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Summary    The dual polarized high-power synthetic conical scan tracking system was
designed for operation over the frequency range from 1700 to 2400 mc. This feed was
developed for an existing 33' parabolic reflector which is presently located at the Floyd
Test Site in Rome, New York. The feed network is located at the focal point of a
parabolic dish and is fabricated in WR-430 waveguide. The system provides a
horizontally polarized on-axis beam for transmission. It also provides two conically
scanning receiving beams at a frequency different from the transmit frequency. One of
the receiving beams is vertically polarized; the other is designed to receive the
orthogonal horizontal polarization. The conical scan is synthetically generated and
individual channel control is provided to allow the two receiving beams to be aligned.
The feed system may be converted to provide monopulse outputs by simply removing the
synthetic conical scanning mechanism.

Introduction     The feed system to be discussed in this paper was developed to
implement one terminal of a two-way long range communications link. The
communications link is best described by reference to the sketch of Figure 1. It consists
of a 33' parabolic system located at the Floyd Test Site in Rome, New York and an 85'
parabolic system located in Trinidad. The Trinidad terminal transmits at a frequency of
2.27 gc. This energy is scattered from the Echo satellite and is received at the Rome,
New York terminal. In a like manner, the Rome terminal transmits its information at
1.84 gc, via the satellite, to the Trinidad terminal. The purpose of this paper will be to
discuss only the feed system for the Rome terminal. The feed system must be capable of
tracking the 2.27 gc energy scattered from the satellite in order to assure that the 1.84 gc
transmit beam is always positioned on the satellite. The nature of the scattered energy
from the satellite is such that dual orthogonally polarized reception is necessary at the
Rome terminal.



The feed system allows the transmission of 10 kw of average power at a frequency of
1.84 gc. It simultaneously illuminates the dish in such a manner that the Echo satellite
can be tracked at a frequency of 2.27 gc for both horizontal and vertical polarizations. A
conical scan tracking technique was selected with the added design feature that the
cross-over level could be varied.

The communications link was the responsibility of Page Communications Engineers,
Inc. and was implemented under an Air Force contract. The feed system was developed
by Radiation Systems, Inc. under subcontract to Page Communications Engineers.

Attention will first be directed to the basic concept which allowed the synthetic
generation of the dual polarized conical scanning beams. It will be shown that the
conical scanning system is a modification of an RSi conceived two-channel monopulse
technique1) and that the system can easily be converted into a monopulse tracker. The
latter half of the paper will describe the actual feed system used in the link.

The Basic Concept     The primary problem presented by the system requirements was
the need for simultaneously generating two orthogonally polarized conical scan tracking
beams and one on-axis transmit beam. An RSi conceived two-channel monopulse
technique was utilized to generate an axially-symmetric sum beam and an axially-
symmetric complex difference pattern. A variable phase shifter is added to the sum
branch and the resultant sum terminal is combined with a difference terminal to generate
an offset beam. A 360E variation in the sum branch phase shifter causes the offset beam
to rotate 360E about the boresight axis of the parabolic dish. The conical scanning beam
cross-over and the resultant beam offset are controlled by the power division at the
terminals of the combiner. The theory of the two-channel monopulse technique will be
described since the conical scanning beams are derived from this scheme. No attempt
will be made to detail the rigorous theory of the monopulse technique. Two-channel
monopulse systems have been the subject of four years of extensive research at Radiation
Systems, Incorporated, and a complete description of these studies would be impossible
within the scope of the present paper. The interested reader is referred to references I
through 4 for a more complete description of the monopulse technique.

The far-field pattern characteristics which typify the two-channel monopulse technique
are illustrated in the amplitude and phase plots of Figure 2. The sum pattern, in both
amplitude and phase, is identical to that of a three-channel monopulse system. The
amplitude characteristics of the difference pattern resemble those of the azimuth or
elevation plane difference patterns of the three-channel monopulse technique. However,
there is one distinct difference: the amplitude pattern for the difference port of the two-
channel monopulse scheme is symmetric about its boresight axis. Specifically, the two-
channel system has a point null as opposed to the planar type nulls characteristic of the
three-channel system. An additional difference is the fact that the phase of this pattern



varies linearly through 360E about the boresight axis, relative to the phase of the sum
pattern. It is these complex amplitude and phase characteristics of the difference pattern
which allow for the elimination of the third channel needed in a conventional monopulse
system. The difference in the signal intensity between the sum and difference channel
defines the angular off set from the boresight position. The phase difference between the
sum and difference pattern defines the position of the target relative to a vertical or
horizontal reference axis. These two coordinates are all that is necessary to define the
direction of an incoming signal. The manner in which these sum and difference patterns
are processed to yield azimuth and elevation error signals, is described in the literature2.

