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The polarization tilt angle of linearly polarized electro- 
magnetic waves is determined by converting the linearly 
polarized waves into a pair of oppositely sensed circularly 
polarized waves, having a relative electrical phase differ- 
ence indicative of the polarization tilt angle. The phase 
difference between the circularly polarized waves is deter- 
mined with a feedback network including a phase shifter 
responsive to one of the circularly polarized waves and 
a detector for deriving an output indicative of the ratio 
of the difference of the phase shifted and other circularly 
polarized waves to the sum of the phase shifted and other 
circularly polarized waves. A system for at will control- 
ling the polarization directions of circularly and linearly 
polarized electromagnetic waves, as well as the major 
and minor axes of elliptical polarized waves, includes 
a pair of hybrids, the first of which is driven with waves 
of reference and variable phase. A sum output port of 
the first hybrid is coupled through a variable phase shifter 
to a port of the second hybrid, while a difference output 
of the first hybrid is coupled to another port of the second 
hybrid. The second hybrid responds to the inputs thereof 
to drive a pair of orthogonal linear feeds. The transmitter 
and receiver are combined with a five-element monopulse 
antenna array and a monopulse diversity polarization 
receiver. A monopulse array is driven by a linearly polar- 
ized wave, the polarization tilt angle of which is con- 
trolled in response to a polarization receiver responsive 
to right and left-hand circularly polarized energy derived 
from the monopulse array. 

ORIGIN OF THE INVENTION 
The invention described herein was made by an em- 

ployee of the United States Government and may be 
manufactured and used by or for the Government for 
governmental purposes without the payment of any royal- 
ties thereon or therefor. 

The present invention relates generally to electromag- 
netic polarization systems and, more particularly, to a 
polarization system wherein left and right-hand circular 
polarizations are excited by a network including a phase 
shifter and a hybrid. 

To attain the greatest possible signal to noise ratio 
in electromagnetic signal links between space probes and 
ground stations, it is frequently necessary to align the 
polarization direction of received electromagnetic waves 
with elements in an antenna array responsive to the 
waves. In the past alignment has been usually achieved 
by physically rotating feed elements within a receiving 
antenna. The difficulties in physically rotating a feed, 
which may be a relatively massive member and suspended 
in space above an antenna reflector, are apparent. In 
addition, it has been found that the feed cannot generally 
be rotated in a precise manner, and exactly along an 
antenna boresight axis, whereby a material error exists 
with the prior art system. 

In accordance with one aspect of the present invention, 
the orientation angle of a feed is effectively rotated so 
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that it is aligned with the polarization direction, or tilt 
angle, of the received energy by converting orthogonal, 
linearly polarized electromagnetic components into left 
and right-hand circularly polarized waves. The phase 
difference between the left and right-hand circularly 
polarized waves provides a measure of the orientation 
angle of the linearly polarized wave such that 

A@ eo=- 2 
where: 
A@= the relative electrical phase diiference between the 

left and right-hand circularly polarized waves, and 
eo=the orientation tilt angle of the received linearly 

polarized wave relative to a reference axis. 
The phase angle is measuredswith a network including 

a variable phase shifter responsive to one of the circularly 
polarized waves and a hybrid network for deriving signals 
indicative of the vector sum and difference of the phase 
shifted and unmodified, i.e., reference, circularly polar- 
ized waves. The ratio of the vector difference to the vector 
sum is derived to control the phase shifter so that the 
phase shifter output is phase aligned with the reference 
circularly polarized wave. It has been found that this 
particular combination provides extremely accurate track- 
ing information indicative of polarization orientation 
angle. 

In accordance with another aspect of the invention, 
the direction and type of polarized electromagnetic energy 
derived from a transmitter is selectively controlled to be 
linearly polarized at any angle, left or right-hand cir- 
cularly polarized, or elliptically polarized in either direc- 
tion, with major and minor axes control. The polarization 
transmission control network includes a pair of hybrids, 
the first of which is excited at a pair of input ports with 
energies having variable phase differences, which deter- 
mine the transmission polarization mode. A second phase 
shifter connects the hybrids together to determine the 
orientation angle of the linear and elliptically polarized 
energy transmitted. 

The system of the present invention, employing a pair 
of hybrids, is superior to prior art systems which usually 
have employed, for the same purpose, radio frequency 
switches. R.F. switches are generally to be avoided in 
high power applications, such as are usually required in 
space transmitters, because they have generally been 
found to be unreliable and cause operational difficulties. 
In the event that it is desired to change the transmission 
polarization mode, an operation requiring activation of 
the switch from one state to another, a transmitter feed- 
ing the switch must be deenergized, causing the loss of 
valuable operational time and data. 

Another problem with prior art systems for controlling 
polarization direction is the inability to control polariza- 
tion direction, except in discrete steps. l[n particular, prior 
art systems utilizing R.F. switches have been capable of 
transmitting linearly polarized waves in only two distinct 
Polarization directions, at right angles to each other. 
Similarly, the transmission of elliptically polarized waves 
has been possible such that the major axes can be directed 
in only two directions, orthogonal to each other. By 
utilizing the system of the present invention, wherein 
R.F. switches are not required, linear polarization in any 
direction can be achieved, while the major axis direc- 
tion of elliptically polarized waves can be varied at will. 

In accordance with another aspect of the present in- 
vention, the polarization transmitting and tracking sys- 
tems are combined with a monopulse type array, adapted 
to derive signals indicative of vertically and horizontally 
polarized energy impinging on the array. The polariza- 
tion tracking system responds to indications of the total 
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energy impinging on the monopulse array in the ver- Another object of the invention is to provide a new 
tical and horizontal polarization directions. These signals and improved system and method for determining the 
are coupled to the tracking system through a pair of re- polarization direction of wave energy. 
latively high gain, stable parametric amplifiers which An additional object of the invention is to provide a 
also feed a monopulse diversity polarization receiver of new and improved system for controlling the transmission 
the type disclosed in my copending application, Ser. No. angle and/or polarization type of wave energy. 
576,521, filed Aug. 30, 1966 (now Pat. No. 3,359,555), A further object of the invention is to provide a new 
and commonly assigned with the present applilcation. By and improved system for enabling linearly, circularly 
amplifying the signals indicative of the total vertically and elliptically polarized wave energy to be derived at 
andahorizontally polarized energy before the equal power will. 
division of signals to the monopulse receiver and the Yet another object of the invention is to provide a 
polarization tracking receiver, a 3 decibel loss in signal system for at will transmitting universally polarized en- 
to noise ratio is avoided. ergy, Le., linearly polarized waves in any direction, cir- 

The polarization tracking system of the invention is cularly polarized waves in either direction, and elliptically 
utilized in conjunction with the transmitter for driving 15 polarized waves having major axes in any desired orienta- 
the monopulse feed so that the polarization direction of tion. 
energy transmitted from the feed is controlled to an angle Still an additional object of the present invention is to 
which achieves optimum signal to noise ratio. Control provide a system and method for measuring the orienta- 
of the polarization direction transmitted from the feed tion angle of linearly polarized electromagnetic energy, 
to a space probe is important because the probe usually 20 wherein the energy is transformed into left and right- 
includes a transponder for automatically shifting the hand polarized waves having variable phase indicative 
polarization direction of energy transmitted therefrom of orientation angle and the phase is measured in a man- 
by a fixed amount relative to energy received by it. Hence, ner enabling more accurate indications of polarization 
the present invention enables the monopulse array ele- orientation angle to be derivad than in prior art systems. 
ments to be aligned with receiver and transmitter elements 25 A further object of the present invention is to provide 
comprising a relatively low power spacecraft transponder a system for controlling the direction of energy trans- 
to provide optimum signal strength. mitted from a feed in response to the orientation angle of 

present invention is particularly adapted for use with the Still another object of the invention is to provide a new 
monopulse diversity polarization receiver disclosed in the 30 and improved polarization tracking system, in combina- 
aforementioned application because said receiver is adapt- tion with a monopulse feed. 
able for use in conjunction with energy in any polariza- Yet an additional object of the invention is to provide, 
tion mode or direction. If it is found that fading in one in combination with a monopulse tracking system, mp,ans 
polarization direction and/or mode is occurring over for driving in parallel a system for determining the po- 
long time intervals, as can be ascertained from the out- 35 larization angle of received linearly polarized energy 
put of the monopulse diversity polarization receiver, the and a monopulse diversity polarization receiver. 
polarization angle and/or mode of energy transmitted Still yet an additional object of the invention is to 
from the monopulse array to the transponder and back to provide a monopulse receiver wherein greater signal 
the array can be varied at will at the ground station with strength of received angular indicating signals is pro- 
the polarization control network. 40 vided by aligning right and left-hand polarized waves so 

