Sept. 29, 1970 H. A. ROSEN ETAL 3,531,803
SWITCHING AND POWER PHASING APPARATUS FOR
AUTOMATICALLY FORMING AND DESPINNING AN
ANTENNA BEAM FOR A SPINNING BODY
7 Sheets-Sheet 1

Filed May 2, 1966

SATELLITE ROTATION

DIRECTION OF EARTH

o247
0, 20 s /
e | 70 2
g i gy, ' ye TELEMETRY AP
81 o LL 2 Y, COMMIUNICATION
SWITCH : /2 35 SIGNALS
7% r VoLTAGE
7 L7AG i
~ I/ < powee CONTROLLABLE
20 | appaparus oL
et LIL ! AMPLIFIERS s
32
5
T 722
477 4
3/20 - - '
33 /36 37)
SwiTcH
APPARATUS wad V; >
CONTROL INTEGRATORS anees
MEANS
INVENTORS
' Maeoro A. Losew
Vo Boe/s T SuBBoOTWN
REFERENCE P THOMAS MHUDSPETH
VOLTAGE /4 /’{
TINING .
SOURCE




Sept.

Filed

SIGNALS

29, 1970 H. A. ROSEN ETAL 3,531,803
SWITCHING AND POWER PHASING APPARATUS FOR
AUTOMATICALLY FORMING AND DESPINNING AN

ANTENNA BEAM FOR A SPINNING BODY

May 2, 1966 7 Sheets~Sheet 2

s z
COMMUN/CATION AND TELEMETRY 24V
[ [ j 7
CONTROLLABLE Powee 27 L
PHASE AMPLIEIER 5
SHIFTER I

? , &

&) s
FROM WAVE -
SHAPER 6s _% 1
4
"2
/42' /47 0
CONTROLLABLE cowER - %
PHASE .
L /ETE
SWIFTER ANIPLIFIER j
© 24
FRONT WAVE
SHAPER 62 % . I
= 3
“3 {
[ Vi %
CONPROLLABLE PoOwER -
PHASE AMPLIFIER -
SHIFTER __._/_ E'
J5
ERON WAVE
SHAPER
74
/4.9
CONTROLL 4545 PoweER
PHASE - A MPLIFIER
SHIFTER
FROM WAVE
SHAPER

INVENTORS
Hagorp 4, £os5er
Borss 7. SuBBo7/A
THON AS A/UDSPEH

Y 4%




3,531,803

A. ROSEN ETAL
SWITCHING AND POWER PHASING APPARATUS FOR

H.

Sept. 29, 1970

AUTOMATICALLY FORMING AND DESPINNING AN
ANTENNA BEAM FOR A SPINNING BODY

7 Sheets-Sheet &

Filed May 2, 1966

STENIOIE AZLINTTTL
ONE SVOLLEDINIWNOD

k

P YIS FSEHS I3IVHE
IIMOS 7766 TI0UNOD FAM

o/ 77

627

Phn— ————————

PR

POt e — —

FINST

FITE |

NTONLLTN
ONVITEHS
Fixi/-4

Lor”

TN
FFNST

FFOMLTN

SUEITUN

sor”

ONMTCIS
F&7170

56"

COMLTN

S/ TN

TFAGCO

OV TLTS
F& g

For

&6

INVENTOR.S

A aeoLp 4. LoseEr
Borls 7. SuBSBOTIN

87 0
ArrognNeEY

TAHOMBS UDSPETH

28105
ONINIL

FIOUTOA

I NISTITY

Fo8nos
Fsnd




~ L
Sept. 29, 1970 H. A. ROSEN ETAL 3,531,803
) SWITCHING AND POWER PHASING APPARATUS FOR
AUTOMATICALLY FORMING AND DESPINNING AN
ANTENNA BEAM FOR A SPINNING BODY

Filed May 2, 1966 7 Sheets-Sheet 4
72
N A A
L L1 [
/77 -
7]

Gl 1

oz - og
% _
1
K Z00
L EL
/!5
K!ﬂi
¥~ 206 ,
ONE REVOLUTION o
INVENTOR.S
Alaeoro 4. Losen

Bowr/s 7" SvBBoT/NN
7'/-/0»//45 //z/aspsry

,4' rro,ewfV




Sept. 29, 1970

SWITCHING AND POWER PHASING APPARATUS FOR
AUTOMATICALLY FORMING AND DESPINNING AN
~ ANTENNA BEAM FOR A SPINNING BODY

H. A. ROSEN ETAL 3,531,803

Filed May 2, 1966

7 Sheets~Sheet 5

714
L4,
:: I: iy I: I: ,')——
AL Z
| _'l ll |' IYI
T43 | || ll |l I| |‘ |
AR REIL
= | ! | It
1]l
L@ ONE BEVOLUTION
J 227, 425
N ~ P \\\’,’ 7 ~ i T~ _ pag
§ : > .7 R I ~l - ~d s
I _
53 iz Ed 2 3 220
‘ 82 o~
b o o —
§‘ . < P < ra < " < -
; l l ~L- \\ ke ‘\ -~ J -~
S ! [ 3 7 T7q
) T 2 Z H < r2r
in
o g e :
F ~ - ~7 - ~ P B =
§ = ~ L ~ kd ~ - ~ -
| ~ h 2 ~ N
|

\é
\ \VDLZS
i
\
N
frwl
&
N
N

igé?
S
n
]
L
voLrs VOLTS
|
-
/
/
[j
yi
\|
A
AY
Ay
4
/\ ~
AY
W
1w
N
\Y
\\
Y
/
N
8
\
\
/
/
/
\|
\
AY

