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Patented July 6, 1948 2444.425 
UNITED STATES PATENT OFFICE 

24.425 
ANTENNA AREAY 

Rear G. Baggiates, Forest Ellis, N. Y., assignor 
to Feders Eelephone and Radio Corporation, 
Newark, R. S., a corporation pe. Delaware 
Application August 9, 1943, serial No. 497,890 

(C. 343-35) 20 Caras. 

This invention relates to radio antennas and in 
particular to directive antenna arrays and asso 
cated apparatus whereby the directivity of the 
arrays may be controlled in accordiance with pre 
determined desired conditions or requirements. 
The objects of my invention are: 
To provide a single antenna array and asso 

ciated apparatus capable of simultaneously re 
ceiving a plurality of radio transmissions either of 
the same or of different frequencies front different 
directions. 
To provide a single antenna array and associ 

ated apparatus capable of simultaneously receiv 
ing a plurality of radio transmissions of different 
frequencies fron any one given direction. 
To provide a circular 2Katenna as ray and asso 

. ciliated control apparatus by which redic trans 
missions from any direction in azimuth gray be 
received. 
To provide a circular antenna, array and asso 

ciated 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 deterraining the direction of a 
radio transmission in the horizontal plane, 
To provide a voltage operated phase changer by 

which the phase of a voltage or current wave 
may be advanced or retarded through 360 elec 
trical degrees. 
To provide a voltage operated phass changer 

and control apparatus therefor by which the 
phase and magnitude of a Woltage or currea, Wave 
may be changed in accordance with a given cycle. 
These and other objects and features will be 

come apparent from the following description 
taken in connection with the attached drawings 
illustrating several embodiments of my invention, 
and wherein 

Fig. 1 is a schematic circuit diagram showing 
an antenna, array and associated circuits in ac 
cordance with Olae embodiment of my invention; 

Fig. 2 is a schematic diagram illustrating a volt 
age operated phase changer in accordance with 
my invention; 

Fig. 3 is a diagram illustrating one method for 
determining an antenna array in accordance with 
my invention; 

Fig. 4 is a vector diagram illustrating the mag 
nitude and phase relations of voltages which may 
be obtained from the phase changer shown in Fig. 
1; 

Fig. 5 is a second embodiment of my invention 
wherein a 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; 

2 
Fig. 7 is a polar diagram used in explaining the 

principles of Iny invertion; 
Figs. 8 and 9 illustrate respectively the phase 

and magnitude relations of currents delivered to 
the transmission lines shown in the antenna array 
of Eig. 5; 

Fig. 10 is a schematic diagrass of 8, phase con 
trol device for controlling the ghase changer of 
Fig. 2; and 
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Fig. 1 is a sectional diagra in of the phase cQF 
trol device as viewed from the section line - 
of Sig. 10. 

Referring to Fig. i. I have schematically illus 
trated a six-element, linear era,ene, array to 
gether with receiving apparatis and contrel 
equipment suitable for receiving 8, plurality of 
radio transnissions fron different, sili?ections 8.S 
set forth in the first two objects of ny inventioia. 
In the figure, elements - represent six anteil 
nas arranged in linear array. These antehil B.S 
are preferably a periodic and therefore are capable 
of substantially equal respoise over a wide fre 
quency band. Connected across an impedance 
in each antenna, are two phase changing devices 
shown as blocks 8 and 6. Each block represents 
apparatus for changing the magnitude and phase 
of the voltage induced in the antenna, circuit. 
The specific circuits for the phase changing de 
vices are illustrated in Fig. 2. One set of 2.Se 
changers, represented by reference character's 8 
for example, is for deterilisi) g the field patter. 
of the antenna, array for one particular freqlegacy, 
The other set of phase changers, AG, are for deter 
mining the field pattern koi another frequency 
which may have a maximum directivity either i2). 
the same or in a different direction from that de 
termined by the phase changers 8. It is to be un 
derstood that whereas I have illustrated only two 
groups of phase changers, any number of groups 
may be employed each group acting entirely inder 
pendently from the others and determining a, 
separate field pattern, Extending from the 
phase changers 3 are a plurality of transmission 
lines 2. Each line extends from the phase 
changer to which it is connected at One end to 8, 
receiver 4 which may be located at a remote 
point. The output impedance of the phase 
changer is matched to the impedance of the 
line. In the interest of economy of transmission 
lines it is preferable that adjacent 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 be transmitted 
Over a single line 8 to receiver 4. The dimen 
sions of the lines are preferably so chosen that an 
impedance match occurs at the junction point 8. 
It is preferable though not essential that the elec 
trical length of all of the lines 2 and all of the 

In a Similar manner, transnisa lines 8 be equal. 

