from
the Iine 248, This line 242 was drawn parallel to
the tengent of curve M at the point As’. By such
8 construction it iIs seen that the vector Vi un-
dergoes no shrupt change in magnitude as it
rotates from point As’. ‘This in turn means that
the periphery of rotating electrode X’ has the
form of & smooth curve and facilitates its de-
sign, For siimilar ressons the line 244 of Fig. 7
cccunies the position of 216° with respect to. line
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240, and the electrode Z’ may have a smooth outer
periphery.

With the electrode X’ in the position as shown
in Figs. 10 and 11, it will be seen that the react-
ance between it and electrodes X3 is a2 minimum,
whereas the reactance between electrodes Y’, Z’,
and Y3 Z3 respectively is a maximum. 'This
means that only amplifier A of the phase chang-
er associated with electrodes X3, Y3, and Za is
delivering an appreciable output voltage.  The
high reactance between electrodes ¥’, Z’ and Y3
Z3 respectively prevents energy flow from the
source 2508 across these electrodes with the re-
sult .that the phase control grids of amplifiers B
and C of the phase changer are biased to cut-
off.

However during this period, the reactance he-
tween Y’ and the two fixed electrodes Y2 and Vs
is & minimum, maximum energy is being passed
between these electrodes, and the result is that

the phase of the output of adjacent antennas is °

controlled primarily thereby. It must be kept
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20

in mind, however, that the voltage output and .

phase from any antenna is, in general, controlled
hy the joint action of all energles passing between
the rotating electrodes and any group of fixed
~electrodes Xs, ¥Ya, and Z; for example. As the
electrodes X', ¥’, and Z’ rotate, they come into
operating relation with other groups of fixed elec-
trodes than those shown in Fig. 10 and in this
manner the field pattern of the antenns array is
rotated.

The manner in which the output from the re-
ceiver may be employed to indicate the direction
from which g signal is being transmitited will now
be explained. The receiver itself may be of any
usual type, for example 2 superheterodvne em-
ploying the usual tuned circuits for selecting the
frequency to be received. The output from the
receiver is connected to the rotating coils 279, 2712
of a cathode ray indicator 274 as illustrated in
Fig. 11. The coils of the oscillograph are driven
in synchronism with the rotating electrodes of
the phase control device. This is illustrated in
Fig. 11 by the lines 276, and 273 connecting the
motor 280 to the shaft 282 of the phase control
device and to the indicator 278. |

Normally, when no signal is being received, a
fluorescent spot will appear at the center of the
oscillograph screen, the position of this spot be-
ing controlled by known means. When 2 signal
is being received, current from the receiver passes
through the coils 270 and 272 causing the spot

to trace on the screen a pattern corresponding

substantially to the fleld pattern of the antenns,
as shown by the curve 284. From the position of
the trace with respect to g seale (not shown) on
the indicator, the direction from which. the re-
ceived energy is being transmitted can be ob-
served.

In describing my invention I have chosen Spe-
cific examples of antenna arrays comprising s
given number of antennas. 'The dimensions of
the arrays were also assumed. It is to be clearly
understood that these values were assumed for
the purpose of illustration and description only
since other arrays having a greater or a lesser
number of antennas could equally well have been
aescribed. In describing the phase chenger and
phase change control device it has been assumed
that the various values of voltage output were
controlled by applying suitable voltages to the
phase control grids of the amplifiers. . These out-
- but voltages could alse have been controlled in
part by applying suitable voltages to the anodes
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of the amplifiers as taught in my copending ap-
plication Serial Number 481,760 flled April 3, 1943
which issued January 27, 1948 as Patent No.
2,434,904, Likewise in place of balanced trans-
mission lines extending hetween the phase chang-
ers and the receivers I could have employved un-
balanced lines such as the concentric conductor
lines disclosed in the sbove-named copending
application. The above descrintion was made by
way of example only, and Is not to be considered
as a limitation on the scope ¢of my Invention 28
set forth in the objects thereof and the accom-
panying claims.

I claim: .

1. A radio receiving system having a directivity
variable in azimuth, comprising & plurality of
antennas arranged in a predeiermined array, &
receiver, coupling means connecied hetween said
antennas and sald recelvar, said counling means
comprising & like plurality of phase changers
and g plurality of transmissicn Jines, each an-
tenna being eoupled to sald receiver through one
of said phase changers and through sald trans-
mission lines, each of seid phese changers being
controllably adapted to deliver voltages of a se-
lected magnitude and phase, and s control device

~connected to saild phase changers applying =&

varying control to said phase changers so that
said phase changers deliver voliages of varyving
magnitude and phase to sald receiver. |

2. A radio receiving systern in sccordance with
claitn 1 wherein said plurslity of antennas sre
aperlodic and ave arranged in 2 linesy array.