INVENTORS
HargoLo A Loser
Boris 7, SuBBoT/IN
THOMAS fHUDSPETH

v LK. ek Ll
A T7rogNEY




Sept. 29, 1970 - H.A. ROSEN ETAL 3,531,803
'SWITCHING AND POWER PHASING APPARATUS FOR
AUTOMATICALLY FORMING AND DESPINNING AN
ANTENNA BEAM FOR A SPINNING BODY .
Filed May 2, 1966 _ 7 Sheets-Sheet 6

______ 25
/150
25 f
.1 7 252 ‘ L —
58
/, 25
59 7
Z53
60 . ? =
@//"‘ 268
i
261 %
754 o
g 9| 267
37
263 2
255 7
264
11
%
L4 i

S ugpe 41
' INVENTORS

Hagoro 4. LOSEN

Boers 7. SuBBo7/N

Thorm s MHUDSPETH
" o b, 4 Y

ArroCNEY




Sept. 29, 1970 ' H. A. ROSEN ETAL 3,531,803
SWITCHING AND POWER PHASING APPARATUS FOR
AUTOMATICALLY FORMING AND DESPINNING AN
ANTENNA BEAM FOR A SPINNING BODY
Filed May 2, 1966 7 Sheets-Sheet 7

Y 24
POWER ?
AMPLIFIER 277
ol S
Z75 14 [
272 276 - 279
LPowER J67 5
: 206 28 2. 798
297
AMPLIFIER 5[ a =
7 pra rs ra
4 HYBRID BRI
P n S
PowEe 240, s (89 Gos 190
AMIPLIFIER ;’5’" :fﬁ? e
| o
/‘.174 ’ ../
77 vl,
POWER
ANIPLIFIER )

* 76

zoo

/7/4,90404 LOSEN
Boe/s 7. SuBBOTIN
JHONIAS A’upjpfm

A 770e/EY




Patent

3,531,803
Patented Sept. 29, 1970

ice

1

3,531,803

SWITCHING AND POWER PHASING APPARATUS
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ABSTRACT OF THE DISCLOSURE

A gystem operable on a spinning body providing a
plurality of individually excitable antenna elements with
means for both switching and phasing power to individ-
ually operable elements so as to develop optimum gain
and directivity. Selected power amplifiers are switched
to a selected number of adjacent elements during each pre-
determined fraction of the spacecraft revolution. As the
body rotates, phase shifters adjust the RF phase so that
the main beam is pointed in the same direction. After the
body has revolved the predetermined fraction, one of the
power amplifiers is switched to another element at a time
when the RF phase shift is proper for continuous
operation.

e T R e

This invention relates to directive radio and antenna
systems for spinning bodies, and more particularly to ap-
paratus for developing a stationary radiation beam from
a plurality of rotating directive antenna elements.

It is desired to provide a spinning body, such as a com-
munication satellite, with a highly directive radiation
pattern, such that any desired area of the globe can be
illuminated therefrom. Typical of highly directional an-
tenna elements are slotted and open-ended waveguides.
Although it has been known that a circular array of such
antenna elements can be arranged on a spinning body,
there has heretofore been no apparatus for applying R-F
excitation currents to such elements so as to establish and
maintain a radiation pattern in a fixed direction.

It is an object of this invention to provide a rotatable
body with a plurality of individually excitable antenna
elements, and means for exciting such elements so that a
radiation pattern in a predetermined direction is estab-
lished and maintained.

It is another object of this invention to provide elec-
trical means for switching and phasing power to individ-
ually operable antenna elements on a spinning body so as
to provide optimum antenna gain and directivity.

A further object of this invention is to provide a com-
munication satellite having individually operable direc-
tive antenna elements capable of giving a radiation pat-
tern of any desired elevational and azimuthal dimensions.

Still another object of this invention is to provide a com-
munication satellite with highly directive, individually
excitable antenna elements, which satellite is characterized
as a rugged construction of a minimum number of com-
ponent parts of simple, lightweight design.

The above and other objects and advantages of this
invention will become apparent from the following de-
scription taken in conjunction with the accompanying
drawings of illustrative embodiments thereof, in which:

FIG. 1 is a top plan view of a circular array of wave-
guides carried on a spinning satellite, wherein only those
waveguides are excited which at any instance are within a
sector that is subtended by an angle that includes the line
toward the earth;
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FIG. 2 is a block diagram of the system of this inven-
tion for switching power to different waveguides and phas-
ing the power to each waveguide;

FIG. 3 is a combined block and schematic diagram
showing one arrangement of switches through which
power is supplied to the individual waveguides;

FIG. 4 is a block diagram of switching apparatus for
controlling the switches of FIG. 3;

FIGS. 5a-5i illustrate a series of waveforms to aid in
explaining the operation of the switching apparatus of
FIG. 4;

FIGS. 6a-6h illustrate a series of waveforms to aid in
explaining the phasing of power applied to the wave-
guides through the switching apparatus;

FIG. 7 is a perspective view of a circular array of wave-
guides of a form to provide a radiation pattern of greater
elevation than with the array of FIGS. 1 and 2;

FIG. 8 is a perspective view of one of the waveguides of
FIG. 7;

FIG. 9 is a side elevation view, partly in section, of a
biconical arrangement of open-ended waveguides for oper-
ation in accordance with our invention;

FIG. 10 is a side elevation view of a stacked bicone ar-
rangement of our invention;

FIG. 11 is an enlarged, fragmentary sectional view of
the stacked bicones of FIG. 10, showing the feed to cor-
responding waveguides of each bicone;

FIG. 12 is a schematic diagram of another switching
apparatus for applying power from several amplifiers to a
single antenna element;

FIG. 13 is a perspective view of one of the magnetically
operable traveling wave switches employed in the switch-
ing arrangement of FIG. 12;

FIGS. 14-16 are end views of the switch of FIG. 13, to
aid in explaining the operation thereof; and

FIG. 17 is a perspective view of a satellite in which the
body and antenna are coextensive.