  



3 
sion 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 receiver 28, 
Associated with receivers 4 and 26 are phase 

change control devices 28 and 44 respectively. 
Control channels 3-36 extend from the phase 
control device 28 to the phase changers 8. In a 
similar manner control channels 37-42 extend 
from the phase control device 38 to the group of 
phase changers O. Each control channel, 31 for 
example, is to be considered as representing a 
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number of conductors sufficient 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 50 in the antenna circuit of each 
of the antennas -6. Between the point 5f and 
the control grids 52, 53 and 54 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 
apulled to grid 52 by approximately 60°. Sini 
lfilly, the voltage applied to grid 54 should lead 
the voltage applied to grid 52 by approximately 
60'. These phase displaced voltages are obtained 
as follows:...From the point 5 to the control grid 
52, there is a non-reactive connection. Atay po. 
tential at point 5 is therefore impressed on grid 
52 with substantially no change in phase. From 
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the point 5 to the grid 53 there is an inductive 
reactive connection. Any voltage occurring on 
grid 53 as a result of an applied voltage Bt point 
5, therefore undergoes a lagging phase shift. 
Similarly, a capacitive reactance is connected be 
tween the point 5 and the grid 64 whereby any 
voltage occurring on the latter grid, as the re 
sult of a voltage applied to the point Si, under 
goes a leading phase shift. The inductive and 
capacitive reactive connections are represented 
by the inductor 56 and the capacitor 56. Shunt. 
ing the inductor 56 is a variable resistance 3 by 
which the phase voltage and the grid 63 may 
be controlled over a predetermined range. Sin 
ilarly, a variable resistance 62 is shunted across 
the capacitor 58 for varying the phase of the 
voltage and the grid 54. It is to be understood 
that the reactors 56 and 58 may also be made 
variable for 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 66. The voltage de 
veloped across this resistor is in phase with the 
voltage appearing across the resistor 58 in the 
antenna circuit. A lead 68 connected to the 
junction point between the cathode 64 and the 
resistor 66 has a voltage impressed thereon hav. 
ing a phase relation the same as that across the 
resistor 66. Between the anode 70 of amplifier 
A and ground, there is a second resistor 72, and 
acroSS this resistor a voltage is developed having 
a 180° phase relation with respect to the volt 
ge impressed across the resistor 50 in the an 
tenna circuit. A lead 74 connected to the junc 
tion point of the anode 70 with resistori has 
the same phase as that developed across resistor 
2. It will therefore be seen that the voltages 
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4. 
developed across conductors 88 and 4 have a 
180° phase relation with respect to ground, The 
magnitude of this voltage is controlled in part 
by the value of the voltage appearing on grid 
78, and the source of this controlling voltage is 
in the phase control device 28. A conductor 78 
extends between the grid 78 and the phase con 
trol device 28, and is one of the conductors mak 
ing up the channel 3 described in connection 
with Fig. l. A second conductor 80 extends be 
'tween the anode 70 and the phase control de 
vice 28 and is for the purpose of impressing a 
positive potential. On the enode. A choke coil 
82 prevents radio frequency currents from flow 
ing in the conductor 80. The conductor 80 rep 
resents another of the conductors constituting the 
plurality of conductors of channel 3. The mag 
nitude of the voltage applied to the anode also 
controls the magnitude of the voltage appearing 
across the conductors 83 and 74. The capacitor 
83 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 94 is connected between the anode 
96 and ground. The phase relation between con 
ductor 98 and ground and the conductor.00 and 
ground is 180 BS will be seen from the description 
in connection with amplifier A. The phase re 
lation between the voltage appearing across the 
Conductors 63 and and the voltage appearing 
across the conductors 8 and 0 Will have a sub 
stantially 60 phase relation as determined. by 
the rescto $6, 
The in agritu ?le of the voltage across conduc 