3. A radio receiving svstem in sceordance with
claim 1 wherein said plurslity of antennss are
aperiodic and ave arranged in = civeular array.

¢, A radio receiving system I scecordance with
ciaim 1 wherein each of seid phase changers com-
prises & plurallty of vacuum tuhe amplifiers, each
amplifier having an input and an sutput déircuit,
the phase relation between the vollages of the
input and the output circuits of one gmplifier
being different from the phass relation between
the voltages of the inpub and output circuits of
another of segid amplifiers,

5. A radio recziving system sccording to elaim
1 wherein each of said phase changers comprises
a plurality of vacuum ftube ampiifiers, each am-
plifier comprising an input and sn outpub circuit
and a control grid said contrel grid being con-
nected to said input circuit, connection means
for supplying voltage from one of said antennas
to each of said input circuits, the input circuit
of one of said amplifiers having a reactance dif-
ferent from the reactance of the input circuit
of another of said amplifiers, the maximum phase
difference between g veltege developeéd on one
of saild grids and & voliage developed on another
of szid grids heing less then 120° sand circuit
connections ketween the outpus cireuits of sald
ampliflers to provide output voltages having a
minimum phase difference grepter than 90°.

6. A phase changer for changing the magni-
tude of a voliage and simultanesusly changing
the phase of sald voltage through any angle he-
tween 0° and 360° comprising & plurslity of vac-
uum tube amplifiers each amplifier comprising
an input and an output circuit, an input control
grid and a phase control grid, reactive means
connecting the input control grids of said ampli-

fiers to said input circuit to provide from a given
input voltage a plurality of veoltages having s

- maximum phase difference of less than 180° at

said Input control grids, circuit connections in

76 sald output circuits fo provide voltages developed
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in saild output circults have a maximum phase
difference greater than 180° and control means
connected with said phase control grid for apply-
ing a variable voltage to said phase control grid.

7. A radio direction finding system having a
predetermined directivity continuously variable
in azimuth, comprising g plurality of antennss in
8 circular array, a recelver, coupling means con-
nected between sald antennas and said receiver,
sald coupling means comprising a like plurality
of phase changers and a plurality of transmission
lines, each antenna being coupled to said receiver
through one of sald phase changers and through
sald transmission lines, each of said phase chang-
ers being controllably adapted to deliver voltages
of a selected magnitude and phase, and a control
device connected to said phase changers applying
a varying control to said phase changers so that
said phase changers deliver voltages of varying

meagnitude and phase to said receiver.
- 8. A radio direction finding system having a
predetermined directivity continuously variable
in azimuth comprising a first plurality of aperi-
odic antennas arranged in circular array, a sec-
ond plurality of aperiodic antennas arranged in
8 circular array concentric with said first named
array, the separation of adjacent antennas in
said first array being substantially one-half
wavelength, the radial distance between the twao
arrays being substantially one-quarter wave-

length, a receiver, coupling means comprising a.
- separate phase changer and a transmission line
coupling each antenng of both arrays to ssid
receiver, a phase change control device connected
to each phase changer whereby in accordance
with predetermined voltage characteristics of
~sald control device the phase changers deliver
waves of predetermined magnitude and phsase to
sald recelver in accordance with said directivity
and means connected to the output of said re-
celver for indicating said directivity.

9. A radio direction finding system in accord-

ance with claim 8 wherein said phase control
device delivers a control voltage to less than
half of the number of phase changers included in
said coupling means at any instant of time.
- 10. A radio direction finding system in sccord-
ance with claim 8 wherein each of said phase
changers comprises a plurality of vacuum tube
amplifiers the outputs of said amplifiers being
connected to a single transmission line and con-
nection means from said output ecircuits to said
line whereby the output of each of sald phase
changers is the vector sum of the voltage out-
puts of said amplifiers,

11. A radio receiving system comprising a plu-
rality of aperiodic antennas in linear array,
Plurality of receivers, a first coupling means com-
prising a plurality of phase changers, a separate
phase changer coupling each of sald antennsas to
one of sald recelvers, a second coupling means
comprising a second plurality of phase changers,
- & separate phase changer of said second plurality

of phase changers coupling each of said antennas
‘to another of said receivers, each phase changer
comprising s plurality of vacuum tube ampiifiers,
each amplifier comprising an input and an out-
put circuit, the phase relation between the volf-
ages of the Input and the output circuits of one
amplifier being different than the phase relation
between the voltages of the input and outputs of
another amplifier. |

12. A radio recelving system in accordance with
claim 11 wherein the phase relations between the
voltages of the input and output circuits of all
amplifiers Included in said first coupling means
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are such. that the antenna array has a directivity

in a first direction and wherein the phase rela-
tions between the voltages of the input and out-
put clrcuits of all amplifiers included in said sec-
ond coupling means are such that the antenns
asrray has a directivity in a second direction.