Referring to FIGS. 1 and 2, there is shown a circular
array of waveguides 1-16 carried on a spinning body,
indicated in phantom lines at 17. Each of the waveguides
is provided with a slot 20 in its lateral surface, an excita-
tion probe or stub 21 extending into the waveguide, and
a connection 22 through which to apply power to the
probe. In a conventional manner, the satellite is stabilized
so that its spin axis 25 is parallel to the axis of rotation
of the earth. In such stabilized position, each of the an-
tenna elements 1-16 rotates past a line 26 in the direction
of the earth, which is the direction in which it is desired
to radiate a beam.

In the example shown, it is desired to excite only those
waveguides which, at any instant, lie within a predeter-
mined angle which is bisected by the line 26. Such angle
is indicated as 90°, but obviously may be smaller or larger.
It will be apparent that with a given amount of available
power, exciting all of the waveguides simultaneously
would result in a generally omnidirectional radiation pat-
tern, most of which would be wasted. However, utilizing
all of the available power to excite only those few wave-
guides within the predetermined sector provides a radia-
tion pattern of high antenna gain and directivity.

At the instant indicated in FIG. 1, the waveguides 1-4
are located within the selected sector. As will be observed,
the satellite is rotating clockwise in FIG. 1, which means
that further rotation of the satellite carries the waveguide
1 out of the sector, and the waveguide 5§ moves into that
sector. Accordingly, power that was applied to the wave-
guide 1 must be switched to the waveguide 5.

Furthermore, as each of the waveguides moves through
the sector, its position relative to the earth is constantly
changing, i.e., from a maximum distance as it enters the
sector, to a minimum distance when it is on the line 26,
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and back to the maximum distance as it leaves the sector.
Tt is desired to excite each wave-guide as it moves through-
out the sector. However, it is essential that all of the
excited waveguides be operated so as to produce a plane
phase front 30 moving in the direction of the earth.

A system in accordance with this invention for effecting
the desired switching and phasing of power applied to
waveguides in the designated sector is shown in FIG. 2.
The connections 22 to the various waveguides extend
from switch apparatus 32. As shown, the switch apparatus
32 is adapted to be operated by a switch apparatus con-
trol means 33, and to have power for exciting selected
waveguides applied from a network of power amplifiers
34. Phasing of the applied power is effected through con-
trollable phase shifters 35, which are driven by phase
shifter driving means including integrators 36 coupled to
the control means 33, and wave shapers 37 connected be-
tween the integrators 36 and phase shifters 35. Both the
switching and the phasing of the applied power are ef-
fected from a common reference, shown as a reference
voltage timing source 38 that is coupled to the switch
apparatus control means 33.

The reference voltage timing source 38 is one which
generates a voltage output which is referenced to a pre-
determined position of the satellite during each revolution
thereof. Fxamples of suitable reference means for this
purpose are disclosed in U.S. Pat. No. 3,133,282, Harold
A. Rosen, entitled, “Apparatus Providing a Rotating Di-
rective Antenna Field Pattern Associated With a Spinning
Body,” issued May 12, 1964.

In operation, the switch apparatus control means 33
operates the switch apparatus 32 so as to connect those
waveguides within the selected sector to the power ampli-
fiers 34. The outputs of the phase shifters 35 are applied
through the amplifiers 34 and switch apparatus 32 to
those waveguides in such a manner that the power applied
to each waveguide is retarded in phase to a degree de-
pending upon its position within the sector. In this con-
nection, and referring to FIG. 1, phase retardation is a
maximum when a waveguide is located on the line 26,
and a minimum when such waveguide is located at the
extremes of the sector. In this manner, we insure that
the radiations from all of the affected waveguides are kept
in phase, i.e., the plane phase front 30 is maintained.

Referring to FIG. 3 along with FIG. 2, the phase shift-
ers 35 are shown to comprise four controllable phase
shifters 41-44, and the power amplifiers are shown to
include respective power amplifiers 46-49 coupled to the
phase shifters 41-44. The outputs of the power amplifiers
46-49 are connected to the inputs of respective magneti-
cally operable switches a;—a,. The respective control coils
for the switches a;—a, are indicated at 51-54.

Examples of the switches a;—-a, are conventional ferrite
circulator swithces. Such a switch has a pair of output
terminals, and its input can be connected to one or the
other of the output terminals, depending upon a direction
of a current pulse applied to its control coil.

As shown in FIG. 3, the switches a;—a, are arranged
so that corresponding output terminals are connected to
the input terminals of similar switches b;—b, and cy—cq
which also have respective control coils 56-59 and 61-64.
The switch b; has one of its output terminals connected
to the probe connection 22 of the waveguide 1 and its
other output terminal connected to the probe connection
22 of the waveguide 9. In similar fashion, the switch ¢;
has one output terminal connected to the probe connec-
tion of the waveguide 5, and its other output terminal
connected to the probe connection of the waveguide 13.

In this latter connection, the waveguides 1-16 are illus-
trated in FIG. 3 in positions which simplify the explana-
tion of the wiring to the associated switches. However,
it will be recognized that the waveguides are positioned
in the circular array as shown in FIG. 1.

With respect to the waveguides 1, 5, 9 and 13, it will
be seen that these elements are spaced 90° apart. With
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reference to FIG. 1, the waveguide 5 enters the sector
when the waveguide 1 leaves it; the waveguide 9 enters
the sector when the waveguide 5 leaves; and the wave-
guide 13 enters the sector when the waveguide 9 leaves.