The aperture configurations and relative phase excitations for three classes of two-
channel monopulse antennas are shown in the sketches of Figure 3a and 3b. The first
type is a spiral radiator, the simplest version of which has four excitation ports1. More
ports may be added to yield higher order acquisition modes3. The sum beam radiates
from an equivalent circumference of one wavelength and the difference beam radiates
from an equivalent circumference of two wavelengths. The fact that the difference
aperture is twice that of the sum aperture allows the edge illumination for both modes to
be equated. This is a particular advantage for parabolic systems. The spiral radiator
provides a circularly polarized signal, the sense of which is defined by the sense of the
spiral windings. One sense may be achieved by exciting the structure at its center; an
opposite sense may simultaneously be achieved by exciting the spiral at its periphery. A
second technique is the dipole array arrangement shown in Figure 3a. This structure will
provide simultaneous polarizations of both left and right hand senses for both the sum
and difference modes. A third type of aperture is the simple four-horn cluster. This
device will radiate any polarization generated by the individual apertures. This is the
configuration used for the present system. The sum and difference relative phase
excitations needed for each general type of aperture configuration are listed in Figure 3b.
In all instances the individual arms (or apertures) of the radiators are excited with equal
amplitudes.

The general two-channel monopulse network is shown in Figure 3c. It consists simply of
the radiating elements and a monopulse comparator which provides desired excitations.
If a phase shifter is now added to the sum branch and the resultant terminal combined
with the difference branch, a conical scanning beam is formed. The beam moves about
the boresight axis as the phase, $ , of the variable phase shifter changes from 0 to 2 B
radians. The beam offset and conical scan cross-over are controlled by the variable
power divider.

The system characteristics may be generalized somewhat more rigorously by using a sum
pattern of the simple format



(1)

and a difference pattern expressed by

The normalized voltage pattern for the sum and difference channels may be computed
using standard aperture theory. When the sum and difference channels are combined
through the phase shifter and the variable power divider, the following equation results:

(2)

Note that the above expression is a maximum in the N plane when $ = N and a minimum
when $ = -N. The maximum amplitude in the 2- planes is a function of the voltage
division at the variable combiner terminals. Since the amplitude of the difference pattern
is zero on-axis, then it is a simple matter to show that the signal level at boresight is
defined as

(3)

Note that the signal level at cross-over is equal to the gain of the sum channel less the
energy supplied to the difference channel. The modulation ratio of the conical scanning
beam is defined by the expression

(4)

Examination of the above expression will indicate that the modulation ratio is a function
of the power division at the combiner terminals and the offset angle 2. Attention will
now be directed to the specific case of the antenna feed which was developed to satisfy
the earlier described system requirements.

Feed System Design    The requirement for operation with an input transmit power level
of 10 kw, coupled with the added requirement for minimum system losses, resulted in the
choice of waveguide as the system propagation medium. The block diagram of the 



waveguide version of the high-power dual polarized synthetic conical scan generator is
shown in the sketch of Figure 4.

The sketch shows a four-port feed with the phase centers of each port aligned on the
diagonals of a square. All the interconnecting transmission lines are formed in WR-430
waveguide. Each of the feed channels has two output ports; a rear port for horizontally
polarized signals and a side port for the vertically polarized signals. These output ports
are isolated from each other by a minimum of 30 db. The feed network thus provides
four separate outputs for the horizontally polarized network and four outputs for the
vertically polarized network. Since both of the polarization networks are electrically
identical, the remainder of the discussion will be confined to the horizontally polarized
network.