In accordance with still another aspect of the inven- that 
tion, a polarization tracking receiver of the type specified The above and still further objects, features and ad- 
supra is responsive to left and right-hand circularly PO- vantages of the present invention will become apparent 
larized waves respectively indicative of the total energy upon consideration of the following detailed description 
in each polarization direction impinging on a monopulse 45 of several specific embodiments thereof, especially when 
array. The polarization tracking receiver includes a phase taken in conjunction with the accompanying drawings, 
measuring system comprising a phase shifter driven by wherein : 
a feedback servoloop output, a sindicated supra. Synchro- FIG. 1 is a block diagram of a preferred embodi- 
nized with the phase shifter setting responsive to the signal ment of a linear polarization tracker in accordance with 
indicative of the total energy in one of the circularly PO- 50 the present invention; 
larized wave directions is an additional pair of phase FPW. 2A-2D are waveforms useful in describing 
shifters, respectively responsive to azimuth and elevation the operation of the system of FIG. 1; 
position indicating difference signals derived for said one FIG. 3 is a plot indicating the performance of a tracker 
circular polarization direction. The phase of the azimuth Of the type shown by FIG. 1; 
and elevation signals for said one polarization direction 55 FIG. 4 is a circuit diagram (of a preferred embodi- 
is thereby adjusted in a like manner to the signal in- ment of a system for selectively controlling the polariza- 
dicative of total energy in the polarization direction tion direction and type of transmitted electromagnetic 
specified. The azimuth and elevation signals are there- waves in accordance with the present invention; and 
fore brought into phase alignment with the azimuth and FTGS. 5 and 6 are block diagrams of different em- 
elevation signals of the other circular polarization di- 60 bodiments of polarization tracking and transmitter sys- 
rection and can be linearly combined to provide signals tems particularly adaptable for use in conjunction with 
having a greater signal to noise ratio. monopulse systems. 

Another feature of a monopulse system utilizing the Reference is now made to FIG. 1 wherein an antenna 
polarization tracker of the present invention is that the 11 is illustrated as comprising a pair of crossed dipoles 12 
polarization direction of transmitted linearly polarized 65 and 13, having their crossing points and centers coincident 
energy can be controlled automatically in response to the with the focal point of reflector 14, whereby excitation 
output of the feedback network driving the phase shifters patterns thereof are the same and symmetrical relative to 
responsive to the monopulse signals. The transmitted the reflector boresight axis 17. Dipoles 12 and 13 are PO- 
energy polarization direction is controlled to be offset sitioned at right angles with respect to each other, having 
by a predeteFmined spatial angle relative to the received 70 their longitudinal axes aligned with the reflector horizontal 
energy to provide optimum tracking of the spacecraft and vertical axes 16 and 18. Due to the relative position of 
signal. dipoles 12 and 13, the instantaneous amplitude of the 

It is, accordingly, an objetct of the present invention to energy inducted in each of them is proportional to the po- 
provide a new and improved wave polarfgstaiop system larization direction of linearly polarized electromagnetic 
and method, 75 energy exciting stqtqnm 111, Csnsider the situation of 

The runivkrsal polarization control network of the received energy. 

can be combined. 
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linearly polarized electromagnetic energy depicted by ar- 
row 15, displaced by a tilt angle 8 0 "  from horizontal axis 
16 and having a magnitude E, as such a wave is directed 
to reflector 11 along boresight axis 17. The voltage mag- 
nitudes El and E2 respectively induced in dipole elements 
12 and 13 in response to vector 5 are represented as pro- 
jections of the vector on horizontal axis 16 and vertical 
axis 18 and are therefore represented by: 

and 

tromagnetic wave represented by vector 15 is related to 
the phase difference between the left and right circularly 
polarized energies, respectively considered as being of 
variable and references phases, derived from ports 26 and 
27, consider the wave forms of FIGS. 2&D. 

In FIG. 2A, it is assumed that the polarization tilt 
angle of vector I5 is O", as shown by vector representa- 
tions 311 and 32, at the 12 o'clock position. The vectors 
31 and 32 actually represent the same linear polarization 

10 vector. The vector is transformed into a pair of oppositely 
rotating circularly polarized components 33 and 34 which 
are vertically aligned at identical time periods, when each 

The linearly polarized voltages induced in d i p o h  12 of them has a peak maximum amplitude represented by 
and 13 are converted into a pair Of OppOSitelY rotating, the 12 o'clock position; the 3 and 9 o'clock positions in- circularly polarized electromagnetic waves by network 21. 15 dicate zero amplitudes, while the 6 o'clock position is 
Network 21 includes a fixed, 90" phase shifter 22 revon- commensurate with a negative peak value. As time pro- 
sive to the signal induced in vertical dipole 13. The Phase gresses, the left-hand component of vector 31 rotates as 

&=E COS eo ( 1 )  

&=E sin eo (2 1 

shifted OUtput Of network 22 is combined with the Signal indicated by arrow 33 while the right-hand component of 
derived from horizontally disposed dipole 12 in hybrid vector 32 rotates in the direction indicated by arrowhead 
23, which is preferably of the one-quarter-three-quarter 20 34. The rotational velocities of arrows 33 and 34, are de- 
wave length coaxial type. The input signals to hybrid 23 termined by the frequency of the energy induced in di- 
are fed to ports Z4 and 25, displaced from each other by poles 62 and 13, so that one cycle of the electromagnetic 
one-half wave length of the energy for which antenna 11 energy corresponds with a 360" rotation of the arrows. 
is adapted to receive. The outputs of hybrid 23, at Ports After one quarter of a cycle, the left and right-hand co<m- 26 and 27, are directly proportional to the Vector Sum and 25 ponents 33 and 34 have zero values, at the 9 and 3 o'clock difference Of the Waves at ports 24 and positions respectively. After another quarter of a cycle, 
25, hence, are represented by: one-half cycle after left and right-hand components 33 

and 34 were originally aligned at the peak niaximum 
value, the oppositely rotating components are again 

( 3 )  30 aligned at the 6 o'clock position. After completion of still 
another quarter of a cycle, components 33 and 34, are 

(4) rotated to the 3 and 9 o'clock positions respectively, where 
they both have zero amplitudes. After a further quarter of 
a cycle, components 33 and 34 are again aligned at a 

35 positive maximum. The circular representations of the 
rotating components can be transformed into sinusoidal x,/o= the voltage at port 27, and 
amplitude versus time wave forms 35 and 36, respec- 

p= RF phase. tively. From wave forms 35 and 316, it is evident that an 
The zLH and zEH vectors derived from ports 26 and 27 4o inphase relationship exists between the left and right-hand 
are respectively left-hand and right-hand circularly polar- circular components Of vectors 31 and 32 at dl times, 
&d Waves having a phase displacement, A+, equal to even though the components are rotating in opposite direc- 
twice the polarization angle of vector 15 from a reference tions. Hence, for the polarization orientation eo=O, the 
axis which corresponds with horizontal axis 16; hence phase difference of the left-hand and right-hand CirCU- 