The same arrangement is illustrated for the remaining
waveguides. The switch b, has its output terminal con-
nected to the probes of the waveguides 2, 10; the output
terminals of the switch b; are connected to the probes
of the waveguides 3, 11; and the switch b4 has its output
terminals connected to the probes of the waveguides 4,
12. In a similar manner, the switch ¢, has its output ter-
minals connected to the probes of the waveguides 6, 14;
the switch ¢z has its output terminals connected to the
probes of the waveguides 7, 15; and the switch ¢, has
its output terminals connected to the probes of the wave-
guides 8, 16.

Referring to the first group of switches ay, by ¢y, let it
be assumed that when the control coil 51 of the switch
a; is pulsed with a positive pulse, the iput of the switch
ay, is connected to the input of switch b;. When the coil
51 receives a mnegative pulse, the input of the switch a;
is connected to the input of the switch ¢;. In like man-
ner, positive and negative pulses applied to the control
coil 56 of the switch b; switches its input, respectively,
to the waveguide 1 and waveguide 9. In similar fashion,
positive and negative pulses supplied to the control coil
61 of the switch c; causes its input to be connected, re-
spectively, to the waveguide 5 and the waveguide 13.

When the waveguide 5 leaves and the waveguide 9
enters the sector, a positive pulse is applied to the con-
trol coil 51 of the switch a;, and a negative pulse is
applied to the control coil 56 of the switch b,, thereby
connecting the output of the power amplifier 46 to the
waveguide 9. Then, when the waveguide 9 leaves and
the wavegnide 13 enters the sector, a negative pulse is
applied to the control coil 51 of the switch a;, and
a negative pulse is applied to the control coil 61 of the
switch ¢;, thereby to connect the probe of the wave-
guide 13 to the power amplifier 46.

The same sequence of pulses is generated for the re-
maining groups of switches, and the associated wave-
guides are excited in the same manner and in the same
sequence. However, the pulses applied to the switches of
the second group of switches ag, by, ¢y are generated
at times following those for the corresponding ones of
the first group of switches which amount to 14g of a
revolution of a satellite. Similarly, the pulses applied to
the third group of switches are delayed by another 14g
of a revolution, and those applied to the fourth group
of switches are generated still another g of a revolu-
tion later.

One means for effecting the desired switching is
illustrated in FIG. 4. A pulse source 70 is provided for
generating sixteen unidirectional pulses per revolution
of the satellite. The power source 70 is triggered by the
reference voltage timing source 42. The pulses are ap-
plied to a network of flip-flops, each of which is char-
acterized in that successive positive-going voltages ap-
plied thereto cause it to change state and in that it has
two outputs in which the voltages vary oppositely, and
which will be referred to hereafter as the normal and
the conjugate outputs. Referring to FIG. 5, along with
FIG. 4, FIG. 5a shows the alternating squarewave volt-
age 72 appearing at one output 73 of the flip-flop 71.

The voltage 72, which will be recognized as an 8-
cycle wave as referenced to a revolution of satellite,
is applied to a similar flip-flop 74. The conjugate square-
wave voltage is also applied to another flip-flop 75.
FIG. 5b illustrates a squarewave voltage 77 in the
normal output of flip-flop 74 that is formed in response
to the voltage 72. As shown, the voltage 77 is of half
the frequency of the voltage 72.

The voltage 77 is applied to the input of a flip-flop 78
which similarly develops normal and conjugate square-
wave voltages 80, 81 (FIGS. 5S¢ and 5¢) and these in
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turn are applied to flip-flops 82, 83 to develop further
squarewaves 84, 85 (FIGS 5/, 5h).

With reference to FIG. 5¢, it will be seen that two
cycles of the voltage 80 occur during each revolution
of the satellite. This normal output of the flip-flop 78
is applied also to a pulse-shaping network 90 (FIG. 4)
which differentiates the voltage 80 and develops alter-
nate positive and negative pulses 91-94 (FIG. 5d). The
output of the pulse-shaping network 99 is applied through
a driver amplifier 95 to the control coil 51 of the switch
a;. Thus, in accordance with the sequence previously
mentjoned, positive and negative pulses are alternately
applied to the control coil 51 to alternately switch a;
between its output terminals, i.e., alternately connecting
the input of switch a; to the inputs of the switches b,
C1.
Again referring to FIG. 5, and particularly to FIGS.
5f and 5k, one cycle of each of the voltages 84, 85 occurs
during each revolution of the satellite. However, the
voltages 84, 85 are 90° out of phase, the voliage 85
lagging the voltage 84 by 90°. The voltage 84 from the
flip-flop 82 is applied to a pulse-shaping network 98
which differentiates the voltage 84 and develops alter-
nate positive and negative pulses 99, 100 (FIG. 5f).
These pulses are applied through a driver amplifier 101
to the control coil 56 of the switch b;. Thus, the posi-
tive pulse 9% is applied to the control coil 56 of the
switch b, when the positive pulse 91 is applied to the
control coil 51 of switch a; thereby connecting the power
amplifier 46 to the waveguide 1. A half revolution later,
when the positive pulse 93 is applied to the control coil
51 of the switch a;, the negative pulse 100 is applied
to the control coil 56 of the switch 5,, thereby connect-
ing the amplifier 41 to the waveguide 9.

The voltage 85 from the flip-flop 83 is applied to a
pulse-shaping network 104, which differentiates the wave
and develops alternate positive and negative pulses 105,
106. Like the pulses 99, 100, the pulses 105, 106 are
spaced a half revolution apart. However, as with the
voltages from which they were developed, the pulse 105
is spaced a quarter of a revolution from the pulse 99,
and the pulse 106 is spaced a quarter of a revolution
from the pulse 160.

