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TRACKING ANTENNA SYSTEMS
PAST, PRESENT & FUTURE

Arthur Sullivan

Electro Magnetic Processes, Inc.
9616 Owensmouth Avenue

Chatsworth, California 91311

ABSTRACT

About a half of a century ago, born of necessity created by
World War II, automatic tracking techniques were developed.
The first successful tracking system to go in production was
the SCR 584 Radar developed for the U.S. Army Signal Corps
in about 1942.

Early tracking systems consisted of an antenna, a gimbal to
support and position the antenna beam to track the target, a
servo to control the movement of the gimbal, a control
system for the operator to control the tracking, a
transmitter to illuminate the target, and a receiver to
receive the reflected signal from which the tracking error
signal was extracted and sent to the servo.

It is interesting to note that this description also fits
today’s tracking systems. True -- telemetry signal tracking
is passive and does not require the transmitter and true --
some of the modern antennas do not require a gimballed
support but the basic elements of the tracking system are
still the same. However, over the last 50 years, there have
been considerable changes and improvements in available
materials, components, methods and technology. The scope of
this paper is limited to the antenna and its progress in
this changing technology. Presented herein is a brief
history of tracking systems and discussion of the various
tracking antennas developed over the years as well as the
present tracking technology and that of the future.



INTRODUCTION

In 1885 Heinrich Rudolph Hertz was the first to demonstrate
propagation and reception of radio waves and announced his
findings in 1888, an event which opened the door to antenna
technology. Serious antenna research began after Marconi’s
demonstration of transatlantic wireless communication in
1901. Marconi’s original tower is still standing on the
property owned by the Army at Camp Evans in Belmar, New
Jersey. It remained for World War II to provide the impetus
for developing the automatic tracking antenna. Our
Government summoned the Acream-of-the-crop@ of engineers and
scientists to the Radiation Laboratory at MIT and charged
them with the task of designing an automatic tracking
radar--fast. The magnetron had been invented but the rest
was all new. They did the job. The result was the U.S. Army
Signal Corps’ SCR-584 radar of which over 1500 units were
produced. Like so many other areas of this electronic
marvel, the antenna was a first -- the first automatic
tracking antenna. This paper will look back and try to
discover the significant milestones in the past that have
brought the tracking antenna to its present state of
development; attempt to define the present status and then
see what the future holds. Appended to the paper is a very
brief presentation of the theory of operation of each of the
antenna types.

THE PAST -- 1940’s Through 1970’s

A chronology of the development of tracking antenna is shown
in Figure 1. The first operational tracking antenna was a
conically scanning system using a paraboloidal reflector.
The system was developed in 1942 for the Army Signal Corps’
SCR-584 Radar. The antenna feed consisted of a spinning
dipole. While it was state-of-the-art at the time, its
performance was less than optimum. Polarization was rotated
at the scan frequency causing an undesirable modulation at
the second harmonic of the scan frequency.

Shortly after World War II, nutating (nonrotating) conical
scanning feeds were developed to eliminate the problem
caused by rotating polarization. While the r-f performance
was improved, reliability suffered severely due to
mechanical complexity and the cost was considerably higher
than that of a rotating feed. Poor reliability was the major



problem with the conical scanners of the 40’s. The
significant developments in antennas in the 40’s were in the
field of radar. Another development in the 40’s which would
lead to a tracking antenna was the development of multiple
beam technology. This was originally developed for take in
height finding and search radars.

The early 50’s brought the first real improvement in
reliability to conical scanners. Two of the three major
reliability problems in the scanners of the 40’s were the
drive system (either gear or belt driven) and the nutating
mechanisms. In the early part of 1950 a conical scanner was
developed using a hollow-shaft motor thereby eliminating
power transmission devices. In addition, the nutating
mechanisms were eliminated by the use of circular waveguide
which maintains polarization while rotating. The last major
reliability problem of conical scanners, the rotary joint,
would remain for another two decades.