/A+ e-js LH--- - 42 (E2-$1') 

where: 
LH- /A+.= the voltage at port 26, 

A@= 200. larly polarized waves, A@, equals 0". 
45 Now consider the situation wherein the orientation Hybrid 23, as well as the other hybrids disclosed here- 

angle of the vector 15 is displaced from the horizontal in, are preferably of the one-quarter-three-quarter co- 
axis I6 by 45", 0=45", as represented in FIG. 2B. Un- axial RF type, although other equivalent circuits can be 
der these circumstances, the linearly polarized energy is employed such as a waveguide magic tee. 
represented by vector 37, FIG. 2B, displaced from the The hybrid has reciprocal and bilateral properties de- 

50 12 o'clock position by 45" in the counter clockwise di- 
rection. Vector 37 can be represented by rotating left 

scribed as follows. When voltage vectors A and B are 

and right-hand components 39 and 40, respectively. When respectively applied at hybrid ports 24 and 25, the out- 

component 39 has rotated counter clockwise 45" to a puts, C and D, at ports 26 and 27 respectively become 
C= A +Be j* zero amplitude position, at the 9 o'clock position, corn- 

D = A - Be-j@ 55 ponent 40 has rotated to the maximum amplitude posi- 
tion, at the 12 o'clock position. As time progresses where through another quarter of a cycle, component 39 has 

j=d-1, the complex operator, and rotated to the 6 o'clock position, while component 40 
@=electrical phase difference between vectors A and B. is at a 3 o'clock position. At these positions, the amPli- 

60 tude of component 39 is a maximum negative, while the 
Because of the reciprocal, bilateral nature of hybrids, if amplitude of component 40 is zero. Hence, a 900 phase 
the vectors A and B are instead applied to Ports 26 and displacement exists between components. The 90" phase 27, respectively, the outputs at ports 25 and 24 dso  equal relationship between components 39 and 40 is also shown 

C= A+ Be'* by sinusoids 42 and 43, transformations of left and right- 
D = A -Be-j@ 65 hand circularly polarized wave components 39 and 40 

into amplitude versus time plots. From the foregoing, a 
Furthermore, ports 26 and 27 are electrically isolated displacement of e0=45" for vector 15 from the horizon- 
from each other, while ports 24 and 25 are also isolated tal axis results in a phase displacement of the left and 
from each other. In addition, if there is only one vector right-hand circularly polarized waves derived from ports 
input (A) at port 26, the power in input A equally divides 70 26 and 27 of 90". 
between ports 24 and 25. Similarly, if there is only one Next consider that vector 115 is aligned with vertical 
input (B) at port 27, the power in input B equally divides axis l$, whereby eo=901", as shown by vector 38, in 
between ports 24 and 25. FIG. 2C. From FIG. 2C, linearly polarized vector 38 is 

To provide a physical analysis of the manner by which transformed into left and right circularly polarized com- 
the polarization angle, eo, of the linearly polarized elec- 75 ponents 44 and 45 having equal amplitudes and direc- 

- 
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tivities when they both have zero amplitudes, at the 9 
o'clock position. As time progresses, component 44 ro- 
tates in the left direction, while component 45 rotates 
to the right. After a quarter cycle, components 44 and 
45 are respectively downwardly and upwardly oriented, 
and are therefore 180" phased displaced from each oth- 
er. After another quarter of a cycle has elapsed, both 
components 44 and 45 are at the 3 o'clock position, 
hence, have zero amplitudes. As time progresses through 
another quarter of a cycle, however, components 44 and 
45 are in the 6 and 12 o'clock positions so that a posi- 
tive maximum of the left-hand component occurs while 
the right-hand component has a negative maximum. A 
transformation of rotating wave components 44 and 45 
into an amplitude versus time representation is shown 
by sinusoidal wave forms 46 and 47, which illustrate the 
180" or out-of-phase relationship between the left-hand 
and right-hand circularly polarized waves if eo=90 . 

Next consider the situation of FIG. 2D, wherein vec- 
tor (15 is aligned with horizontal axis 16, but points in 
the opposite direction from the originally designated 
eo=O orientation. Under these circumstances, the linear 
vector is resolved into counter clockwise and clockwise 
rotating components 48 and 49 that have simultaneously 
the same value at the 6 o'clock position. As time pro- 
gresses, components 48 and 49 rotate in opposite direc- 
tions but are maintained at the same amplitudes at all 
times, as shown by the transformations thereof into the 
sinusoidal amplitude versus time plots 50. and 51. Hence, 
for a vector orientation of eo=1800, the phase displace- 
ments between the left and right-hand circularly polar- 
ized waves at ports 26 and 27 is 0". 

From FIGS. 2A-2D, it is seen that the relative phase 
angle of the left-hand and right-hand circularly polar- 
ized waves to the orientation direction of the linearly 
polarized wave 15 is accurately represented by e0=4$5/2 
While this relationship can also be proven mathematical- 
ly, a formal derivation thereof is not deemed necessary 
for a complete understanding of the invention. 

FIGS. 2A and 2D reveal that an ambiguity exists be- 
tween the phase angle, A+, and polarization orientation 
angle, eo. In particular, the orientation angles eo=Oo 
and eo=180" both result in left and right-hand circular 
polarization phase displaceent of 0". This ambiguity, 
however, need not be resolved since it is necessary only 
to determine the plane of the polarized energy and not 
the pointing direction of energy in a plane. In other 
words, to track the polarization direction of linearly 
polarized electromagnetic energy for optimum reception, 
it is necessary only to align the antenna axis with the 
wave energy polarizatioii direction, regardless of the 
phase of the energy in that direction. 

In accordance with the present invention, the effective 
orientation angle of dipoles 12 and 13 is adjusted so as 
to be aligned with vector 15 for all values of eo with 
about 1" orientation error -by measuring the relative 
phases of the RF energy at ports 26 and 27 with a feed- 
back arrangement including a controllable phase shifter 
and a network for determining the ratio between the 
difference and sum of the two circularly polarized com- 
ponents derived at ports 26 and 27. To this end, the 
variable phase, left-hand circularly polarized energy at 
port 26 is feed through variable phase shifter 61, FIG. 
1. The phase shift introduced by element 61 is con- 
trolled by a feedback loop including motor 262 that 
varies the phase setting of phase shifter 61. Motor 262 
is activated so that the phase shift introduced by ele- 
ment 61 causes the left-hand circularly polarized wave 
derived by the phase shifter to be phase aligned with the 
right-hand circularly polarized wave derived from port 
27. 

The output of phase shifter 61 is combined with the 
right-hand circularly polarized energy at port 27 in hy- 
brid 62, of the same type as hybrid 23. The energy at 
port 27 of hydrid 23 i s  csugled to port 63 of hybrid 62, 
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while the left-hand circularly polarized energy derived 
from phase shifter 61 is supplied to port 64 of hybrid 62. 
The energies fed to ports 63 and 64 are vectorially added 
at port 65, displaced by one-quarter wave length from 
each of ports 63 and 64. The vector difference of the 
energies coupled to ports 63 and 64 is derived at port 
66, respectively one-quarter and three-quarters of a wave 
length from ports 63 and 64. 

The sum and difference signals derived from port 65 
and 66 are respectively fed to low-nose type RF am- 
plifiers 67 and 68, having outputs heterodyned with a 
stable frequency output of local oscillator 69 in mixers 
711 and 72. Mixers 71 and 72 derive IF outputs having 
identical relative phase and amplitude relationships as 
the RF signals at ports 65 and 66. The IF outputs of 
mixers '71 and 72 are fed through IF amplifiers 73 and 
74 to product detector 75, with the former connection 
!being via fixed 90" phase shifter 76. 

Product detector 75 responds to the input signals there- 
of to derive a D.C. voltage indicative of the ratio of the 
difference representing output signal of amplifier 74 rela- 
tive to the sum representing output signal of amplifier 
73. The ratio signal derived by detector 75 is coupled 
through low pass filter 77 which removes the high fre- 
quency modulation products and integrates the ratio sig- 
nal. The output of low pass filter 77 is fed to servo net- 
work 78, having an output which actuates motor 26'2 to 
adjust the phase shift introduced by element 61. In addi- 
tion, motor 262 drives a low inertia shaft encoder 79, 
which is preferably of the optical encoder type. Encoder 
79 feeds an output signal to decoder 81, for providing a 
visual signal indicative of the vector orientation, eo, of 
linearly polarized wave 15. 