The output of the pulse-shaping network 104 is ap-
plied through a driver amplifier 107 to the control coil
61 of the switch ¢;. Accordingly, it will be seen that
when the negative pulse 92 is applied to the control coil
51 of the switch q;, the positive pulse 185 is applied to
the control coil 61 of the switch ¢;, thereby connecting
the power amplifier 46 to the probe of the waveguide 5.
Similarly, when the negative pulse 94 is applied to the
control coil 51 of the switch a;, the negative pulse 186
is applied to the control coil 61 of the switch c,, thereby
connecting the amplifier 46 to the prove of the wave-
guide 13.

The same arrangement of flip-flops, pulse-shaping net-
works and driver amplifiers is employed for pulsing the
remaining groups of switches so that each of the wave-
guides served thereby is conmected to its power amplifier
for the portion of each revolution in which it is moving
through the sector. In this connection, the input to a flip-
flop 110 is connected to the normal output of the flip-flop
75, and flip-flops 111, 112 are connected to the outputs
of the flip-flop 1190, all in the same manner as the flip-flops
78, 82, 83. Inasmuch as the 8-cycle voltage applied to the
flip-flop 75 is the conjugate of the voltage 72 of FIG. Sa,
the waveform of the voltage applied to the flip-flop 110
is the same as that of the voltage 77 of FIG. 5b, but dis-
played by g of a revolution. Since the outputs of the
flip-flops 110-112 are connected through pulse-shaping
networks and driver amplifiers to the control coils of the
switches as, bs, ¢ in the same manner as the first group
of switches, the associated waveguides 2, 6, 10, 14 are ex-
cited in the same sequence for a quarter of a revolution,
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but at times 146 of a revolution after the corresponding
waveguides in the first group 1, 5, 9, 13 are excited.

. The conjugate voltages from flip-flops 74, 75 are utilized
in the. same manner for operating the remaining groups
of switches a3, b3, c; and ay, bs, ¢4 For example, the in-
verted vol?age from the flip-flop 74 is applied to the in-
put .of a flip-flop 114, the outputs of which are applied to
sx.mllar flip-flops 115, 116. The conjugate voltage from the
flip-flop 74 is displaced by %4 of a revolution from the
normal voltage from the flip-flop 75. Since the flip-flops
114—11.6 are connected through pulse-shaping networks
and drlver_ amplifiers to the control coils of the switches
as, bs, c3, in the same manner as previously described for
the first group of switches, the switches ag, bs, c3, are op-
erated to connect the associated waveguides 3,7,11,15t0
the associated power amplifier in the same sequence,

. Rounding out the foregoing, the conjugate output of the
flip-flop 75 is connected to the input of a flip-flop 117,
the outputs of which are connected to similar flip-flops
118, 119. As will now be apparent, the flip-flops 117-119
operate in the same manner as the flip-flops 114-116,
thereby to cause the switches ay, by, ¢, to be operated for
connecting the associated waveguides 4, 8, 12, 16 to the
associated power amplifier in the same sequence.

As previously explained in connection with FIGS. 2 and
3, the phase shifters 41-44 are adapted to retard the
phgse of the r-f currents applied to each excited wave-
guide as it moves through the sector. Referring to FIG. 6
along with FIG. 4, there is illustrated a squarewave volt-
age 126 which, during each quarter of a revolution, de-
creases from zero to a minimum, and back to zero. The
volitage 120 is applied to the phase shifter 41, which re-
sponds thereto to variably retard the phase of the power
applied to each of the waveguides 1, 5, 9, 13 as it moves
through the sector. The point of maximum phase retarda-
tion occurs at the midpoint of each of the excursions of
the voltage 128. In this connection, each of the waveguides
1, 5, 9, 13 is shown adjacent the lobe of the voltage 120
applied to that waveguide.

In similar fashion, FIGS. 6d, 6f and 6/ illustrate the
voltage waveforms 121-123 applied to the phase shifters
42-44 for changing the phase of the power applied to each
associated waveguide as it moves through the sector.

Referring to FIG. 4, along with FIG. 6, the phasing
voltages 120-123 are obtained from the outputs of the
flip-flops 74, 75. In this connection, FIG. 6a shows the
voltage waveform 125 that is the conjugate output of the
flip-flop 74. The voltage 125 is applied to an integrator
126 which develops an integrated output voltage, indi-
cated as a dotted waveform 127 in FIG. 6a4. The integrated
voltage 127 is applied to a wave shaper 129 to develop
the voltage 120 of FIG. 6b. In response to such voltage, as
previously explained, the phase shifter 41 functions to vary
the phase of the r-f currents applied to the respective wave-
guides 1, 5, 9, 13 served thereby.

As will now be apparent, the voltages 121-123 are de-
rived in similar fashion. FIG. 6¢ shows the conjugate
voltage wave 131 from the flip-flop 75, and a correspond-
ing integrated voltage 132 from which the voltage wave 121
of FIG. 6d is derived. To this end, it will be obvious from
inspection of FIG. 4 that the conjugate output of the flip-
flop 75 is applied to an appropriate integrator and wave
shaper coupled to the phase shifter 42 of FIG. 3.

FIG. 6¢ shows the normal output voltage 77 from the
flip-flop 74 (which is the same voltage shown in FIG. 5b).
This voltage is similarly integrated to obtain the integrated
voltage 134, and thence the voltage 122 of FIG. 6f. In
like manner, FIG. 6¢ shows the normal output voltage
136 of the flip-flop 75, and integrated voltage 137 derived
therefrom, from which the voltage 123 is obtained.

An array of directive antenna elements as heretofore
described can be provided in any desired number, and the
sector in which waveguides are excited can be made as
large or as small as necessary to establish the desired
beam coverage on the earth. In this connection, and re-
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ferring to FIGS. 1 and 2, waveguides with as narrow a
sector as necessary are excited to provide an azimuthal
beam of wide coverage, e.g., half the globe. The single
aperture waveguides also provide broad elevation (i.e.,
north-south) coverage. However, while waveguides in a
large sector can be excited to provide extremely narrow
azimuthal coverage, the single-aperture waveguides of
FIGS. 1 and 2 are limited to broad elevation coverage.