When a signal is introduced into the hybrid Tee, at point B on the sketch, the power
divides evenly between the magic Tee hybrids at points A and A'. The two waveguide
lines from the Tee are connected to the sum terminals with equal lengths of line. Thus
the two pairs of hybrid outputs are equal in both phase and amplitude. These outputs are
in turn connected, with equal lengths of line, to the four waveguide feed ports to
establish a sum (G) mode for on-axis transmission.

When a signal is introduced into the hybrid Tee at point C, one of the outputs connects to
the difference port of the hybrid at A'. The two outputs of this hybrid are now equal in
amplitude but opposite in phase. The second output of the hybrid Tee connects to the
difference port of the hybrid at A. The line length is equal to that connecting the Tee to
hybrid A'. However, a broadband 90-degree phase shifter is added thus establishing
hybrid outputs with relative phases of 90 degrees and 270 degrees.

The desired two feed modes have now been established with the following excitation
characteristics:

The manner in which the sum and difference ports are combined may be illustrated by
referring back to Figure 4. The output of the difference port at C connects directly to the
input of a variable Fox5) phase shifter. The output at B is passed through a triple stub
tuner and duplexer to one side of a variable waveguide power divider. The opposite side
of the power divider connects to the output port of the variable phase shifter. The triple
stub tuner allows for fine impedance matching of the transmit arm. The transmit power is
inserted into the duplexer which serves to isolate the received signals at 2270 mc from
the transmit signals at 1840 mc.



The output of the variable power divider passes through a triple stub tuner and receiving
filter to the receiver input. The tuner is used to match the power divider output to the
receiver input. The filter provides isolation between the transmit power which couples
through the hybrids. The receiver filter is necessary because the 35 db isolation between
the sum and difference ports of the hybrids is not sufficient to shield the receiver.

A common reference generator is utilized for both receiving channels. One output
provides a sin N signal and the other a cos N output. These outputs represent the azimuth
and elevation errors respectively, provided the scanning beams are aligned so that they
are in their uppermost position when N = 0 degrees. The two outputs are in the form of a
28.75 cps modulation on a 400 cps carrier.

All of the components from the waveguide Tee (points B and C) to the feed aperture are
located at the feed vertex. A photograph of this portion of the feed system is shown in
Figure 5. The remainder of the components, including the tuners, the variable phase
shifters, and the combiners, are contained in an equipment shack located immediately
behind the 33' parabolic dish.

Feed Component Description     The major components of interest are the cluster of
four dual polarized feed channels, the matched waveguide magic Tees, the 90' fixed
phase shifters, and the variable phase shifter. The double miter waveguide bends, the
tuning sections, and the variable power dividers, were patterned after the techniques
initially suggested by Ragan6), and are of conventional design. The diplexers and filters
were supplied by Page Communications and hence will not be discussed.

The four-channel waveguide radiator is shown in the photograph of Figure 6. It was
necessary to reduce the individual waveguide apertures to less than one-half-guide
wavelength at the lowest Operating frequency of 1700 mc in order to achieve proper
illumination of the 33' parabolic dish. To accomplish this, the apertures were ridge
loaded with a gradual transition from the aperture plane to a square waveguide section
having a side dimension equal to that of the broad dimension of WR-430 waveguide.
Each channel was connected to a dual mode transducer patterned after the design
initially suggested by Tompkins7. The minimum isolation between the vertically and
horizontally polarized inputs to the transducer was in excess of 35 db. The input
mismatch at either port of any of the four waveguide channels, was less than 1.35 from
1800 to 2400 mc. The input VSWR reached a maximum value of 1.55 at 1700 mc.

The waveguide magic Tees were of conventional form except for the modifications
needed to accommodate the frequency range from 1.7 to 2.4 gc. Precision matching
techniques were utilized to obtain an input VSWR of less than 1.35 over the full
frequency range for both the sum and difference terminals of the magic Tee. The



minimum isolation between the sum and difference ports was in excess of 35 db over the
full frequency range.

The configuration of the fixed waveguide phase shifters is illustrated in Figure 7a. It
should be noted that the technique described in the Figure allows as many correction
points as there are sections. 8 The performance of the differential fixed phase shifter is
shown in Figure 7b.

