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ABSTRACT

Much of the Laboratory's general research work in the fields of radio physics
and astronomy is done with the facilities” and by the staff of the Laboratory's
Millstone Hill Field Station. This first issue of the Radio Physics and Astron-
omy report is intended not only to report our most recent research findings
and experiment preparations in these fields, but also to provide sufficient
background in our past work to give the reader an overall acquaintanceship

with the extent and history of such work at Lincoln Laboratory.

Radar measurements on the moon and nearer planets with the Millstone radar
are described as are preparations for similar more accurate measurements
at Haystack Hill. Applications of techniques that were developed for radar
astronomy to the improved detection and tracking of artificial satellites are

also described.

Considerable interest is evident in radio astronomy, both for its own sake and
for the techniques of instrument evaluation which result from the research.
These techniques will be useful in evaluating other new large radar and radio

antenna systems.

Studies of the electron and ion behavior in the ionosphere continue and the

results are being coordinated with work elsewhere.

Haystack Hill, the newest facility, is still in its early operating phase, with
much of the effort of the station complement going into its increasingly com-

plex instrumentation.

Accepted for the Air Force
Franklin C. Hudson
Chief, Lincoln Laboratory Office

*Millstone L-band steerable radar; UHF ionospheric radar; Haystack Re-
search Facility.
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FOREWORD

This report, the first in a new series on research in the field of radio physics and
astronomy being carried out at Lincoln Laboratory, was planned and largely writ-
ten under the supervision of Dr. James W. Meyer, until recently Head of the Radio
Physics Division. Primarily, it encompasses activities during the past six months
but contains enough background material to establish continuity for programs
having run for a longer period. Our objectives are to report serially to our spon-
sors, colleagues, and other interested persons on our activities in the field, and
to provide a medium of disclosure of scientific results, technical and engineering
developmfents, studies, and rev_ieWs of background material carried out in the
process of program planning, that for one reason or another cannot be published
in one of the regular scientific or engineering journals. This medium is in no way
intended to supplant regular publication in the journals but rather to supplement
journal publications with operational, engineering, and data detail that cannot be
allowed in today's cover-bursting journals. In part, this publication will serve as
a kind of observatory report for the Millstone Hill Field Station. It will include
disclosure of work done by others using Lincoln Laboratory facilities. Material
will be chosen for inclusion in this report on the basis of its relevance to the
field of radio physics and astronomy and not on the basis of the source of support.
We hope, in the future, to draw rather widely on the several Laboratory programs
involving related research, to give a more comprehensive picture of Lincoln Lab-

oratory's work in radio physics and astronomy.
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I. SUMMARY

A. SPACE SURVEILLANCE TECHNIQUES

The present L-band Millstone steerable radar has a tracking range of about 5000 nautical
miles (nm) on a one-square-meter target. Thus it continues to render assistance on occasion
to the Air Force, to NASA, and to the Space Communications Program of the Laboratory, par-
ticularly for observation of small or distant targets observed poorly, if at all, by other sensors.
Such activities will, of course, be continued to the extent that they are of value.

The real-time, on-site data processing capability at Millstone will be increased by nearly
an order of magnitude once the newly accepted high-speed commercial computer has been com-
pletely integrated with the radar system, replacing the CG 24, Utilizing this capability, it is
planned to develop improved computer-assisted tracking techniques and an ability to compute
satellite orbits on-site from radar data. A programming study has been completed as the first
step in applying the integration techniques used in radar astronomy to the observation and track-
ing of satellites, with the hope of at least doubling the tracking range of the radar. The study
shows that the new computer is able to handle such a problem in real time,

The so-called digital monopulse (DIGIMON) system has been given extensive tests and found
to be limited by the operating speed of presently available A/D converters. The availability of
the higher-speed real-time computer now makes other means of accomplishing nearly the same
result more attractive for the immediate future. DIGIMON has thus been shelved for the present,

even though it has some advantages over the other means now being implemented.
B. RADIO ASTRONOMY

During this year, a powerful array of radiometric observing equipment was successfully
completed and used on the Haystack antenna. The equipment includes broad-band radiometers
at 5, 8 and 15.5 GHz and spectral line receiving equipment. To date, this equipment has been
used at H- and OH-line frequencies but, provided with proper front ends, it will make spectral
line searches possible at many different promising frequencies.