FIGS. 7-11 illustrate circular arrays of waveguides to
obtain narrow coverage in both azimuth and elevation.
Referring to FIG. 7, a circular array of antenna elements
is formed of elongated waveguides 141 carried on a satel-
lite 142. Along its length, each of the waveguides 141 has
a plurality of slots 143 formed in its outer wall. The slots
143 may be formed in any desired shape and arrangement,
e.g., two rows of staggered rectangular slots as indicated
in the example shown. Elongated stationary waveguides
having a plurality of slots therein are well known in the
art. As is conventional, however, the slots 143 are ar-
ranged, e.g., one wavelength vertical spacing between slots
in each row and suitable spacing, e.g., one-cighth, be-
tween the rows of each pair, and the spacing and arrange-
ment is such as to insure that the radiations therefrom
are in phase along the length of the waveguide. As shown
in FIG. 8, each of the waveguides 141 is provided with
means to excite it individually, e.g., a coaxial connection
144 leading to a connector 145 for an internal probe (not
shown).

With the elongated array of antenna elements 141 of
FIG. 7 substituted for the waveguides 1-16 of FIGS.
1 and 2, it will be seen that, while the elements 141 are
excited individually as previously described, the resulting
elevation beam width is considerably narrower. With
waveguides 141 of sufficient length, which may be of
the order of ten wavelengths, a resulting antenna pattern
may be obtained in which coverage is confined to a small
area on the globe.

FIG. 9 illustrates another antenna construction for
a satellite in accordance with our invention. The con-
struction shown in FIG. 9 is a bicone antenna, wherein
a circular array of antenna elements is formed of open-
ended waveguides 146. As shown, each of the waveguides
146 is formed as an elongated element having its open
end bent at right angles. The resulting circular array
of waveguide mouths is located between the small ends
of oppositely facing frusto-conical reflectors 147, 148. In
this connection, the diameters of the inner ends of the
conical elements 147, 148 are the same as the outer diam-
eter of the circle formed by the mouths of the wave-
guides 146.

The waveguides 146 are shown to be supported at
their lower ends by the body of the satellite 150. With
this antenna arrangement substituted for that in FIGS.
1 and 2, the radiation pattern obtained is one in which

the reflectors 147, 148 provide broad coverage in eleva-

tion. However, such coverage is considerably nmarrower
than is obtainable without the reflectors. In this connec-
tion, the flare angle, §, between the diverging reflectors,
together with the outer diameters of the large ends of
the reflectors, determines the gain and directivity of the
beam.

Our invention also includes the feature of stacked
bicone antenna arrangements of the type shown in FIG.
9. Referring to FIGS. 10 and 11, there is shown a stack
of four such bicones supported by the satellite body 150,
and in which four circular arrays of open-ended wave-
guides 152-155 are located between respective pairs of
diverging frusto-conical reflectors 157-158, 159-160,
161-162, 163-164. The open ends of the wave guides
in the stack are aligned, and each aligned set is connected
to a common feed. To this end, a coaxial or waveguide
fed may be employed. For example, as best seen in FIG.
11, a corporate waveguide feed may be employed in which
aligned openings 152, 153 in the upper pair are con-
nected at 166, aligned openings 154, 155 in the lower pair
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are connected at 167, the connections 166, 167 are con-
nected at 168, and the connection 168 is connected at
169 to an energizing source (not shown). The input 169
to this feed corresponds to a probe connection 22 in
FIGS. 1 and 2.

With such a stacked bicone antenna arrangement sub-
stituted for the array of waveguides in FIG. 2, it will be
seen that we obtain a radiation field pattern which is
extremely narrow both in elevation and in azimuth. With
such a stacked bicone arrangement, for an equivalent
beamwidth the various reflectors employed may be con-
siderably smaller in diameter than those required where
only a single bicone arrangement (as in FIG. 9) is used.

It will be apparent to persons of ordinary skill in the
art that a variety of the switching schemes may be em-
ployed for the switching apparatus, and that our inven-
tion is not limited to the particular switching scheme
above described. Additionally, our invention embraces
the use of switching devices other than the ferrite cir-
culator switches previously described, and means for
applying increased power to each directive antenna ele-
ment as it moves through the predetermined sector.

FIGS. 12-16 illustrate one switching arrangement of
the type referred to, and in which different switch mech-
anisms are employed, and in which power from a plu-
rality of amplifiers is applied to a single waveguide as
it moves through the predetermined sector. Referring to
FIG. 12, there is shown two pairs of power amplifiers,
171, 172 and 173, 174 having a common input, as from
one of the phase shifters heretofore described. The out-
puts of the amplifiers 171, 172 are connected to the input
terminals 175, 176 of a switch 177 from which all of the
power from both amplifiers 171, 172 is made to appear
at either of a pair of output terminals 178, 179. In similar
fashion, the outputs of the amplifiers 173, 174 are ap-
plied to corresponding input terminals 180, 181 of a
similar switch 182, which is operable to cause the power
from both amplifiers 173, 174 to be applied to either
of a pair of output terminals 183, 184 of the switch 182.

As shown, respective output terminals 179, 183 of
the switches 177, 182 are connected to respective input
connections of a conventional hybrid element 187 which
has respective output terminals 188, 189 connected to
the probes of respective waveguides 1, 9. In the same
manner, the remaining output terminals 178, 184 of the
switches 177, 182 are connected to input terminals 195,
196 of a similar hybrid element 1987, from which respec-
tive outputer terminals 198, 199 are connected to the
probes of respective waveguides 5, 13.