To minimize differential phase shifts and thereby pro- 
vide accuracy to the system of the present invention, ea'ch 
of the R F  components and the controls therefor is located 
physically at antenna 11. Only the IF processing circuitry, 
comprising mixers 71, 72, local oscillator 69, amplifiers 
73, 74, phase shifter 76, product detector 75, and low 
pass filter 77, as well as decoder 811, is not mounted in 
antenna If. 

In operation, the phase measuring loop maintains the 
difference vector derived from port 66 at zero amplitude, 
whereby the left and right-hand circularly polarized waves 
fed to ports 63 and 64 of hybrid 62 are of identical phase. 
The amount of phase shift introduced by element 611 there- 
by provides a measure of the angle 4% correlated with 
the polarization orientation angle, eo, by e0=4+/2, as 
indicated supra. It has been found through actual tests 
that the maximum error in the polarization direction 
indication with a system of the type shown in FIG. 1 is 
.65" over a complete 360" possible field of view. Through- 
out a significant portion of the angular range, the error 
rdationship is linear, hence, can be calibrated in a facile 
manner with encoder 81. 

A plot of the actual performance of a typical system 
of the type illustrated by FIG. 1 is shown in FIG. 3, 
wherein the polarization orientation angle 8 0  is repre- 
sented along the x axis, while the electrical phase differ- 
ence of the left and right-hand circularly polarized waves 
is plotted along the y direction. In FIG. 3, the ideal per- 
formance of the polarization tracker is shown by solid 
line 82 over a 90" span, while the actual performance of 
a system of the type illustrated by FIG. 3 is shown by 
dashed region 83. For the other three quadrants, the 
system performance is substantially the same as shown 
in FIG. 3. The difference between curves 82 and 83 is 
easily compensated by appropriately adjusting the re- 
sponse of encoder 81. Error that cannot be compensated, 
due to unpredictable, differential gain and phase charac- 
teristics of various components in the system, is shown 
by the width of region 83. This uncompensatable error 
is limited to 0.6 tilt electrical degrees, hence a physical 
angle of +0,3", and is appreciably less over mQst of the 
range, 
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Reference is now made to FIG. 4 of the drawinns To consider the manner by which the system of FIG. 4 - 

wherein there is illustrated a circuit diagram of a system 
for controlling the polarization of transmitted electro- 
magnetic energy. The system of FIG. 4 has universal 
variability, in that it is able to transmit linearly polarized 
energy in any direction, circularly polarized energy in 
either the left or right-hand direction, or elliptically polar- 
ized energy having control of major axis position over a 
360" range. 

The antenna of FIG. 4 is identical to that of FIG. 1, 
including horizontally and vertically directed dipoles I2 
and 13, as well as reflector 14. As such, antenna I1 is 
excited 'by dipoles 12 and 13 with linearly polarized elec- 
tromagnetic ,waves displaced in space by 90" at any in- 
stant. Left and right-hand circular polarization excitations 
for dipoles 22 and I3 are derived with fixed 901" phase 
shifter 22 and hybrid 24 in exactly the same manner as 
indicated supra in conjunction with R G .  1, in accordance 
with the theory of reciprocity. 

The left and right-hand circularly polarized waves ex- 
citing ports 26 and 27 of hybrid 23 are generated by 
transmitter 911, having an output which drives power 
divider 92. Energy at the output ports of power divider 
92 is at substantially identical phase and amplitude, 3 db 
less than the energy generated by transmitter 91. One 
output of power divider 92 is coupled directly to port 93 
of R.F. hybrid 94. Port 5 of hybrid 94, removed from 
port 93 by one-ha1.f wavelength, is excited by the other 
output of power divider 92 as coupled through variable 
phase shifter 96. Hybri includes a pair of output ports 
97 and 98, the first o ch is one-quarter wave length 
phase displaced from each of ports 93 an 
the second is phase displaced from ports 
by three-quarter and one-quarter wave len 
tively. Hence, energies coupled to ports 97 and 98 are 
respectively the vector sum and difference of the energies 
coupled to ports 93 and 95;. Port 98 is directly coupled 
to port 27 of hybrid 23, while port 97 is coupled to port 
26 via variable phase shifter 99. 

The amount of phase shift introduced by phase shifters 
96 and 99 is controlled by programmer 10 
mined [by the type and/or orientation angle 
magnetic energy desired to be transmitted from antenna 
11. In general, the phase shift introduced by element 96 
determines the type, i.e., linear, circular, or elliptical, of 
polarized wave transmitted from antenna 11 
amount of phase shift introduced by element 
the wave energy polarization direction. In 
phase shifts of 0, 90 and 180 degrees by phase shifter 96 
result in the derivation of left circular, linear, and right 
circular polarized waves from antenna X I ,  respectively. 
For the 0 and 180 degree settings of phase shifter 96, 
the setting of phase shifter 99 is arbitrary, as the left and 
right-hand circularly polarized waves are derived sepa- 
rately at output ports 97 and 98 of hybrid 94. For the 
90 degree setting of phase shifter 96, t hase angle dis- 
placement introduced by phase shifter determines the 
direction angle of linearly polarized gy transmitted 
from antenna 11. For a A+/2  degree polarization dis- 
placement of the transmitted, linearly polarized energy 
occurs; by reciprocity from FIGS. 1 and 2, the expected 
result. 

With a setting for phase shifter 96 of between 0 and 
90", left-hand elliptically polarized waves are transmitted 
from antenna 11, while right-hand elliptically polarized 
waves are transmitted from the antenna for a phase 
shifter setting of between 9Q and 180 degrees. The direc- 
tion angle of the major or minor axes of the elliptically 
polarized waves derived from antenna 11 is controlled 
by phase shifter 99 in somewhat the same manner as 
the phase shifter determines the polarization direction 
of the linearly polarized waves. Thereby, a 180" change 
in the setting of phase shifter 9 results in a 90" rotation 
of the major and minor axes of the elliptically polarized 
electromagnetic energy. 
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functions, initially assume that the settingof phase shifter 
96 is 0". Under these conditions, all of the energy of 
transmitter 92 is fed to port 97 and no energy is coupled 

, whereby left-hand circularly polarized input 
port 26 of hybrid 23 is excited to the exclusion of right- 
hand circularly polarized input port 27. In response to 
only port 26 being excited, energies having equal 
tudes and phases are derived at ports 25 and 2 
energy at port 25 is fed through 90" phase shifter 22 
to vertically oriented dipole 13, while the energy at port 
24 is fed directly to horizontally oriented dipole 812. 
In response to the 90" electrical phase displacement of 
the energy fed to dipoles 12 and 13 and the 90" spatial 
displacement of the dipoles, left nd circularly polarized 
energy is derived from antenna 

By a similar process, a 180 of phase shifter 
96 results in excitatio to the exclusion 
of port 97 of hybrid ight-hand circu- 
larly polarized input port 27 of. hybrid 23 is excited to 
the exclusion of left-hand input port 26 and right-hand 
circularly polarized energy is transmitted from antenna 311. 

" setting of phase shifter 96, energies derived 
and 98 are proportional to the vector sum 

and difference of orthogonally phased energies fed to 
ports 93 and 5. The energies at ports 97 and 98 are 
therelby phase displaced 90" relative to each other and 
are equal because the attenuating properties of the paths 
between the transmitter and the two ports are substan- 
tially the same. 