The early 50’s also added the word Aprecision@ to radar
tracking with the introduction of the Three-Channel
Monopulse antenna. Three-Channel Monopulse, utilizing the
interferometer technique, reduced tracking error by an order
of magnitude and completely eliminated all rotating and
moving parts. Reliability of the antenna was very good. The
receiving subsystem, however, when compared to the conical
scan system, grew substantially both in complexity and cost.
Three identical, phase-matched, channels were required --
one for the sum channel and one each for the two difference
channels (azimuth and elevation). All three receivers had to
phase track which further complicated the receiver design.

One of the most exciting eras in the evolution of tracking
antennas also occurred in the 50’s. This was the beginning
of the development of Phased Arrays, at the time, the most
promising breakthrough in tracking antennas. In addition to
eliminating the need for mechanical gimbals to aim the
antenna, it had the unique advantage of being able to track
multiple targets. The major disadvantage of the Phased Array
was cost. Each element required a phase shifter, which
involved considerable expense based on the number of
elements needed to achieve high gain beams required for
tracking. About the middle of the 50’s, the Army at Fort
Monmouth funded Stanford Research Institute (SRI) to
determine where tracking systems were going in the future.



The conclusion of this study was that in five years almost
all tracking systems would be phased arrays. If this report
had been reviewed 15 years after it was published, one would
conclude that it had just been written. The expense and
complexity of the phased array is such that, to this day, it
has limited applications for tracking.

Also in the 50’s, research began an using the multi-beam
antenna technology for tracking.

To this point in time, tracking antennas -- as described
above-- were primarily dedicated to radar systems. In
addition to receiving r-f signals these antennas were
required to transmit high power r-f energy.

Peak power in the megawatt range was not unusual. These
systems are categorized as Aactive@ trackers because they
must initiate the r-f signal in order to receive an echo.
APassive@ trackers, on the other hand, only receive signals
transmitted from the target vehicle as is the case with
telemetry tracking systems soon to be discussed.

The community of telemetry instrumentation was growing
rapidly but since most missions were of the short range
variety and free space attenuation at the allocated P-band
frequencies was low, broad-beam, low-gain antennas sufficed
with no tracking required. NASA’s Manned Space Flight
Network, a tracking network that extended around the world
for Project Mercury, was the exception that ushered
automatic tracking into the telemetry community.

One of the first operational telemetry tracking systems was
developed in 1959 For Project Mercury. It consisted of a
four helical element array in a Three-Channel Monopulse
configuration. While this system was developed in 1959,
production didn’t start until 1960.

It was in the early 1960’s the Government decided to
reshuffle the frequency allocations and moved telemetry
operations to specified frequency ranges in the L & S-bands.
(Once again NASA was the exception and was allowed use of
its P-hand equipment through Project Gemini.) This change
dictated the use of tracking antennas for most telemetry
applications because of the increased space attenuation and
narrower antenna beams associated with the higher



frequencies. The large helical P-Band arrays were soon
replaced with dipole arrays and conically scanned parabolic
reflectors. The majority of the conical scanning feeds were
existing designs for radar service that were scaled to
telemetry frequencies. They were still plagued by the high
failure rate of the rotary joints.

In the decade of the 60’s the basic tracking systems in use
were conical scanning systems and various mutations of
monopulse systems. Once freed from the constraints of high
power requirements, designers could employ different
techniques in their approach toward the optimum passive
tracking antenna. Dipole arrays using the monopulse tracking
technique and with a reasonable gain-to-aperture ratio
became a reality. Monopulse feeds using low power dipoles
became the alternate to the less reliable conical scan feed
for reflector type antennas.

In 1960, Two-Channel Monopulse was developed which utilized
the familiar monopulse antenna but eliminated some of the
expense of the Three-Channel Monopulse technique. The first
Two-Channel Monopulse systems time-shared the azimuth and
elevation error signals in one receiver, thereby eliminating
one complete receiving channel. Later in the 60’s, Two-
Channel Monopulse systems were developed that combined the
azimuth and elevation error signals in phase quadrature in
lieu of time-sharing.