toi's 3 and ) is determined by the voltage ap 
pearing oil. She grid 32 and the anode 96. The 
gild voltage is in pressed from the phase control 
device 88 to the grid 32 over the line 04 which 
constitutes part of the channel 3. The anode 
Woltage is transmitted over the line 06 extend 
ing between the anode 93 and the phase control 
device 28 and this line 06 likewise constitutes 
3, of the chanisael 3. 
With Kesgect. to amplifier C, the phase relation 

left:1e33, the voltage a?cross conductor 08 and 
ground azni the Yoltage across conductor O and 
ground is il. However, due to the reactor 58, 
the yoitage aetjeen conductors 08 and 0 is 
displaced Substantially 60° from the phase of the 
voltage across conductors S3 and 74. The magni 
tude of the voltage between conductors 08 and 

e is determined by the voltages applied to the 
grid 2 and the anode 4 of amplifier C. The 
voltages are impressed over lines 6 and 8 re 
Spectively from the phase change control device 
28. Lilles 6 and 8 constitute conductors of 
the control channel 3A. It will be seen that in 
the illustrated case, the control channel 3 com 
prises six conductors 28, 30, 104, f O6, 6, and 8. 
The futput conductors 68 and T4 of amplifier A 

8.fe conflected to the output conductors 98 and OO 
of amplifles B and to the output conductors of 08 
and of amplifier C at the points. 20 and 22 
in Sutch a Channer that the phase relation of the 
voltages appearing across points 20 and 22 due 
to the above mentioned conductors are 120° apart. 
This phase relation may be obtained by invert 
ing the phase of the voltages across conductors 
98 and 0 and across 08 and 10 with respect to 
the points 20 and 22. Under these conditions, if 
the voltage appearing across each of the resistors 
66, 2, 3, 94, 28 and 30 were equal in magni 
tude, the combined voltage across points 20 and 



S A 
22 would be zero. However, if a voltage appear 

ing across any of the resistors immediately above 
mentioned was reduced or increased, the volt 
age across points 20 and 22 would no longer be 
Zero, but would have a finite value and phase re 
lation dependent upon the magnitude of the 
voltages appearing across the resistors. Con 
nected across points 20 and 22 are the lines 2 
or 20 of Fig.1 as the case maybe. 

Referring again td Fig. 1 it will be seen that 
due to the common connections at points 4 and 
f42 of the lines 8 of which the lines 2 may be 
considered as branches, a 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 4. Likewise when con 
sidering phase changers (), a change in voltage 
appearing across any resistor therein will affect 
the magnitude and phase ultimately impressed 
upon receiv -i 26. However, there is no interac 
tion between phase changers 8 and 0 and there 
fore each receiver will be controlled by the re 
Spective phase changers to which it is connected. 
In Fig. 3 I have shown the manner in which a 

single antenna array may be designed to receive 
radio transmissions from two arbitrary directions 
in Such a manner that the field patterns of the 
antenna, array Will be a maximum in the direc 
tion from which the transmissions are received. 
If two different frequencies are being 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 transmissions to have dif 
ferent directions with respect to the antenna, ar 
ray. I have assumed two transmitters located at 
points S1 and S2 and a receiver located at R. The 
angle between the transmissions from S1 and S2 
with respect to R is 3. 
There are many types of arrays known to the 

prior art and I have chosen the type known 
as a binomial array for describing my invention. 
At right angles to the direction of transmissions 
from S1 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 

al 
2 

The relative magnitudes of the voltage out 
puts from the wave changers associated with 
each antenna are 1-5-10-10-5-1 sequential 
ly between end antennas of the array. It 
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 S1 
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 
2 

Through the antennas of the second array, 
construction lines are drawn parallel to the 
transmissions from Sa. At points where the 
two sets of construction lines intersect, the 
antenna array comprising antennas -2-3- 
-S-$ 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 a line at right angles to either directio 
of transmission will be equal to one-half th 
wavelength of either transmission. 