Referring to the hybrid 187, it is a passive element
which functions so that when the power from the am-
plifiers 171, 172 is applied to the hybrid input terminal
185 and the power from the amplifiers 173, 174 is ap-
plied to the hybrid input terminal 186, the power from
all four amplifiers appears at either the output terminal
188 or the output terminal 189, depending upon whether
the power appearing at the input terminals 185, 186 is
in phase or 180° out of phase.

The hybrid 197 operates in the identical manner of
the hybrid 187. Accordingly, if the combined outputs of
the amplifiers 171, 172 are made to appear at the in-
put terminal 195, and the combined outputs of the am-
plifiers 173, 174 are made to appear at the input terminal
196, the combined power from all of the amplifiers is
made to appear at the output terminal 198 or the output
terminal 199, depending upon whether the power inputs
at the terminals 195, 196 are in phase or 180° out of
phase.

FIGS. 13-16 illustrate the general construction of
switches 177, 182, and their mode of operation. Referring
to FIG. 13, which depicts the switch 177, the device em-
ploys a tube 200 having power input terminals 175, 176
at one end which are displaced 90°. Positioned at the
opposite end of the tube are output probes 178, 179
which are also displaced 90°. However, the output probes
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178, 179 are angularly displaced about 45° from the
input probes 175, 176, such that one of the output probes
178 is located midway between the input probes 175, 176.

Disposed within the tube 200 is a ferrite element 205,
and surrounding the tube intermediate the ends of the
element 205 is an energizing coil 206.

With the arrangement illustrated in FIG. 13, the appli-
cation of equal, in phase power to the input probes 175,
176 causes a field to be established in the tube 200
which is represented by an electric vector, indicated by
arrow 208, that is centered between the input probes 175,
176. Referring to FIG. 14, along with FIG. 13, the wave
thus estabilshed travels through the tube 200, and is cou-
pled to one or the other of the output probes 178, 179,
depending upon the application or absence of a current
in the coil 206. For example, if no current is applied to
the coil 206, the wave travels through the tube without
being shifted, in which case the arrow 208 (FIG. 14) in-
dicates that all of the power is coupled to the upper out-
put probe 178.

Current in one direction through the coil 206 causes
the field to be rotated 90°, and the direction of such rota-
tion will depend upon the direction of current flow through
the coil. In either case, all of the power is coupled into
the other output probe 179.

In this latter connection, FIG. 15 illustrates a situation
in which current is fed through the coil 206 in one direc-
tion, and FIG. 16 illustrates the situation in which such
current is in the opposite direction. In FIGS. 15 and 16,
the arrow 208 is shown in reversed positions, although
aligned with the. output probe 179, to illustrate the 180°
phase shift resulting from current flow in opposite direc-
tions through the coil 206.

Referring again to FIG. 12, the control coil for the
switch 182 is indicated at 210. To better understand
the combined operations of the switches 177, 182, let it
be assumed that no current flows in the coil 210 of the
switch 182, thereby causing the combined output of the
amplifiers 173, 174 to appear at the output terminal 183,
and hence at the input terminal 186 of the hybrid 187.
Also, let it be assumed that current is applied to the coil
206 is such a direction as to cause the combined outputs
of the amplifiers 171, 172 to appear at the output ter-
minal 179 of switch 177, and hence at the input terminal
185 of the hybrid 187.

For the assumed direction of flow of current through
the coil 206, the combined input at the hybrid input ter-
minals 185, 186 is caused to appear at one of its output
terminals 188. Reversing the direction of current flow
to the coil 206 causes the combined input at 185, 186
to appear at the other output terminal 189.

Operation of the switches 177, 182 to couple the com-
bined outputs of the amplifiers 171-174 to either of the
outputs of the hybrid 197 is effected in the same manner.
In such case, there is no current in the coil 206 of the
switch 177, and there is current in the coil 210 of the
switch 182, thereby causing the outputs of the amplifiers
171, 172 to appear at the output terminal 178 and hence
the input terminal 195 of the hybrid 197, and causing
the outputs of the amplifiers 173, 174 to appear at the
output terminal 184, and hence the hybrid input ter-
minal 196. For one direction of current flow through the
coil 210, the combined outputs of the four amplifiers are
made to appear at one of the hybrid output terminals, e.g.,
the terminal 198, For the opposite direction of current flow
through the coil 210, such combined outputs are made
to appear at the other output terminal 199,

In the antenna arrangements heretofore described, it
will be noted that the surface area of the total satellite
is shared between the antenna array and the satellite
body. In this connection, the satellite body in conventional
fashion carries on its outer surface a plurality of strips of
solar cells, which provide the power for all electrically
operated equipment, The major portion of the power pro-
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10
vided by such solar cells is used to drive the power ampli-
fiers.

Further in this connection, with the total surface of
the satellite shared between the antenna array and the
remainder of the satellite—which includes the solar
cells—a relatively broad antenna pattern, e.g., sufficient
to encompass the globe, can be obtained with relatively
small antenna elements. In such case, the bulk of the
lateral surface of the satellite can be utilized for solar
cells for supplying the desired power.

A larger surface must be occupied by the antenna
on a satellite in which a relatively small area of the globe
is to be covered by the radiation pattern. Thus, elon-
gated antenna arrays as heretofore described in connec-
tion with FIGS. 7-11, result in a small portion of the
satellite being available for the solar cells. Accordingly,
it will be seen that there are practical limits to the propor-
tions of the satellite volume that can be taken up by the
antenna structure and the solar cell supporting structure.
As a practical matter, there is a measure of equivalency
between antenna aperture and surface area that must be
allotted to solar cells sufficient to provide the R-F power
necessary for the antenna beam.