In the late 60’s, a trend setting occasion was the
introduction of the Single-Channel Monopulse (SCM)
technique. With this technique the three outputs of the
monopulse antenna were combined into a single r-f channel
which contained all of the telemetry data and antenna
pointing information. The azimuth and elevation error
signals were time-shared. Each was added to and subtracted
from the sum signal causing an amplitude modulation similar
to that of a Conscan system. Many of the advantages of
Three-Channel Monopulse could be realized at a significant
reduction in cost since only one receiving channel was
required. The Single-Channel technique could not yield the
tracking accuracy of Three-Channel or Two-Channel Monopulse,
principally because of phase errors, mutual coupling, and
parasitic effects. However, for many applications, and
particularly those operations in which precision space-
position data was of little importance, and the target was



well above the horizon, the accuracy achieved was quite
acceptable. The great disadvantage of the Single-Channel
monopulse system was inherently high sidelobes which
seriously degraded low elevation angle tracking performance.

An interesting, but little used, tracking antenna developed
in the 60’s was the Parasitic Tracking Feed. The basic
concept was to use a single antenna element for receive.
Elements adjacent to the received element were made
parasitic or non-parasitic by the use of diodes in the
dipole arms. Of all the tracking feeds developed, this one
could claim the lowest cost. The major draw-back was limited
bandwidth. Parasitic feeds were first used in aircraft
landing systems and later found limited application in
tracking antennas, mostly restricted to satellite tracking
where the required bandwidth wis consistent with the
technology.

In the late 60’s and early 70’s, the majority of two-axis
telemetry tracking systems were Single-Channel Monopulse.
The only advantage of the Single-Channel Monopulse feed over
the Conscan feed was reliability. The SCM was simply more
reliable. The fact that the Conscan tracking performance was
superior and the cost was comparable was of little
importance.

In the early 1970’s a conical scanning technique which
overcame the reliability problems of the earlier types of
conical scanners was developed. Commonly known as ARADSCAN,@  
This technique achieved its high reliability by the use of a
hollow shaft, brushless motor with reliability equivalent to
that of a transformer, and the use of a single, stationary,
dipole which excited the dominate mode in a rotating,
offset, length of circular waveguide. The circular waveguide
was the only moving part, eliminating the troublesome rotary
joint problem. Because of the simplicity of the RADSCAN
feed, the reliability proved to be better than that of the
Single-Channel Monopulse feed. The major advantage of the
RADSCAN feed over the SCM feed is a substantial improvement
in low angle tracking performance due to a considerable
refinement of antenna patterns, particularly in the area of
sidelobe structure. Before the end of the decade a major
portion of two-axis telemetry tracking antennas were once
again conically scanned.



It was in this time frame that cost-conscious telemetry
range operators began to look favorably at Single-Axis
tracking antennas. These systems were configured both as
reflector and array type antennas. In either case a fan-
shaped beam, very broad in elevation, was generated.
Tracking was accomplished solely in azimuth using the Single
Channel Monopulse technique. The broad elevation beamwidth
negated the need for an elevation axis.

In the late 1970’s, development of the Digital Beam-Forming
Array (DBA) was begun. This is an exciting technique since
it encompasses all of the advantages of a Phased Array
without the disadvantages of controlling a complex of phase
shifters. Continual work was performed on DBA’s through the
70’s but like the Phased Array, the cost was still
prohibitive. Monetary relief is anticipated with the
development of monolithic integrated circuits and advances
in computer technology. This effort will certainly continue.

THE PRESENT -- 1980’s

The 1980’s saw a proliferation of single-axis tracking
systems on ranges here and abroad. The selection varies from
arrays weighing only a few pounds to six- and eight-foot
reflectors.

Another variation on the Monopulse feed theme appeared about
1985. This was the development of a technique called
AQUADRASCAN@. The QUADRASCAN feed is a dipole array that
resembles the Monopulse feed but produces a receiving
antenna beam that is sequentially stepped around the
tracking axis to form a pyramidal (four sided) cone.
Sidelobes are substantially lower than SCM and performance
approaches that of the true conical scanner. A major
advantage of QUADRASCAN is its small aperture and
lightweight which allows it to be used with small diameter
reflectors without serious degradation of sidelobes. The
performance is not quite as good as the true conical
scanning technique for larger aperture antennas. It also
introduces slightly more loss than conical scan or SCM since
the azimuth and elevation error signals are added to the sum
signal in phase quadrature. This necessitates the use of an
additional directional coupler over the Single-Channel
Monopulse requirement.