Considering transmissions from S1 for exampl 
it will be observed that there will be a differenc 
in phase between the energies arriving at th 
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 angle I have designated 6 an 
the phase between the energies induced in an 
two adjacent antennas is equal to r cot 6 radian 

In order that the antenna, array will have 
field pattern with a maximum directivity in th 
direction of S1, it is required that the effecti 
outputs of wave changers associated with th 
antennas he cophasa. This result may be a 
tained as follows: 
A Wave front passing through the array will i 

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 associated with the first antenna, is di 
layed an amount equal to this space phase, t 
effect upon a receiver would be the same as 
the receiver were being acted upon by in-pha: 
voltages from both 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 cophaSall. 
In Fig. 4 I have illustrated by a group of ve 

tors, certain conditions which must prevail : 
order that the antenna, array of Fig. 3 have ti 
desired Inaximum directivity in direction S1 fro; 
the receiver R. The angle 6 between the arr: 
and the direction of reception is assumed to 
60. The vector Wis represents the output voltag 
from the phase changer associated with anten 
6. Ws represents in magnitude and phase th 
value of the output voltage from the wal 
changer associated with antenna, 5. The pha 
relation of the voltage induced in antenna 5 wi 
respect to that induced in antenna, 6 is 104 
represented by the angle between W5 and Ws. Th 
means that the phase changer associated Wii 
antenna, 5 must advance the phase of the inp 
voltage by 104 in order that the outputs of t 
two phase changers will be cophasal. A sini 
analysis applies to all of the remaining vecto 
W4, W3, W2 and W1. A detailed example of ti 
manner in which the phase changers operate 
provide an output of the desired magnitude a 
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 Fig. 3 as comprisin 
an antenna, having a directivity in two direction 
it is to be understood that any number of dire 
tivities could be obtained provided only that til 
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, array extends a 
the direction of reception. This distance 
shown in Fig. 3 as 

2 sin (T2 sing 

The directivity can therefore be varied over 
considerable angle without, materially affectil 
the field pattern of the antenna, array. 

Referring to Fig. 5 I have illustrated anoth 
embodiment of my invention, wherein a plural 
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of antennas are arranged in two concentric cir 
cular arrays. Connected to each antenna is a 
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 
time a predetermined number of the antennas are 
conditioned through the medium of their asso 
clated phase changers so that as a group they 
are responsive to radio transmissions from a pre 
determined direction and substantially non 
responsive to transmissions from other direc 
tions. Even though the antennas constitute a 
receiving array, the antenna may be said to have 
a 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 to describe my invention, it is con 
venient to discuss a given antenna array which is 
conditioned to receive in accordance with a pre 
determined fleld pattern. For example in Fig. 5 
I have illustrated 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 
a circle having a radius of 340 electrical degrees. 
One antenna of each array is positioned on a 
common radius. Adjacent antennas of the array 
are Spaced 24 electrical degrees apart. Consider 
ing for the moment the outer array, 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 assigned reference char 
acters Al-A6 to a group of antennas in the outer 
array, and A-A12 to a group of antennas in the 
inner array. A discussion of the manner in which 
these antennas and their associated wave chang 
ers are conditioned to operate will be sufficient 
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 D1 and the lower 
Values indicate conditions when the array is con 
ditioned to receive from the direction D2. 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 D1 to D2 as will be hereinafter more 
completely described. When the array is receiv 
ing from the direction D1, the phase changer as 
Sociated with antenna A3 is delivering a maximum 
voltage E having a phase relation of zero degrees 
taken as a reference. Phase changers associated 
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3 
with antennas A2 and AA on either side of A3 are 
conditioned to deliver a voltage of 67E having 
a phase relation of 37.2°. Similarly, phase chang 
ers associated with antennas A1 and A5 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 effective 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 A2 deliver a voltage in phase 
with antenna, A3, the phase changer aSSociated 
with A2 must advance the phase of the voltage 
wave as it strikes the antenna by 37.2. Similarly, 
the phase changer associated with antenna A1 
must, advance the phase of the voltage wave in 
tercepting the antenna by 143. 
As is 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 a second 
array of reflecting antennas usually spaced One 
quarter wavelength from the energized antennas' 
or to provide means for energizing this second 
array. Due to the fact that the antennas of my 
invention are aperiodic, it is necessary to provide 
a second energized array rather than one of the 
unenergized or reflector type. Accordingly, a sec 
ond group of antennas A-A12 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 a voltage Wave having a phase relation 
such that substantially the same effect is obtained 
as if the one-quarter wave phase relation existed. 
The values of the voltages and phase relations 
delivered by the output of antennas A-A12 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 D1. 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 
Sich that its maximum directivity is in the direc 
tion D2. An examination of the drawing will 
show that under these conditions antennas A3 and 
A4 for example will deliver equal voltages of .89E 
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 A1, A6, 
A7, and A12, 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 field pat 
tern. The field pattern for the condition in which 
antennas A2-A5 of the outer array and antennas 
A8-A11 of the inner array are conditioned for re 
ception for the direction D2 has been computed 
and is shown on the polar diagram of Fig. 6. It 
will be seen from this diagram that the field pat 
tern has a very marked directivity in the direc 
tion D2. 