Referring to FIG. 17, a satellite in accordance with
our invention is shown in which the same surface area
is utilized for both the antenna array and the solar cells.
There is shown a circular array of elongated directional
waveguide elements 211, each of which is provided with
parallel rows of staggered slots 212, 213, much as in the
antenna array shown in FIGS. 7 and 8. Surrounding this
entire array, and coextensive therewith, is an electrically
insulating sleeve 214. The sleeve 214 may be formed of
any suitable material, such as a plastic or fiberglass ma-
terial commonly used as substrates on which solar cells
are conventionally mounted on satellites, and is trans-
parent to R-F energy.

Attached to the exterior of the sleeve 214 are a plu-
rality of spaced strips 215 of solar cells. As illustrated,
each of the strips 215 is located between adjacent rows
of slots 212, 213 of adjacent waveguides. The edges of
the strips 215 do not extend to the slots, but are spaced
therefrom so as to avoid interference with the radiation
pattern emitted.

Such an arrangement is one in which approximately 90
percent of the total surface area of the satellite is occupied
by solar cells. Moreover, the entire length and diameter
of the satellite is available for purposes of establishing a
radiation field pattern for obtaining an elevation beam-
width of any desired size, Still further, it will be recognized
that the satellite carries within the interior of the wave-
guide array the electrical equipment heretofore men-
tioned for obtaining the desired azimuthal beamwidth, in-
cluding the switching apparatus, control means, power
amplifiers, etc. In addition, of course, this composite satel-
lite, in the same manner as conventional satellites, sup-
ports within its interior the equipment necessary to per-
form various physical and electrical functions normally
required of such devices. In this latter connection, there
is shown in FIG. 17 the nozzle 216 of an apogee motor
219, such motor being mounted in the space defined by
the interior walls of the waveguides 211. Also, there is
shown extending from the lower end of the satellite struc-
ture a number of telemetry and/or command VHF an-
tennas 217.

Connections from the solar cell strips 215 may be led
into the interior of the composite satellite of our inven-
tion in any suitable manner. For example, such connec-
tions may extend around the ends of the antenna ele-
ments 211. Alternatively, the may be led into the interior
between adjacent elements.

While there have been shown and described certain
types of switches and switching schemes, our invention
clearly embraces reasonable equivalents thereof. For ex-
ample, we recognize that analog equivalents of digital
switching as described herein may be employed, e.g., a
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butter matrix replacing the switching elements and hav-
ing respective inputs connected to the power amplifiers
and respective outputs connected to the antenna elements
so as to form the beam. Persons of ordinary skill in the
art can readily determine the voltage waveforms neces-
sary for creating the phase shifters for despinning the
beam.

Accordingly, we do not intend that the scope of our
invention shall be limited, except in accordance with a
reasonable interpretation of the appended claims.

What is claimed is:

1. In combination:

a circular array of directive antenna elements adapted

to be rotated;

controllable phase shifting means through which to
apply power to said antenna elements;

power amplifiers coupled to said phase shifting means;

switching means coupled between said power amplifiers
and said antenna elements;

first control means for selectively operating said phase
shifting means to cause the power applied to said
antenna elements to be so phased that a predeter-
mined radiation pattern is radiated in a selected di-
rection from a predetermined sector of said array
through which said antenna elements are rotated;

second control means coupled to said switching means
to connect said antenna elements in said sector to
said power amplifiers;

and a source of reference signals related to the rotation
angle of said circular array and coupled to said sec-
ond means to switch an anteuna element into said
sector and antenna element out of said sector at
each predetermined fraction of revolution of said
array.

2. The combinaton of claim 1, including means having

a plurality of bistable means for operating said switching
means and coupled to said first means for controlling said
phase shifting means in synchronism with said switching
means.

3. A communication device comprising:

a body adapted to revolve about an axis and including
means to provide a reference signal representing the
angular position of said body;

a circular array of directive antenna elements about
said axis, each antenna element being adapted to be
separately excited and each element representing a
predetermined angle of a revolution of said body;

controllable phase shifting means adapted to have
power for the antenna elements applied thereto;

switching apparatus coupled between said antenna ele-
ments and said phase shifting means;

switch apparatus control means coupled to said phase
shifting means and to said switch apparatus, said
control means switching said antenna elements in a
predetermined sequence to maintain a selected num-
ber of excited adjacent elements;
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and a reference voltage timing source coupled to said
control means, said control means responding to said
reference signal to operate said switch apparatus to
cause power to be applied to said selected number of
antenna elements so that each element passes energy
during a predetermined angle of revolution and to
operate said phase shifting means to form a selected
radiation pattern.

4. A communication device comprising:

a circular array of directive antenna elements, each in-
cluding means. to be individually excited, said array
being adapted to be rotated around an axis;

reference means for developing a signal representing
the angular position of said device;

exciting means for said antenna elements;

and means responsive to said reference means to con-
nect said exciting means to a predetermined number
of said antenna elements by sequentially connecting
an antenna element and disconnecting a different an-
tenna element in a direction opposite but equal to
said direction of rotation, whereby to cause a sta-
tionary antenna filed pattern to be radiated in a se-
lected direction from a predetermined sector through
which said array rotates.

5. A communication device as defined in claim 4,
wherein said exciting means includes controllable phase
shifting means; :

means for applying signals to said phase shifting means;

switch apparatus in said connecting means coupled be-
tween said phase shifting means and said antenna
elements;

and control means for operating said switch apparatus
to selectively connect said phase shifting means to
said antenna elements so that during each revolution
of said array a different element is connected and a
different element is disconnected each predetermined
fraction of revolution.

6. A communication device as defined in claim 4
wherein said connecting means causes each antenna ele-
ment to be excited in its movement throughout the pre-
determined sector and wherein a plurality of antenna ele-
ments are located in the predetermined sector at any in-
stant, and wherein said connecting means causes said ex-
citing means to be simultaneously connected to each of
said plurality of antenna elements located in said sector.
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