The major advances in the 1980’s have been in the area of
phased arrays and digital beam-forming arrays. Presently,
when multitarget tracking is required, it is performed
almost exclusively with phased arrays.

The advances of the digital beam-forming array are
proceeding rapidly as monolithic microwave integrated
circuits have become a reality and fast, powerful computers
are available and priced very competitively. Major
breakthroughs will surely occur in the early 90’s as these
markets continue to improve.

THE FUTURE -- Post 1980’s

The bulk of telemetry tracking in the early part of the 90’s
will be accomplished by Conical Scanners and Monopulse feeds
and arrays. The later used with several tracking techniques
including Three-Channel, Two-Channel and Single-Channel
Monopulse and QUADRASCAN. Seen in fewer numbers, but for
special applications will be Parasitic Arrays, Multiple Beam
Antennas and Phased Arrays. Operational Digital Beam-Forming
Arrays will probably be produced in the early 90’s. By the
mid-90’s, The DBA will come of age and begin its domination
of virtually all of the telemetry tracking system
applications. This will be due, primarily, to almost
unlimited capability and affordability at that time.
Technology for the DBA is advancing rapidly -- some of it
sponsored by government agencies such as RADC, at Griffith
Air Force Base, and company funded IR&D efforts. This
intensive research will assure operational DBA's in the
early ’90’s.

The adaptive capability of the DBA lends itself to the full
optimization of all present and future telemetry
requirements. Phase can be corrected to a few seconds of arc
and amplitude to hundredths of a dB. This allows operator
control of the antenna pattern to achieve sidelobes close to
theoretical limits which have never before been achieved.
The Taylor Line-Source Method, a refinement of the
Chebyschev Polynomial method appears to be the best
technique for synthesizing ultra-low sidelobes. The DBA can
deal with an interfering signal by simply placing a null in
the direction of the interference and, if necessary, steer
the null to follow if it is moving. Target acquisition is no
problem with the DBA. The beam can be broadened so that the



capture angle is large enough to assure easy acquisition.
After acquisition, the beam will automatically revert to the
full gain configuration. The DBA has capability to spare.

More DBA magic. Multiple beam networks, such as the Butler
matrix can also be simulated digitally. The Butler matrix is
an analog Fourier transformer. Its output is a sampled,
spatial, Fourier transform of the element signals. Hence,
the same mathematical combination of the array element
signals can be performed digitally by the computer using a
fast Fourier transform (FFT) algorithm. In this case, the
number of beams is equal to the number of elements in the
array and the beam directions are fixed in space relative to
each other. The FFT method is a much more efficient
utilization of computer resources than the formation of
custom beams previously described.

With the impending low cost of monolithic circuitry, it
would he very feasible to double the circuitry and have I &
Q outputs for the two orthogonal linear polarizations. With
the adaptive techniques, the computer could then instantly
polarization-match any incoming signal, saving the cost of a
diversity combiner and additional receiver and also yielding
more optimum results.

As we enter the 90’s, state-of-the-art of monolithic analog
circuitry, digital components such as sample-and-hold, A to
D’s, and fast, powerful computers will be available at ever
decreasing prices. While the tooling and non-recurring costs
of the monolithic circuitry will continue to be extremely
high, the unit cost in 1989 dollars will be low. As an
example, the typical element consisting of a printed circuit
cross-dipole with the monolithic circuitry being built into
the ground plane, and containing a dual conversion receiver
with I & Q outputs at the IF frequency, should sell for
about $500 or $600 in 1989 currency. For the first time
Multitarget tracking systems will be affordable!

CONCLUSION

The Digital Beamforming Array may be the first real
breakthrough in the annals of tracking antennas since the
SCR 584’s spinner and the first monopulse antenna. Each of
the milestones of tracking antenna evolution described above
is just an improvement on the technology which already



existed and/or an effort to reduce cost even if it resulted
in degraded performance. We are now in the computer age.
Practically everything we own operates digitally and
contains its own microprocessor. The Digital Beamforming
Array is the tracking antenna that was born in this era and
will mature in this era and may very well be the antenna
that will carry us far into the 21st century.