I 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. 7 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 a 
phase changer associated with any antenna in the 
Outer array. Curve N shows similar values for a 
phase changer associated with any antenna of 
the inner array. These curves are substantially 
two spirals having a 90° phase relation therebe 
tween. A discussion of the variation in magni 
tude and phase of voltages from antennas 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 

D1 to D2, the magnitude and phase relation of the 
output voltage from antenna, A3 as represented 
by vector W changes to a value represented by 
vector Wa. At the same time the magnitude and 
phase relation of output voltages from antenna Aa 
changes from a value represented by vector Vg 
to a value represented by vector W10, and likewise 
the output from antenna, A1 changes from vector 
W11 to zero. It will be observed that during this 
period there is considerable reduction in magni 
tude and an increase in phase difference in the 
voltage outputs from antennas A3, A2, and A1. 
On the other hand, the output from antenna, A4 
increases from a value represented by vector. W9 
to a value represented by vector V8, while the 
output from antenna A5 increases from the value 
represented by vector W11 to the value represented 
by vector W10. It is clear that the changes in 
output just described 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 2 
shows a variation in phase through which the 
Output of any antenna of the outer array passes 
during a 120° rotation of the field pattern. Curve 
202 shows the change in phase through 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 antennas 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 is controlled So that it will deliver a 
variable voltage having a variable phase in ac 
cordance with the requirements of any antenna. 
shown in Fig. 5 will now be described. First, 
from the Wave changer associated with each an 
tenna of the outer antenna, array, there extends 
a transmission line 220 to a central receiver. 
Preferably these transmission lines are of equal 
length and have the same electrical character 
istics. Other similar transmission lines 222 ex 
tend between the phase changers associated with 
the various antennas of the inner array and the 
central receiver. These atter transmission lines 
should also be of equal length and electrical 
characteristic, but need not necessarily be equal 
to the first group of transmission lines 22. Each 
transmission line has been diagranimatically 
illustrated in Fig. 5 as a single conductor. In 
reality the line is preferably composed of two 
conductors extending from the points 20 and 
22 in Fig. 2. 
In Fig. 5, as well as Fig. 1, have illustrated 

each phase changer unit as being connected 
directly with its associated antenna, and have 
also illustrated a transmission line extended 
from the phase changer to the receiver. It is to 
be clearly ulnderstood that each 3intenna, could 
be first coupled to a transnission line with the 
far end of the line connected with a phase 
changer unit. Under these conditions all the 
phase changers could be centrally located at the 
receiver. If this type of. construction were emi 
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 transnission line with 
the input in pedance of the phase changer in 
accordance With known methods. 

Also extending between each phase chainger 
and a phase contro device is a control chanine. 
Each channel is diagrammatically illustrated in 
Fig. 5 as a lite 23). Each line is actually coli 
posed of a plurality of conductors and as shown 
in Fig. 2 these conductors are identified by refer 
ence numerals a, 80, 4, e3, 6, 8. The 
phase control device 232 is preferably located 
adjacent the central receiver but in Fig. 5 it, 
has been drawn at the top of the figure in 
Order to lake the diagrari, iess confusing. It 
is the function of the phase control device to 
apply voltages to the various grids 6, 2, and 

2 of the airplifiers shown is Fig. 2 of such 
rinagnitude that the output, voltage from the 
combined airplifiers as it, appears across terni 
inals 25 and 22 will have the desired a plitude 
and phase. As an example when the outpit, 
from antenna. As has an airplitude of E and 
phase zero, let it be required to produce an out 
put voltage from A2 of a, in aginitude 67E and 
phase of 37.2°. 