For a 0" setting the phase shifter 99, the left and 
right-hand input ports 2 and 27 of hybrid 23 are excited 
with voltages displaced phase by 90" from each other. 
In response to the 90" phase displacement between the 
inputs to ports 26 and 27, dipoles 2 and 13 are excited 
whereby antenna 11 derives line ly polarized electro- 
magnetic energy having an orientation angle 1e0=45 ", as 
seen from FIG. 2B. Next consider the situation wherein 
the setting of phase shifter 99 is +90". Under these 
circumstances, the 90 " phase displaced energies derived 
from ports 97 and 98 are fed to ports 26 and 27 with 
the same phases. Dipole elements 12 and 13 respond to 
the resulting outputs of hybrid 23 to derive linearly pol- 
arized energy having its orientation angle aligned with 
horizontally disposed dipole 12. 

For a setting of phase shifter 99 equal to 180", the 
energies coupled to ports 26 and 27 are 90" phase dis- 
placed. The 90" phase displacement between the energies 
coupled to ports and 27, is however 180" phase 
reversed from the originally ssumed condition wherein 
the setting of phase shifter 9 was zero degrees. With a 
setting of phase shifter 99 equal to 180", the elements of 
antenna 11 are excited so that a linearly polarized wave 
having an orientation angle of eo= -45 " is derived. 
'From the foregoing, it is believed apparent that a change 
in the setting of the phase shifter 99 is reflected in the 
orientation direction of linearly polarized transmitted 
energy by A.P=298, where: 

A+ is the phase shift change for element 9 
6o A 8  is the orientation angle change of the lin 

transmitted energy. 

'Consideration will now be given to the manner by 
which the system of FIG. 4 functions to derive elliptically 

65 polarized electromagnetic energy. To derive elliptically 
polarized energy, the setting of phase shifter 
that the energies coupled to ports 93 and 95 
have a phase relationship other than inphase, 

70 or quadrature. Thereby, the voltages at PO 
have differing amplitudes, dependent upon the amount of 
phase shift introduced by element 96. This relationship 
is to be compared with the other settings of phase 
shifter 96 wherein the voltages at ports 97 and 98 are 

75 equal, or one port derives a zero amplitude output. 
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In response to the 
derived from ports 97 
are derived by phase 

11 
finite, differing amplitude voltages 
and 98, elliptically polarized waves 
shifter 99, hvbrid 23 and antenna 

11. The orientation angle of the major and minor axes 
of the elliptially polarized waves is deterined by the set- 
ting of phase shifter 99. The relationship between the 
axes of the elliptically polarized waves and phase shifter 
99 can be realized by considering linearly polarized 'waves 
as a specific type of elliptically polarized waves having a 
minor axis amplitude of zero and by reviewing the man- 
ner by which phase shifter 99 controls the orientation 
direction of linearly polarized waves transmitted from 
antenna 11. The relationship holds whereby a change of 
A+ in the setting of phase shifter 99 results in a variation 
of A 9 / 2  in the major axis direction angle of elliptically 
polarized waves derived from antenna 11. 

Reference is now made to FIG. 5 of the drawings 
wherein there is illustrated a block diagram of a mmo- 
pulse tracking system employing the polarizatison tracker 
of n G .  1 and the variable polarization transmitter of 
FIG 4, in combination with a monopulse diversity polari- 
zation receiver of the type disclosed in my aforemen- 
tioned copending application. In the system of FIG. 5, 
the single crossed dipole arrangement of FIGS. 1 and 4 
is replaced by a monopulse feed 101 including a cen- 
trally located radiating element 102, about which are 
orthogonally and symmetrically positioned radiating ele- 
ments 103-106. Each of radiators 102-106 is illustrated 
as including a pair of crossed dipoles 107 and 108 for 
respectively deriving signals in response to energy in the 
horizontal and vertical planes. While each (of radiating 
elements 102-106 is illustrated, for purposes of conveni- 
ence, as including a pair of crossed dipoles, it is to be 
understood that each radiating element preferably com- 
prises a square horn including excitation probes for the 
horizontal and vertical directilons. The center of array 
101, at the center point of the aperture of element 102, 
is located at the focal point of a reflector system so that 
the individual lobe derived from each of radiating ele- 

2-106 has substantially the same shape. 
For the purposes of convenience, the responses asso- 

ciated with the radiating elements of feed 101 are de- 
nominated as A-E for the radiating elements 102-106 
respectively. Responses in the horizontal plane, along di- 
pole 107, are indicated by subscripts denominated as H, 
while responses in the vertical plane, along dipole 1018, 
are indicated by subscripts V. !Responses indicative of the 
position of a target in the elevation and azimuth planes 
carry the subscripts EL and AZ, respectively. The po- 
sitions of targets in the elevation and azimuth planes are 
to be distinguished from' the polarization direction of the 
electromagnetic waves, which may be arbitrary and are 
not necessarily related to elevation and azimuth 'angles. 

For the transmission mode, centrally located radiating 
element 102 of monopulse feed 101 is excited to any arbi- 
trary polarization, in response to the output of trans- 
mitter and polarization control network 111. Transmit- 
ter and polarization control network 111 is identical to 
the system disclosed by FIG. 4, except with regard to 
the feed connection. In F'IG. 5, the output of network 
111 corresponding with port 24 of hybrid 23 is fed to 
horizontal feed element 107 of radiating element 102 via 
duplexer 112, while the output of 90" phase shifter 22 
is fed to the vertical feed element 1018 via duplexer 113. 
Feed elements 107 and 1018 of radiator 102 respond to 
the outputs of duplexers 112 and 113, as coupled from 
control network 111, to derive a radiation pattern which 
may be linearly polarized in any direction, circularly po- 
larized in either direction, elliptically polarized in either 
direction and with any desired orientaton !of the major 
and minor axes. 

Typically, control network 111 excites radiator 102 
with microwave energy in the frequency range 1.75 to 
1.85 gHz. The energy is transmitted to an object being 
tracked, such as a space vehicle, which includes a trans- 
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12 
ponder for relaying back to array 101 a signal at a fre- 
quency displaced from the transmitted frequency. A typi- 
cal frequency in the link from the transponder to array 
101 is in the range 2.2 to 2.3 gHz. 

The signal transmitted by the transponder back to array 
101 illuminates the various elements of the array in dif- 
ferential manner to enable indications of the target loca- 
tion to be derived. Each of the feed elements in radiators 
102-106 of array 101 is excited to derive indications of 
the signal strength in the horizontal and vertical polari- 
zation directions. The signals transduced by feed elements 
807 and $08 of radiating elements 103-106 are fed direct- 
ly to a monopulse combining network 114, while the hori- 
zontal and vertical polarizations transduced by radiator 
PO2 are fed to network 114 through duplexers 112, 113, 
respectively. 

Network 114 responds to the input signals thereof to 
derive signals indicative lof the azimuth and elevation 
angles of the target relative to the boresight axis of array 
101, as transduced by the horizontally and vertically dis- 
posed feed elements 107 and 108, respectively. In addi- 
tion, network 114 includes circuitry for deriving signals 
indicative of the total energy transmitted by the target to 
antenna 101 in each of the horizontal and vertical polari- 
zation directions. Network 114 responds to the signals 
transduced by the elements of monopulse array 101 to 
derive six output signals represented by: 

AAZv' (Bv SDv) - (cv +E,) ( 5 )  

AEL~=(&+C~)  - (&+GI ( 6 )  
2v=4+&+Cv+D,+E, (7) 

A A Z ~ =  (BIT+DH) - (DH+E13) (8) 

A E L I ~ ( B H + C R )  - (DH+EH) (9) 
~H=A~+BH+CH+DH+EH (10) 

where: 
AAzv is commensurate with the location of the target in 

the aximuth plane, as determined by the vertically 
oriented feed elements 108; 

A E L ~  is commensurate with the position of the target in 
the elevation plane, as determined in response to the 
energy level impinging up the vertically oriented ele- 
ments 108; 

2,= the total of the vertically polarized energy impinging 
upon the transducers of array 101 in response to the 
signal derived from the target being tracked; 

AAZHis commensurate with the location of the target in 
the azimuth plane, as determined by the horizontally 
oriented feed elements 1017; 

AELH is commensurate with the position of the target in 
the elevation plane, as determined in response to the 
energy level impinging upon the horizontally oriented 
elements 107; and 

ZH=the total of the horizontally polarized energy imping- 
ing upon the transducers of array 101 in response to 
the signal derived frlom the target being tracked. 
All six outputs of network 114 are applied individually 

to one of the six filters in bandpass filter array 115. Array 
115 includes six identical bandpass filters, adapted to pass 
the frequency transmitted from the target to array 101 to 
the exclusion of the signal fed to the array by transmit- 
ter and polarization control circuit 111. 