The two-channel variable phase shifter is shown in the photograph of Figure 8. The
phase shifters were patterned after the design suggested by Fox5. This phase shifter was
developed prior to 1947 as a means of adjusting phase, independent of frequency, over a
360E range. The advantage of this type of phase shifter is that the phase change is
directly proportional to the rotation of the center section. The theory of operation for this
device is well known and no attempt will be made to reiterate its complete description in
this paper. The phase shifter consists of a rotating half-wave section sandwiched between
two-quarter-wave sections. The phase shift, $ , is exactly equal to twice the mechanical
rotation of the center half-wave section. Although Fox’s original design used thin
dielectric plates to achieve a differential phase shift between two orthogonal
polarizations, the actual phase shifter utilized metallic irises oriented at 45E to the input
E-vector. These metallic irises are not only more durable but can be designed to a high
degree of accuracy. It was shown by Chadwick9 that a two-section quarter-wave
component has a theoretical axial ratio of less than 0.5 db over a 32 percent band. The
resultant data obtained with the actual phase shifter was in good agreement with this
prediction. The drive motor, reference generator, and 400 cycle modulator for the
reference generator, are packaged in the phase shifter container. The location of these
components is defined in the photograph of Figure 8. The input mismatch of the phase
shifters was less than 1.22 over the full frequency range and the amplitude WOW did not
exceed 0.25 db. The insertion loss of the component was less than 0.2 db at any point in
the frequency band.

Feed System Performance     The computed far-field patterns of the 33' parabolic dish,
illuminated by the waveguide feed, are shown in the plots of Figure 9. These sum
patterns were computed by utilizing the actual feed patterns to determine the illumination
at the aperture of the 33' parabolic dish. Classic numerical integration techniques were
then used to predict the far-field pattern. It should be noted that the computations do not
take into account the aperture blocking of the feed and struts. This blockage will tend to
increase the sidelobes. A computed difference pattern and a computed conical scan
pattern for a I db crossover are shown in the plots of Figure 10. The same numerical
integration techniques were utilized to compute these far-field patterns. Figure 11 is a
plot of the cross-over level as a function of the power division at the terminals of the
variable power divider. Examination of this plot will indicate that the cross-over level



varies from a mean of approximately -3 db when the power division is equal, to a mean
of approximately -1 db when the energy in the difference channel is 7 db below that in
the sum channel.

The entire feed system package may be tuned to have input VSWR of less than 1.2 at any
frequency over the range from 1.7 gc to 2.4 gc. The minimum isolation between the
vertically and horizontally polarized conical scan channels was greater than 25 db over
the full frequency range. The cross-over level of the conical scanning beam was variable
from less than -0.2 db to greater than -10 db. The gain at cross-over, and at a frequency
of 2.27 gc, was measured as 43.8 db. This gain figure is within 0.2 db of the predicted
value listed in Figure 10. The sum terminal was able to transmit 10 kw of average power
with no noticeable heating effects.

The photograph of Figure 12 describes the configuration of the entire 33' parabolic
system at the Floyd Test Site in Rome, New York. The receivers were manufactured by
the Airborne Instruments Laboratory of Long Island, New York. These parametric
receivers were liquid nitrogen cooled to achieve a maximum receiver noise temperature
of 125E K for the horizontally polarized channel and 130E K for the vertically polarized
channel.

Figure 13a is a plot of the antenna system temperature as a function of elevation angle.
Examination of this data will indicate that the noise temperature of the system is quite
good for elevation angles of 3E or more above the horizon. It should be noted that the
noise temperatures shown include the noise contributions of the receivers and feed line
losses. Tracking accuracy measurements were performed at the Floyd Test Site by
passively tracking the sun on solar noise and comparing the instantaneous pointing angle
at one second intervals with interpolated solar ephemeris data. The results were
considered to be representative of performance of the Echo satellite since; (a) the signal
levels are comparable, and (b) although the solar tracking rate is lower, the Echo tracking
rate is still sufficiently low as to introduce no appreciable velocity error. Figure 13b is a
plot of the observed tracking errors at the conical scan frequency of 2.27 gc. The median
tracking error is 0.04E while an error of 0.08E is exceeded 10 percent of the time.