Considering Figs. 2 and 7 the output of ampii 
fier A varies in accordance with a vector ex 
tending froit the origin horiz?ihtaly to the right, 
along a line 268. This line represents the refer. 
ence from which all phases a 'e lineasured. ii) & 
line 282 positioned in the 22nd quadrant of the 
diagram of Fig. 7 is that along which the voi. 
tage output from amplifier B. Varies. This line 
bears an angular relation with respect to line 
23 of approximately 127 in accordance with this 
example and for a reason which will be brought 
out later. This angle of 127° is determined by 
the reactor 56 in the grid circuit of amplifier B 
and the polarity in which the output leads 98 
and OO are connected to points 26 and 22. In 
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the third quadront; n line 244 extends if it direc 
tion having an angular relation with line 260 of 
216 for reasons which will be described later. 
It is along this line that the vector of the volt 
age output from amplifier C extends. The direc 
tion of line 244 is determined by the capacitor 
58 and the polarity in which the output leads 
fe and 0 are connected to points f2O 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 2 of ampli 
fiers B and C respectively were such that a cur 
rent output from these amplifiers 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 lines 242 and 248 would be 
reduced to zero, and the output vector from am 
plifier A would lie on line 240. The magnitude 
of this vector could be determined by the voltage 
applied to the grid 76 and to the anode (). As 
a matter of fact the output vector from antenna, 
A3 extends along this line, and may be repre 
sented by the vector W. At the same instant of 
time it is desired that the output from antenna, 
A2 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 value where the out 
put is represented by vector V12 while at the same 
time increasing the voltage applied to the grid 
92 of amplifier B until the output from this am 

plifier may be represented by the vector Wis. 
The output from amplifier C is maintained zero 
during this time. The sum of vectors W1 and 
W13 is equal to the desired vector W. 
At this same instant the output voltage from 

antenna, A1 should have a value of .167E and a 
phase relation of 143°. This voltage is shown by 
vector Wii 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 W14 and Wis 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 to be impressed on the grids 76. f62, 2, 
and amplifiers A, B and C respectively may be 
generated is illustrated 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 a 
total of 90 capacitors, three for each phase 
changer of which there is one for each of the 
thirty antennas comprising the inner and outer 
antenna arreys. However, I 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-five variable capacitors for the other array 
Would be similar to those illustrated in Figs. 10 
and 11. As illustrated by these figures the forty 
five fixed electrodes of the variable capacitors are 
divided into groups of 15, each group lying on the 
periphery of a circle. I have designated these 
groups as X, Y and Z. Associated with groups X, 
Y and Z are three rotating electrodes X, Y and 
2 respectively. The rotating electrodes Inay be 
likened to cams having predetermined irregular 
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face: as show in Ilg. 10. As the electrodes X, 
Y ind 2' rotate, it will be seen that the inter 
electrode capacitance between the surfaces of 
the rotating electrodes and the fixed electrodes 
changes due to the irregular shape of the former. 
The fixed electrodes K-Xts are connected to 

the phase control grids 76 of the amplifiers A 
associated with the phase changers in the outer 
antenna, array. Similarly, each fixed electrode 
Y-1B of group Y is associated with the phase 
control grid 2 of amplifier B of these phase 
chargers and fixed electrodes 21-21s of group 2 
are connected to phase control grids 2 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 electrodes of group Z are connected to that 
ample having a capacitive reactance in its 
input, circuit. 

In the lead between each fixed electrode in 
groups 2, Y, Z and a phase Control grid in the 
phase changer, there is a vacuum tube rectifier 
D. As shown in Figs, 10 and 1 these rectifiers 
may consist of a 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 rectifier 
may be employed. 
A source of high frequency current 250 is con 

nected between the rotating electrodes X, Y Z' 
and ground through the medium of a brush 252 
bearing on a ring 254 the latter being a part of 
or electrically connected to the rotating elec 
trodes. The circuit 25, tuned to the frequency 
of the Source and comprising a capacitor 258 and 
inductor 260, 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 
electrodes and any fixed electrode relatively low. 
Sufficient energy may thereby the transferred to 
the rectifers to cause them to operate efficiently, 
The rectified output of the rectifiers is passed 
over the control circuits, 78, 104 and 6 for ex 
ample, and impressed on the phase control grids 
of the phase changer amplifiers. Referring again 
to Fig. 7 it will be observed that the vector W. 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 between the rotating electrode associated 
therewith 2' and any fixed electrode X-X15, 
must be proportionately greater than the capaci 
tance between either of the other rotating elec 
trodes and their corresponding fixed electrodes. 
This is illustrated in Fig. 10 wherein the rotat 
ing electrode X has a relatively long electrode 
surface opposite the fixed electrodes. Referring 
to fig. 7 it was mentioned that the line 242 was 
positioned at an angle of approximately 127 from 
the line 26. This line 242 was drawn parallel to 
the tengent of curve M at the point A3". By such 
a construction it is seen that the vector Wii un 
dergoes no abrupt change in magnitude as it 
rotates fron point A3'. This in turn means that 
the periphery of rotating electrode X has the 
form) of B. Smooth curve and facilitates its de 
sign, For similar reasons the line 244 of Fig. 7 
occupies 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 a minimum, 
whereas the reactance between electrodes Y, Z', 
and Ya 23 respectively is a maximum. This 
means that only amplifier A of the phase chang 
er associated with electrodes X3, Y3, and 23 is 
delivering an appreciable output voltage. The 
high reactance between electrodes Y, Z and Ya 
Z3 respectively prevents energy flow from the 
source 25 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 be 