The target indicating signals responsive to  the Zv and 
2s outputs of network 114 are fed to parametric ampli- 
fiers 116 and 117, respectively. Amplifiers 116 and 117 
have substantially identical phase and gain characteristics 
so that no differential effects between the relative ampli- 
tudes and phases of the inputs and outputs thereof sub- 
sist. Amplifiers 116 and 117 have sufficient gain to enable 
polarization tracking system 118, of the type illustrated by 
FIG. 1, as well as monopulse diversity polarization re- 
ceiver 119, of the type mentioned in the aforementioned 
copending application, to be driven in parallel through 
power dividers 121 and 122. 
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Receiver 119, in addition to being responsive to the 
2, and ZH signals derived at the output terminals of power 
dividers 121 and 122, is responsive to the elevation and 
azimuth direction indicating output signals of network 
114, in both the vertical and horizontal polarization direc- 
tions. As indicated in the copending application, receiver 
119 responds to energy of any rotational polarization type 
or linearly polarized energy to provide accurate indica- 
tions of target location, regardless of fading in any indi- 
vidual polarization direction. 

To determine the polarization direction of energy trans- 
mitted from the target impinging on feed 10'1 and thereby 
provide optimum communications between the target and 
feed, polarization tracking system 81 8 is included. Polari- 
zation tracking system l B t 3  responds to the Z, and ZH 
output signals of power dividers 121 and 122 in exactly 
the same manner as the polarization tracking system of 
FIG. 1. The output of power divider 121 is fed to 90" 
phase shifter 22 and then to port 25 of hybrid 23. The 
output of power divider 122 is fed directly to port 24 of 
hybrid 23. Depending upon the direction angle indicated 
by tracking system IPS, the polarization energy coupled 
from control network 111 to radiator 1 may be varied 
to provide an optimum polarization communication link 
between the target and the feed. 

Reference is now made to FIG. 6 of the drawing where- 
in there is illustrated a block diagram of another embodi- 
ment of the present invention adapted for use in conjunc- 
tion with a monopulse tracking system. In the lsystem of 
FIG. 6, monopulse array 101 is essentially identical with 
the monopulse feed of FIG. 5. In consequence, the array 
of FIG. 6 drives the same outputs as the array of FIG. 5 
and center radiating element 102 is driven in response to 
the output of transmitter 131. In the system of FIG. 6, 
however, the horizontally and vertically polarized energies 
transduced by elements 103-106 are converted into right- 
hand and left-hand circularly polarized energies by dual- 
mode transducers 832-135, respectively. Dual-mode 
transducers 132-135 thereby effectively perform the same 
function as fixed 90" phase shifter 22 and hybrid 23, FIG. 
1. Each of dual-mode transducers 132-135 is essentially 
the same, and is preferably of the type disclosed in IRE 
Transactions on Microwave Theory and Techniques, July 
1956, pages 181-183. 

Because center feed element 102 is driven in both the 
transmission and receive modes, it is connected through 
duplexer 136 to a pair of dual-mode transducers P37 and 
138, which are also of the types set forth in the IRE 
Transactions article. Dual-mode transducer 137 includes 
a pair of inputs respectively responsive to right and left 
circularly polarized energy derived from transmitter 131 
and the 1801" phase displaced output ports of hybrid 139. 
The left-hand circularly polarized energy derived from 
one of the output ports of hybrid 139 is coupled to one 
input of dual-mode transducer 137 through variable phase 

vented from being couple to transducer 3137 by the 
duplexer filter. Transducer 138 responds to the horizon- 
tally and vertically polarized energy picked up by radiator 
2 and converts it into left and right-hand circularly 
larized energy. 
The left and right-hand circularly polarized energy 

derived by transducers 13 5 and 838, is fed to mono- 
pulse combining network Network 143 responds to 
the left and right-hand circularly polarized outputs of 

10 dual-mode transducers 132-135 and 138 in accordance 
with: 

AAzLHC=(BLHC+&HC) - (CLCH+ELHC) (11) 
AELLHC=(BLHC+~LHC) - (DLHc+ELHC) I (12) 
ZLHC=ALHC +&HC + CLHC +DLHC+ELHC ( 13 1 

15 AAzRI-IC=(BRHC+DRHC) - (CRHC+&~HC) (14) 
A E L R H ~ = ( B R H C + C ~ H C )  - (DRHC+ERHC) (15) 
~ R H C = A  RHC +%HC + GNC + D R ~  +ERHC ( 1 6 1 

where: 

AAXLHC is an indication of the target location in the 
azimuth plane, as determined'in response to the left- 
hand Circularly polarized energy transduced by ele- 
ments 632-135; 

AELLHC is an indication of the target position in the ele- 
vation plane, as determined in response to the left-hand 
circularly polarized energy transduced by elements 123- 
135; 

zLHc equals the sum of the left-hand circularly polarized 
energy transduced by elements 132-135 and 138; 

30 AAZRHC is an indication of the target location in the 
azimuth plane, as determined in response to the right- 
hand circularly polarized energy transduced by ele- 
ments 132-135; 

A E L ~ I ~ ~  is an indication of the target position in the ele- 
vation plane, as determined in response to the right- 
hand circularly polarized energy transduced by ele- 
ments 132-135; and 

ZRHC equals the total amount of the right-hand circularly 
polarized energy transduced by elements 132-135 and 

BLHC equals the amplitude of the left-hand circularly 

CLHc equals the amplitude of the left-hand circularly 

DLHc equals the amplitude of the left-hand circularly 

ELHc equals the amplitude of the left-hand circularly 

ALHc equals the amplitude of the left-hand circularly 

50 BRHC equals the amplitude of the right-hand circularly 

CRHC equals the amplitude of the right-hand circularly 

D a ~ c  equals the amplitude of the right-hand circularly 
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polarized energy transduced by element 133, 

polarized energy transduced by element 134, 

polarized energy transduced by element 132, 

polarized energy transduced by element 135, 

polarized energy transduced by element 138, 

polarized energy transduced by element 133, 

polarized energy transduced by element 134, 

polarized energy transduced by element 132, 
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shifter 141, the setting of which is controlled in a matter ERHC equals the amplitude of the right-hand circularly 
described infra. polarized energy transduced by element 135, and 

The right-hand and left-hand circularly Polarized ARHC equals the amplitude of the right-hand circularly 
energies fed by hybrid 1639 and phase shifteh polarized energy transduced by element 138. 
input ports of dual-transducer 137 are coup1 
duplexer 136 to excite radiating element 102 with a linear The relative phase between the left and right-hand 
polarization at an angle determined by the setting of circularly polarized sum signals derived by network 143, 
phase shifter 141. Duplexer 136 prevents coupling of the ZLHC and ZRHC~ is n ~ ~ ~ u r e d  with a Phase measuring net- 
transmitted energy to transducer 138 by a filter included work identical to that illustrated in FIG. 1. In particular, 
therein . 65 the ZLHc and ZRHC signals are adjusted so that both have 

Energy transmitted from radiating element 1012 is gen- identical phases. This operation is achieved by coupling 
signal of network 143 through variable erally propagated to a target, where it is changed in fre- 

4, the output of which drives four port quency and polarization by a transponder and transmitted hybrid 145, a second port of which is back to monopulse array 101. While the energy received 
ZRHC output of network 143. Hybrid 

at  monopulse array 101 is at a predetermined frequency, the inputs thereof to derive a pair of outputs represnting it has an arbitrary polarkation angle determined by the &e vector Sum and difference of its two inputs. 
angular position of the target in space. Received energy The outputs of hybrid 145 are increased in amplitude 
transduced by radiating element 1 2 is coupled through by difference and sum R.F. amplifiers $50 and 200 and 
duplexer 236 to dual-mode transducer 138 and is pre- 75 converted to an IF frequency by mixers 146 and 147, 
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The 90" phase relationship is desired in one particular 
application of the present invention wherein a space 
satellite transponder translates the polarization direction 
of transmitted energy 90" from the polarization angle of 
received energy. By adjusting the polarization direction of 
the linearly polarized waves transmitted from feed 1011 
in the manner indicated, maximum signal strength in the 
two links ibetween the feed and transponder is achieved. 