APPENDIX A

TRACKING ANTENNA THEORY

CONSCAN

Figure 2 shows the antenna beam of a Conscan Tracker. When
the target is off boresight, the amplitude of the received
signal is modulated sinusoidally at the frequency of the
scan rate. The phase and amplitude of the modulation contain
all the necessary pointing information. The amplitude is
proportional to the amount the target is off boresight. The
phase, when compared to a reference signal, indicates the
direction off boresight. If the target is displaced from
boresight in elevation only, then the error signal is either
in phase or out of phase with the elevation reference
voltage. When the target is off boresight in both azimuth
and elevation, the error signal is proportionally in or out
of phase with both the azimuth and elevation reference
voltages. Synchronous error demodulators separate the
azimuth and elevation components of the composite error
signal into two bipolar d.c. servo control signals. Polarity
and amplitude of each error signal represents the direction
and magnitude, respectively, of the associated axis pointing
error. The servo then drives the antenna to the on-axis or
quiescent tracking position. Early, conical scanning feeds
used a reference generator with sine and cosine outputs to
reference the physical position of the feed. Most current
systems use an optical commutator to produce these reference
signals. Optical Commutators use two, dual, solid-state
chips, each comprised of a light-emitting diode and a photo-
electric cell. These chips are aimed at a rotating circular
disk, half of which is black anodized and half chrome-plated
so that light is reflected a half of cycle and absorbed a
half of cycle. Each photo-electric cell generates a
squarewave. The two chips are in space quadrature, thereby



putting the photoelectric cell outputs in phase quadrature.
The reference generator, or optical commutator, can be
mechanically aligned to minimize crosstalk or in newer
tracking systems with microprocessor control units, the
phase error can be automatically calculated and a fixed
phase bias applied to minimize crosstalk.

THREE-CHANNEL MONOPULSE

Figure 3 is a simplified block diagram with corresponding
antenna patterns of a Three-Channel Monopulse system.
Antenna elements A & B are fed to a 180 degree hybrid
generating an output of A + B and A - B. Antenna elements C
& D are fed to another 180 degree hybrid to produce C - D
and C + D. The A + B and the C + D terminals are connected
to a third 180 degree hybrid to produce the sum pattern
which is the sum of all elements. The difference output of
this hybrid is now the difference between the elements on
the left and the right which forms the azimuth difference
pattern. Similarly, the A - B is combined with C - D in a
fourth 180 degree hybrid. The sum port of this hybrid is now
the difference between the top elements and the bottom
elements or the elevation difference channel. The other port
is terminated in a matched load. The sum signal and the two
error signals are fed to three phase-tracking receivers.
This technique can be used with the monopulse feed and
reflector or with an array.

TWO-CHANNEL MONOPULSE

The operation of Two-Channel Monopulse is identical to
Three-Channel Monopulse with the exception that the two
error signals are either timeshared or combined in phase
quadrature and applied to a single receiver.

SINGLE-CHANNEL MONOPULSE

Single-Channel Monopulse is a technique for deriving a
modulated output similar to that obtained from a conically
scanning antenna. The Single-Channel Monopulse technique
utilizes a Three-Channel Monopulse antenna feed and a device
called a Ascanconverter@. A simplified diagram of the
scanconverter is shown in Figure 4. The azimuth and
elevation error channels are sampled sequentially. Each one
is phase shifted between 0 and 180 degrees in accordance



with the timing diagram shown and added to the sum channel
through a coupler. The result is a sum channel carrier
modulated with the error information. As in the Conscan
system, the phase of the modulated signal determines the
target position and the amplitude determines the amount that
the target is off boresight. The composite output of the
scanconverter corresponds to the beam shifting up/down and
then right/left. The crossover level of the composite
pattern on the boresight axis is a function of the
directional coupler. Usually 12 or 13 dB is used as the
coupling ratio for a compromise between maximum G/T and
tracking accuracy. As with Three Channel Monopulse, the
Single Channel Monopulse technique can be used with the
monopulse feed and reflector or with an array. When used
with an array, sidelobes can be reduced considerably by
proper control of the azimuth and elevation difference
patterns.