Conclusions     The synthetic conical scanning system described in the preceding
discussion has a number of significant advantages. It requires no moving parts at the
exposed focal point position and further allows an on-axis sum beam to be achieved
while simultaneously generating dual polarized conical scan beams. The technique
allows high quality far-field patterns to be achieved with a simple four-element cluster of
waveguide horns. The described technique further allows the cross-over level to be
varied to match the needs of a particular tracking terminal. Finally, the feed system may
be converted to a monopulse system by removing the dual channel variable phase shifter.
It should be noted that the conical scanning technique is considerably simpler for



receiving applications where high power is not a problem. For example, the dual mode
spiral technique suggested in Figure 3 requires an absolute minimum of hardware to
achieve the same results at low power levels.

Acknowledgements     The feed system described in the preceding paper was developed
under the auspices of a sub-contract from Page Communications Engineers, Inc.,
Washington, D. C. The development of the communications link, managed by Page
Communications Engineers, Inc., was sponsored by the Rome Air Development Center
under Contract No. AF-30(602)-2403. The authors gratefully acknowledge the assistance
of Mr. James McCloud of Page Communications Engineers, and Mr. Rodney Pratt,
Project Officer at the Rome Air Development Center, in obtaining permission to publish
this paper. The data contained in Figure 13 was taken by personnel of Page
Communications Engineers, Inc., at the Floyd Test Site.

Bibliographies

1. J. P. Shelton and W. B. Stout, “Two Channel Phase Monopulse Antenna Feed”,
Final Report, prepared for NASA under Contract No. NAS-5-1589, 21 March
1962.

2. J. P. Shelton and J. J. Wolfe, “Two Channel Monopulse System”, Final Report -
Phase II, prepared for NASA under Contract No. NAS5-2074, 15 April 1963.

3. M. E. Hansen and C. V. O’Brien, “Study of Two Channel Monopulse System”,
Final Report, prepared for NASA under Contract No. NAS5-3458, 11 May 1964.

4. R. C. Van Wagoner and E. Carpenter, “System Study of an Advanced Monopulse
Antenna System”, Phase I report, prepared for NASA under Contract No. NAS-5-
9713, 4 December 1964.

5. A. G. Fox, “An Adjustable Waveguide Phase Changer”, Proc. IRE. Vol. 35, No.
12, p. 1489; December 1947.

6. L. R. Ragan, “Microwave Transmission Circuits”, Boston Technical Publishers,
Inc. , Lexington, Massachusetts, pp 455-527., 1964.

7. R. D. Tompkins, “A Broad-band Dual-mode Circular Waveguide Transducer”,
IRE Trans. on Microwave Theory and Techniques, pp. 181-183, Vol. MTT-4; July
1956.

8. G. G. Chadwick and J. Homola, “High Power Dual Polarized Tracking Feed”, Test
Report, prepared for Page Communications Engineers, Inc. under P. 0. No. 13138,
1 March 1962.

9. G. G. Chadwick, “Circularly Polarized Transducers”, prepared for the Naval
Research Laboratory, Contract NObsr 81433, 12 July 1960.



Figure 1.  Rome, New York to Trinidad Communications Link.

Figure 2.  R-F Characteristics of the Two-Channel System.



Figure 3. Aperture Configurations, Excitations, and a General
Two-Channel Monopulse Network.



Figure 4. Feed System Schematic.



Figure 5.  High Power Waveguide Feed System.

Figure 6.  The Four-Channel Waveguide Feed Package.



Figure 7.  Configuration and Performance of the 90EE Fixed
Differential Phase Shifter.



Figure 8.  The Two-Channel Variable N Shifter



Figure 9.  a) Computed Sum Pattern at 1840 mc;  b) Computed Sum Pattern at 2270 mc.



Figure 10.  a) Computed Difference Pattern at 2270 mc;  b) Computed H-Plane Offset Beam at 2270 mc.



Figure 11.  Cross-over Versus Power Division Ratio.

Figure 12.  33' Parabolic Dish Tacking System.



Figure 13.  A) Floyd Site Antenna Temperature Versus Elevation Angle; b)
Distribution of 2270 mc Tracking Errors.