tween Y’ and the two fixed electrodes Ya and Y4 
is a 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 
by the joint action of all energies passing between 
the rotating electrodes and any group of fixed 
electrodes X2, Ya, and Za for example. As the 
electrodes X', Y', 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 antenna, array is 
rotated. 
The manner in which the output, from the re 

ceiver may be employed to indicate the direction 
from which a signal is being transmitted will now 
be explained. The receiver itself may be of any 
usual type, for example a superheterodyne em 
ploying the usual tuned circuits for Selecting the 
frequency to be received. The output from the 
receiver is connected to the rotating coils 20, 22 
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 26, and 273 connecting the 
motor 280 to the shaft 282 of the phase control 
device and to the indicator 2.É. 

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 a signal 
is being received, current from the receiver passes 
through the coils 270 and 22 causing the spot 
to trace on the screen a pattern corresponding 
Substantially to the field pattern of the antenna, 
as shown by the curve 288. From the position of 
the trace with respect to a scale (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 a 
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 
described. In describing the phase changer 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 
put voltages could also have been controlled in 
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of the amplifiers as taught in my copending ap 
plication Serial Number 481,60 illed April 3, 1943 
which issued January 27, 1948 as Patent No. 
2,434,904. Likewise in place of balanced trans 
mission lines extending between the phase chang 
ers and the receivers I could have employed un 
balanced lines such as the concentric conductor 
lines disclosed in the above-named copending 
application. The above description was made by 
way of example only, and is not to be considered 
as a limitation on the scope of Iny invention as 
set forth in the objects thereas and the 2-cCosh 
panying claims. 

I claim: 
1. A radio receiving system having a directivity 

variable in azimuth, comprising a, plurality of 
antennas arranged in a predetermined array, a 
receiver, coupling means connected between said 
antennes and said receiver, said coupling meals 
coin prising a like plurality C3 inase changers 
and a plurality of transmission ilies, each ar." 
tenna, being coupled to said receive through one 
of said phase changers and through said trans 
mission lines, each of said phase chargers being 
controllably adapted to deliver voltages of a Se 
lected 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 
magnitude and phase to said receiver. 

2. A radio receiving syster ill sccordiance with 
claim 1 wherein said plurality of 9 intennas 832 
aperiodic and are arranged in 2, lic:33, 3ray. 

3. A radio receiving system is accordance with 
claim 1 whereii said plurality of antein 2s 2,2'e 
aperiodic and aire arranged if 'cly air array. 

4. A radio receiving system ii. accordance with 
claim 1. Wherein each of Seid phase chaingers Cons 
prises a plurality of vacuum tube amplifiers, each 
amplifier having an input and an output circuit, 
the phase relation between tiae voltages of the 
input and the output circuits of one amplifier 
being different from the phasis relation between 
the voltages of the input, and output circuits of 
another of said amplifies. 

5. A radio receiving systein according to claim 
1 wherein each of said phase changers comprises 
a plurality of vacuum tube amplifiers, each aim 
plifier comprising an input and 2n, output circuit 
and a control grid said control 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 Ina:{ilinun phase 
difference between a voitage developed on one 
of said grids and a voltage developed oil another 
of said grids heing less than 33°, and circuit 
connections between the output, circuits of said 
amplifiers to provide output voltages having a 
minimum phase difference greater than 90°. 