15 
responsive to local oscillator 148 as well as the hybrid 
outputs. The IF output frequency of mixer 147 is fed 
through fixed 90" phase shifter 149 to one input of prod- 
uct detector 151, a second input of which is directly 
responsive to the output of mixer 146. Thereby, product 
detector 131 derives a D.C. output signal indicative of 
the ratio : 

I" 

ZLEC - ZRHC 
~ L E C  + ~ R H C  

10 
(17 )  

The ratio indicating output signal of product detector 
151 is fed through low pass 152 to servo amplifier 153 
which drives D.C. motor 154. 

153 to activate phase shifter 144 so that the ZLHc and 
ZRHc signals are in phase. Thereby, a phase measuring 
servoloop, as described supra with regard to FIG. 1 is 
provided to derive an indication of the angular orienta- 
tion of the linearly polarized electromagnetic energy im- 20 
pinging on feed 101 relative to the horizontal, 
In addition to providing an indication of the orienta- 

tion of the linearly polarized energy impinging on array 
101, the system of FIG. 6 enables the left-hand circularly 
polarized azimuth and elevation error signals to be phase 25 
aligned with the right-hand circularly polarized azimuth 
and elevation error signals. To this end, phase shifters 
155 and 156 are connected to the A\AzLHC and Ap+LHc 
output channels of combining network 143. Phase shifters 
155 and 156 are ganged with phase shifter 144 to be 30 
driven by motor 154 and are arranged to introduce ex- 
actly the same phase shift as in the AAZLHO and A m L H c  
outputs of network 143 as is introduced by phase shifter 
144. Thereby, the azimuth and elevation target position 
indicating output signals of network 143 are phase aligned 35 
in both the left and right-hand circular polarization di- 
rections. 

The phase aligned azimuth indicating signals derived 
by phase shifter 855 and network 143 for the left and 
right-hand circular polarized directions are combined in 40 
power divider 157, while the right-hand elevation indicat- 
ing signals derived by network 143 and phase shifter 156 
are combined in power divider 158. Power dividers 157 
and 158 are operated in the reverse manner, whereby 
the energy applied to the input ports thereof is combined 45 
by a summation process, at the output ports of the power 
dividers. Hence, the amplitudes of the azimuth indicating 
signals are increased by 3 db over the amplitudes which 
are derived in response to a single polarization direction. 

derived by power dividers 157 and 158 are combined with 
the vector sum output signals of hybrid 145, indicative 
of the total energy transduced by array 101 from the tar- 
get being tracked, i.e., the total energy in both polariza- 
tion directions impinging on array 181. To this end, there 55 
is provided monopulse receiver and indicator network 159, 
responsive to the outputs of power dividers 157 and 158, 
as well as the vector sum of hybrid 145. 

A feature of the system of MG. 6 is that the trans- 
mitted energy is maintained at a predetermined polariza- 60 
tion relationship with respect to the received polarization 
direction. In particular, energy is transmitted from cen- 
trally located feed element 102 with a linear polariza- 
tion having an orientation angle 90'" displaced from the 
'orientation angle of the energy received by the array 65 
from the target. To achieve this result, the output of motor 
154 drives phase shifter 141 in synchronism with phase 
shifters 144, 155 and 156. Phase shifter 141, however, 
is adjusted so that the phase shift introduced thereby is 
180" displaced from the phase shift of networks 144, 70 
155 and 156. By adjusting the setting of phase shifter 
141 to be 180" displaced from the phase shift of elements 
144, 155 and 156, the desired 90" polarization direction 
relationship between received and transmitted energy rela- 

Motor 154 responds to the output of servo amplifier 15 

The azimuth and elevation indicating R.F. signals 5o 

- 
Thereby, greater signal to noise ratio is attained and the 
accuracy of position indicating data derived with the re- 
ceiver of FIG. 6 is achieved. 

While there have been described and illustrated several 
specific embodiments of the invention, it will be clear that 
variations in the details of the embodiments specifically 
illustrated and described may be made. For example, the 
automatic feedback loop of FIG. 1 can be replaced by a 
manually operated feedback loop. In such an instance, 
a meter is connected to the output of low pass filter 77 
and the setting of phase shifter ,61 is adjusted by an 
operator until a null is read from the meter. 

I claim: 
1. In a system for tracking the polarization tilt angle 

of received linearly polarized electromagnetic waves or 
for controlling the polarization of transmitted electro- 
magnetic waves, a feed having a pair of mutually orthog- 
onal linear radiating elements, means for exciting said 
elements with circularly polarized waves of oppositely 
rotating polarizations, a bilateral circuit having two pairs 
of ports, the voltage vectors at the first of said pairs of 
ports being represented by A and B and the voltage out- 
puts at the second of said pairs of ports being represented 

C= A+ Bej* 
(by : 

D = A - Be-j* 

where +=phase angle, 
and variable phase shift means coupling the first pair of 
said ports with said exciting means for controlling the 
relative phase angle of the opositely rotating polarized 
waves. 
2. The system of claim 1 wherein said exciting means 

includes a second bilateral circuit having two pairs of 
ports having the same energy exchange relationship as 
the pairs of ports of the other bilateral circuit, means for 
coupling energy between one of said pairs of ports of 
said second circuit and said elements, and means for cou- 
pling energy between the other of said pairs of ports of 
said second circuit and said phase shift means and be- 
tween one of the ports of the first pair of ports of the 
other circuit. 

3. The system of claim 1 wherein said feed includes 
a plurality of pairs of said mutually orthogonal linear 
radiating elements, said plurality of pairs of elements 
being spaced from each other, and said exciting means 
includes means for combining energies having the same 
polarizations to derive a pair of excitation patterns, each 
of said patterns being for a different polarization, and 
each of said patterns being responsive to the sum of the 
radiation in the polarization associated with it. 

4. The system of claim 3 wherein said excitation means 
includes means for deriving sum patterns for a pair of 
orthogonal linear polarization directions. 

58. f i e  system of claim 3 wherein said excitation 
means includes means for deriving sum patterns for a 
pair of oppositely rotating circular polarizations. 

6. A system for tracking the polarization tilt angle 
of received linearly polarized electromagnetic waves com- 
prising means responsive to the received linearly polar- 
ized waves for deriving a pair of oppositely rotating cir- 
cularly polarized waves having a phase displacement in- 
dicative of the polarization angle, means responsive to 
the circularly polarized waves for measuring the phase 
displacement, said measuring means comprising variable 
phase shifter means responsive to one of the circularly tive to f e d  $04 is achieved. 75 & * 
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polarized waves, and means responsive to the phase shifter 16. The system of claim 15 wherein said transducer 
and the other circularly polarized wave for deriving a includes a second circuit having a pair of input ports and 
signal indibative of the ratio of the difference of the a pair of output ports and means for deriving energies at 
phase shifted wave from the other circularly polarized the output ports in response to the vector sum and differ- 
wave to the sum of the phase shifted and other circularly ence of the energies at the input ports, said input ports 
polarized waves. of the second circuit being separately responsive to the 