PARASITIC FEED

Figure 5 shows a five element parasitic dipole feed used for
illuminating a parabolic reflector. The top and bottom
dipoles can alternately be made resonant by shorting the
diodes in one of the dipole arms. When the top dipole is
resonant, the phase center is shifted from the focal point
to a position slightly above the focal point. This causes
the beam to tilt down. Conversely, when the bottom element
becomes resonant, the beam is tilted up. Sequentially, the
left and right dipole are resonated to tilt a beam right and
left. This causes a modulation on the sum signal similar to
that of single-channel monopulse.

MULTI-BEAM TRACKING ANTENNA

As with the Monopulse systems, multi-beam antennas can be
used either with a reflector or with an array of elements.
Figure 6 shows a Multi-Beam Antenna Feed feeding a
reflector. The secondary beam appears on the axis of the
reflector. When an element is displaced from the focal
point, the beam is then tilted in the opposite direction
about the reflector axis. The output of an array-feed
therefore corresponds to a multiplicity of beams overlapping
each other diverging from the reflector axis. The output of
each feed element can now be switched to a receiver and used
for tracking a moving target. The disadvantage of the



multiple-beam approach with reflectors is the limited scan
angle achievable. To achieve larger scan angles, the same
technique can be used with an array. The outputs of the
elements of the array are fed to a Butler matrix. The output
of the Butler matrix now corresponds to beams overlapping in
space diverging from the boresight axis. A simple diagram of
this approach is shown for a Four-Element In-Line array in
Figure 7.

PHASED ARRAY

In a Phased Array, beam scanning is accomplished with
electronically controlled phase shifters with the antenna
aperture remaining fixed in space. In addition to not
requiring mechanical motion, the major advantage of the
phased array is multi-target tracking. Figure 8 shows a
simplified block diagram of a Single- Target Tracking Phased
Array. For simplicity, only eight elements in one plane are
shown. By controlling the phase of each element, the beam
can be scanned in space. For multiple target tracking, the
outputs of the phase shifters can be applied to a Butler
matrix to achieve the multiple target capability. Other
devices, such as the Rotman lens can be used in lieu of the
Butler matrix.

DIGITAL BEAM-FORMING ARRAY

Figure 9 is a simplified block diagram of an eight-element,
in-line Digital Beam-Forming Array. The output of each
element is power divided and fed to a dual mixer. A
frequency-agile local oscillator is applied to each dual
mixer. The outputs of the dual mixer are in-phase (I) and
quadrature phase (Q) signals at the IF frequency. The
signals are then filtered and amplified. These analog
signals are then synchronously sampled and converted to
12-bit binary numbers. The converted digital numbers are
sequentially phase and amplitude modified by a computer and
combined through a discrete Fourier transform array to
simultaneously and continuously provide eight separate
antenna beams spaced at successive beam positions.
Individual beam characteristics are those associated with a
conventional electronically scanned eight-element array. The
fundamental difference lies in the advantage of computerized
pattern control.



TRACKING SYSTEM

CHRONOLOGY

1940 - 1950

1ST CONICAL SCAN TRACKING SYSTEM (584 RADAR)
MULTI-BEAM ANTENNAS (NON-TRACKING)
NUTATING CONICAL SCANNERS

1950 - 1960

CIRCULAR WAVEGUIDE CONICAL SCANNERS
THREE-CHANNEL MONOPULSE
PHASED ARRAYS
MULTI-BEAM ANTENNAS (TRACKING)
AUTOTRACKING FOR TELEMETRY (PROJECT MERCURY)

1960 - 1970

TWO-CHANNEL MONOPULSE
PARASITIC TRACKING FEED
SINGLE-CHANNEL MONOPULSE

1970 - 1980

RADSCAN
DIGITAL BEAM-FORMING ARRAY (DBA)

1980 - 1990

QUADRASCAN

FIGURE 1



FIGURE 2
CON SCAN MODULATION CHARACTERISTICS





FIGURE 4

SCAN CONVERTER
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