6. A phase changer for changing the magni 
tude of a voltage and simulta3Aeously changing 
the phase of said voltage througin any angle be 
tween 0° and 360° comprising a plurality of vac 
uum tube amplifiers each annplifier 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 vetages having 8, 
maximum phase difference of less than 180° at 
said input control grids, circuit connections in 

part by applying Suitable voltages to the anodes 75 said output circuits to provide Woltages developed 
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in said output circuits 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 a plurality of antennas in 
a circular array, a receiver, coupling means con 
nected between said antennas and Said receiver, 
said 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 said phase changers and through 
said 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 
magnitude 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 
a 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 two 
arrays being substantially one-quarter wave 
length, a receiver, coupling means comprising a 
Separate phase changer and a transmission line 
coupling each antenna of both arrays to said 
receiver, a phase change control device connected 
to each phase changer whereby in accordance 
with predetermined voltage characteristics of 
said control device the phase changers deliver 
waves of predetermined magnitude and phase to 
said receiver in accordance with said directivity 
and means connected to the output of said re 
ceiver 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 accord 
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 circuits to said 
line whereby the output of each of said 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, a 
plurality of receivers, a first coupling means com 
prising a plurality of phase changers, a separate 
phase changer coupling each of said antennas to 
one of said receivers, a second coupling means 
comprising a second plurality of phase changers, 
a separate phase changer of said second plurality 
of phase changers coupling each of said antennas 
to another of said receivers, each phase changer 
comprising a plurality of vacuum tube amplifiers, 
each amplifier comprising an input and an out. 
put circuit, the phase relation between the volt. 
ages of the input and the output circuits of one 
amplifier being different than the phase relation 
between the voltages of the input and outguts of 
another amplifier. 

12. A radio receiving 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 circuits of all amplifiers included in said sec 
ond coupling means are such that the antenna 
array has a directivity in a second direction. 

13. 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 like 
plurality of aperiodic antennas, arranged in a 
second circular array concentric with said first 
named array, a plurality of phase changers, one 
phase changer being connected to each antenna 
of each of said arrays, phase control means Con 
nected to said phase changers cyclically condi 
tioning each phase changer to generate from 
voltage applied thereto by the antenna to which 
it is connected an output voltage having a pre 
determined variable amplitude and variable 
phase, connecting means to combine the output 
voltages from said phase changers, a receiver, 
means for connecting said combined voltages to 
said receiver, and an indicator connected to said 
receiver for indicating said directivity. 

14. In the method of determining the direc 
tivity of a radio transmission from energy re 
ceived 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 voltage in a separate phase 
changer associated with said each antenna, said 
phase changer comprising a plurality of vacuum 
tube grid controlled amplifiers normally biased 
to cut-off, the steps which include cyclically 
varying the biases on the grids of the amplifiers 
of all phase changers associated with the ans 
tennas of said outer array to produce a plurality 
of voltages varying in a predetermined magnitude 
and phase, simultaneously cyclically varying the 
biases on the grids of the amplifiers of all phase 
changers associated 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 
determilling said directivity from said combined 
Voltages. 

5. The method of determining the directivity 
of a radio transmission from energy received by 
a plurality of antennas arranged in outer and 
inner concentric circular arrays comprising cycli 
cally conditioning overlapping groups of adja 
cent antennas in said outer array to generate a 
plurality of voltages varying in magnitude and 
phase, simultaneously cyclically conditioning 
Overlapping groups of adjacent antennas in said 
inner array to generate a second plurality of volt 
ages Prying in magnitude and phase, generating 
said illu12 lities of voltages in accordance with 
Said received energy and said conditioning, con 
bining Bll generated voltages, and indicating the 
directivity of said transmission from said com. 
bined voltages, 

16. A. radio receiving system having a variable 
directivity comprising a plurality of antennas ar 
ranged in a predetermined array, a receiver, 
coupling means connected between said antennas 
and Sadd receiver, said coupling means compris 
ing 2 plurality of phase changers and a plurality 
oftlansmission lines, each antenna being coupled 
to Sid receiver through one of said phase 
changers and through said transmission lines, 
each of said phase changers adapted to deliver 
Voltages of a selectable magnitude and phase in 
accordance with the magnitude of the control 
voltages Supplied to said phase changers and a 
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control 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 
said voltages both in magnitude and phase Over 
a 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 
ceived from each of Said antennas in accordance 
with a separate One of said voltages, and cycli 
cally varying said voltages both in magnitude and 
phase over a range corresponding to the directiv 
ity range. 

19. 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 
Initude and phase, conditioning the energy re 

18 
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 oi 
reception of radio transmission from a plurality 
of antennaS arranged in an array, the steps con 
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. 
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