7. The system of claim 6 wherein said measuring energy derived from said phase shift means and the other 
means further includes feedback means responsive to output port of the first circuit, and means for coupling 
said signal deriving means for controlling the phase shift energy from the output ports of said second circuit to 
of the phase shifter. said radiating elements with a differential phase shift 

means includes a circuit having first, second, third and 17. A system for tracking the polarization tilt angle 
fourth ports, said first and second ports being respec- of received linearly polarized electromagnetic waves com- 
tively responsive to the phase shifted and other circularly prising a feed having a plurality of pairs of mutually 
polarized waves, said third and fourth ports being respon- 15 orthogonal linear radiating elements, said plurality of 
sive to the energies at said first and second ports for de- pairs of elements being spaced from each other, means 
riving signals directly proportional to the vector sum and exciting said feed for combining energies having the same 
difference of the energies at said first and second ports. polarizations to derive a pair of excitation patterns, each 

9. The system of claim 8 wherein said signal deriving of said patterns being for a different polarization and 
means further includes means for multiplying the signal 20 each of said patterns being responsive to the sum of the 
derived at said fourth port with a 90" phase shifted radiation in the polarization associated with it, said excit- 
replica of the signal derived at said third port. ing means including means for deriving a pair of oppo- 
14). The system of claim 6 wherein said signal deriv- sitely rotating circularly polarized electromagnetic waves 

ing means includes a circuit having first, second, third indicative of a different one of said sum patterns, said 
and fourth ports, said first and second ports being re- 25 waves having a phase displacement commensurate with 
spectively responsive to the phase shifted and other cir- the polarization tilt angle of the received waves, and 
cularly polarized waves, said third and fourth ports be- means for measuring the relative phase displacement of 
ing responsive to the energies at said first and second said circularly polarized waves. 
ports for deriving signals directly proportional to the 18. The system of claim 17 wherein said measuring 
vector sum and difference of the energies at said first 30 means comprises variable phase shifter means responsive 
and second ports. to one of the circularly polarized waves, and means re- 

11. The system of claim IQ wherein said signal deriv- sponsive to the phase shifter and the other circularly 
ing means further includes means for multiplying the sig- polarized wave foT deriving a signal indicative of the 
nal derived at said fourth port with a 90" phase shifted ratio of the difference of the phase shifted wave from 
replica of the signal derived at said third port. 35 the other circularly polarized wave to the sum of the 
12. The system of claim 6 wherein said circular Wave phase shifted and other circularly polarized waves. 

deriving means includes a feed having a pair of mutually 19. The system of claim 18 wherein said exciting 
orthogonal linear radiating elements, a bilateral circuit means includes means for transducing the response of 
having two pairs of ports, the ports of the first pair of each pair of each plurality of radiating elements into a 
said ports being individually coupled with a different one 40 pair of oppositely rotating circularly polarized electro- 
of said radiating elements, the ports of the second pair magnetic waves. 
of ports deriving signals indicative of the vector sum and 20. The system of claim 18 wherein said exciting 
difference of the energies at said first pair of ports, the means includes means for deriving each of said sum pat- 
signals at said second pair of ports being said oppositely terns as a linearly polarized wave, the linearly polarized 
rotating circularly polarized waves. 45 sum patterns having mutually orthogonal polarizations, 

13. A method of tracking the polarization tilt angle and means for transducing said linearly polarized sum 
of received linearly polarized electromagnetic waves com- patterns into said pair of oppositely rotating circularly 
prising the steps of converting the waves into a pair of polarizedwaves. 
oppositely rotating circularly polarized waves having a 21. The system of claim 117 wherein said exciting 
phase displacement indicative of the polarization angle, 50 means includes means for transducing the response of 
measuring the phase displacement between the circularly each pair of each plurality of radiating elements into a 
polarized waves by shifting the phase of one of the cir- pair of oppositely rotating circularly polarized electro- 
cularly polarized waves until it has the same phase as magneticwaves. 
the other wave, the phase difference between the phase 22. The system of claim -17 wherein said exciting 
shifted and other circularly polarized waves being deter- 55 means includes means for deriving each of said sum pat- 
mined by measuring the ratio between the difference of terns as a linearly polarized wave, the linearly polarized 
the phase shifted wave from the other wave to the sum sum patterns having mutually orthogonal polarizations, 
of the phase shifted and other waves. and means for transducing said linearly polarized sum 

14. A system for controlling the polarization of trans- patterns into said pair of oppositely rotating circularly 
mitted electromagnetic energy comprising a source of 60 polarized waves. 
said energy, a first circuit having a pair of input ports 23. A system for controlling the polarization angle 
and a pair of output ports and including means for deriv- of linearly polarized transmitted energy in response 
ing energies at the output ports in response to the vector to the polarization orientation of received linearly polar- 
sum and difference of the energies at the input ports, ized energy comprising a feed having a pair of mutually 
first variable phase shift means for coupling energy from 65 orthorgonal linear radiating elements, means for trans- 
said source to said input ports, second variable phase ducing the linearly polarized waves received by the ele- 
shift means responsive to the energy derived at one of ments into a first pair of oppositely rotating circularly 
said output ports, a feed having a pair of mutually orthog- polarized waves having a phase displacement indicative 
onal linear radiating elements, and a circular polarization of the polarizatioa orientation, means for measuring the 
to linear polarization transducer responsive to the sec- 70 phase displacement of the first pair of circularly polarized 
ond phase shift means and the other of said output ports waves, said measuring means including first variable phase 
for coupling energies derived from the phase shift means shift means for phase aligning the two oppositely rotating 
and the other output port to said radiating elements. circularly polarized waves, a source of transmitter energy, 
15. The system of claim 14 wherein each of said phase means for transducing the transmitter energy into a sec- 

shifters is variable over a 360" range. 75 ond pair of oppositely rotating circularly polarized waves, 

8. The system of claim 7 wherein said signal deriving lo of 90". 



3,540,045 
19 2 

means responsive to the second pair of oppositely polar- polarized sum patterns, and means for coupling outputs of 
ized waves for exciting said elements so that they derive the amplifiers in parallel to said diversity receiver and 
a linearly polarized wave having a predetermined polar- phase measuring means. 
ization orientation angle with respect to the received 29. The system of claim 25 wherein said exciting 
energy polarization orientation angle, and second varia- means includes means for transducing the response of 
ble phase shift means synchronized with the first variable each pair of each pluarity of radiating elements into a 
phase shift means for differentially modifying the phases pair of oppositely rotating circularly polarized electro- 
of the circularly polarized waves coupled to the exciting magnetic waves. 
means. 30. The system of claim 29 wherein said means for 

24. The system of claim 23 wherein said measuring 10 measuring includes a first variable phase shifter for phase 
means further includes feedback means for controlling the aligning the sum patterns of the first and semnd circular 
first phase shift means to maintain the two oppositely polarizations, and second variable phase shift means 
rotating circularly polarized waves in phase alignment. ganged with said first phase shift means for phase aligning 

25. In combination with a monopulse antenna having the difference patterns of the first and second circular 
a feed including a plurality of pairs of mutually orthogonal 15 polarizations. 
linear radiating elements, means exciting said feed for 31. The system of claim 30 further including a source 
combining energies having the same polarizations to derive of transmitter energy, means for transducing the trans- 
a pair of sum excitation patterns and a pair of difference, mitter energy into a further pair of oppositely rotating. 
target position indicative error patterns, each of said circularly polarized waves, means responsive to said fur- 
pair of sum patterns being for a different first and second 20 ther pair of oppositely rotating polarized waves for excit- 
polarization, each of said pair of difference patterns ing said elements SO that they derive a linearly polarized 
'being for a different one of the first and second polariza- wave having a predetermined orientation angle with re- 
tions, said exciting means including means for deriving spect tQ the received energy polarization angle, and fur- 
a pair of oppositely rotating circularly polarized waves ther variable phase shift means ganged with the first and 
indicative of a different one of said sum patterns, said 25 second phase shift means for differentially modifying 
*waves having a phase displacement commensurate with the phase of the circularly polarized waves applied to the 

. the polarization tilt angle of the received waves, and means radiating ekments. 
for measuring the relative phase displacement of said 
circularly polarized waves, and means for combining the References Cited 
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