13. A radlo direction finding system having &
predetermined directivity continuously variable
In szimuth comprising a first plurality of aperi-
odic antennas arranged in clrcular array, a like

plurality of aperiodic entennas arranged in a

second circular array concentric with sald first
named array, a pluralitv of phase changers, one
phase changer being connected to each antenns
of each of said arrays, phase control means con-
nected to sald phase changers cyclically condi-
tioning each phase changer to generate from
voltage applied thereto by the antenna to which
it 1s connected an ocutput voltage having a pre-
determined wvariable samplitude and variable
phase, connecting means to combine the output
voltages from said phsse changers, a recelver,
means for connecting sald comblned voltages to
said receiver, and an indicator connected to sald
receiver for Indicating sald directivity,

14, In the method of determining the direc-
tivity of a radio transmission from energy re-

celved by a plurality of antennas arranged in - '

outer and inner circular arrays and in which the
output from each of said antennas controls the -
generation of a voltege In a separate phase
changer assoclated with sald each antenna, said
phase changer comprising a plurality of vacuum
tube grid controlled amplifiers normally biased
to cut-off, the steps which Include cyeclically
varying the biases on the grids of the amplifiers

-of all phase changers associated with the an-

tennas of sald outer array to produce-a plurality
of voliages varying in & predetermined magnitude
and phase, simultaneously cyclically varying the
biases on the grids of the amplifiers of all phase
changers assoclated with the antennas of said
inner array to produce a second plurality of
voltages varying in a predetermined magnitude
and phase, combining all produced voltages, and
determining said directivity from said combine

voltsges. |

15, 'The method of determining the directivity

~of a radic transmission from energy recelved by
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a plurslity of antennas arranged in outer and
inner concentric clrcular arrays comprising cyeli-
cally conditioning overlapping groups of adja-
cent antennas in said outer array to generate a
plurality of voltages varying in magnitude and
bhase, simultaneously cyclically conditioning
overlepnping groups of adjacent antennas in said
inner 2rray to generate a second plurality of volt-
ages varying in magnitude and phase, generating
sald pluralities of volfages in accordance with
sald recelved energy and said conditioning, com-
Rining sl generated voltages, and indicating the
directivity of said transmission from said coms-

bined vollages.

18, A radio receiving system having a variable
directivity comprising s, plurality of antennas ar-
renged In 8 predeiermined array, a receiver,
coupling means connected between said antennag
and sald receiver, said coupling means compris-
ing o plurality of phase changers and g plurality
of transmission lines, each antenna being coupled
to seid receiver through one. of said phase
changers and through said transmission lines,
each of sald phase changers adapted to deliver
voltages of a selectable magnitude and phase in
accordance with the magnitude of the control
voltages supplied to sald phase changers and g
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tontrol device for supplying variable voltages to
said phase changers, said control device being
connected to said phase changers so that said
phase changers deliver voltages of varying mag-
nitude and phase to said receiver.

'17. In the method of controlling the directivity
of reception of radio transmisison from a plural-
ity of antennas arranged in an array, the steps
comprising generating voltages of predetermined
magnitude and phase, conditioning the energy
received from each of said antennas in accord-
ance with said voltages, and cyclically varying
sald voltages both in magnitude and phase over
& range corresponding to the directivity range.

18. In a method of controlling the directivity
of reception of radio transmission from a plural-
ity of antennas arranged in an array, the steps
comprising generating voltages of different mag-
nitude and phase, conditioning the energy re-
celved from each of said antennas in accordance
with a separate one of said voltages, and cycli-
cally varying said voltages both in magnifude and
phase over a range corresponding to the directiv-
ity range.

18, In a method of controlling
of reception of radio transmission from a plural-
1ty of antennas arranged in an array, the steps
comprising generating voltages of different mag-
nitude and phase, conditioning the energy re-

the directivity
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ceived from each of said antennas in accordance
with a separate one of said voltages, and cycli-
cally and simultaneously varying said voltages
both in magnitude and phase.

20. In a method of controlling the directivity of
reception of radio transmission from a8 plurality
of antennas arranged in an array, the steps com-
prising generating voltages of different magni-
tude and phase, conditioning the energy received
from each of said antennas in accordance with
a separate one of said voltages, and simultane-
ously and continuously varying said voltages both
in magnitude and phase.

HENRI G. BUSIGNIES.
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