Major radio sources were carefully measured at 8 and 15.5 GHz by means of the radiometric
equipment and the results used to determine Haystack antenna aper‘iure efficiencies at these two
frequencies. Pointing accuracies for the system were also derived from the data.

From the results of these observations, it appears that an overall antenna efficiency, includ-
ing r-ad‘ome losses, of about 46 percent has been achieved at 8 GHz and about 23 percent at
15.5 GHz. These results imply an rms surface deviation from a true paraboloid on the order
of 50 to 60 thousandths of an inch. Pointing precisions of a few thousandths of a degree also
seem to have been achieved. The results indicate further that no measurable "squint" of the
RF beam results from the space-frame radome. Observations of known polarized radio sources
also seem to show that no appreciable polarization effects result from the radome or from any
peculiarities of the antenna system itself.

Using operating capacity in excess of that required for the antenna pointing task, the Haystack

U490 computer has been programmed to perform the major signal processing functions for radio
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astronomical observation. In addition to performing the integration process used in measuring
weak radio sources, the computer is able to scan the antenna across discrete sources, and to
determine their angular center of gravity as well as the antenna temperature measured at that
point. It also performs the transformations from the time to the frequency domain of the data

output from the digital correlator during spectral line work.

C. RADAR ASTRONOMY

The Millstone radar continued a long history of engagement in radar astronomy with a seven-
month series of observations on Venus in 1964. A significant achievement was the measurement
of range (time of flight) to an accuracy of £1.5 km during two months of this period. Echoes from
Mercury were also obtained. Mars was the only planet favorably located for detection during the
first six months of 1965. Data appeared to indicate that Mars has a cross section of about 14
percent of the projected area.

In studies of the moon, the most significant achievement was the development of a polar-
imetric method of investigation of the surface. Interpretation of the strength of echoes as a
function of the angle of the radar wave polarization relative to the plane of incidence on the lunar
surface has led to a theory that radar waves actually penetrate a tenuous surface layer and are
reflected after encountering a much denser layer at least one wavelength below the surface.

With this model, it is also possible to explain for the first time the past divergence in values
of the dielectric constant for the surface as derived from radar and from radiometric data.

Mercury was observed at X-band for the first time in April 1965 by using the Haystack
radar. This measurement, which appeared to show a cross section on the order of 5 percent
of projected area, was the first in a planned series which is intended to culminate in a precise
measurement of time of flight between Earth and Mercury, when the latter is near superior con-
junction. This measurement should be possible with sufficient precision to permit observing
relativistic effects due to the solar gravitational field, as proposed by Shapiro.* An extensive
instrumentation and construction program designed to provide greatly increased radar perform-

ance with Haystack is under way to support this experimental program.

D. ATMOSPHERIC RESEARCH

A large ionospheric radar with a 220-foot-diameter antenna pointed at the zenith and
440-MHz radar equipment having an average transmitted power of 150 kw has been used since
early 1963 to determine electron density profiles and electron and ion temperature profiles by
incoherent backscatter techniques. Incoherent integration over long periods provides data for
the density profiles, while spectrum measurements yield ion temperatures and the electron-to-
ion temperature ratios. Both this radar and the Millstone L-band steerable radar are used on
a regular schedule to gather data.

Much effort is currently going into analysis of the data. The three years' observations

now available should provide an accurate description of the F-region behavior at midlatitudes

*1. 1. Shapiro, “Effects of General Relativity on Interplanetary Time-Delay Measurements,”” Technical Report 368, Lincoln
Laboratory, M.1.T. (18 December 1964), DDC 614232.
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near sunspot minimum. Observations will be continued with somewhat increased emphasis as
solar activity increases over the next few years.

System rearrangements have been designed and partially implemented to facilitate both the
gathering and reduction of data in order to reduce personnel demands.

An auroral observation and study program was initiated early this year to determine the
extent to which auroras can be expected to interfere with high-performance L-band radar opera-
tion. A body of spatial and spectral distribution data has been collected and the program will

be continued at a modest level.







II. SPACE SURVEILLANCE TECHNIQUES

A. INTRODUCTION

The present Millstone radar tracker operates at a frequency of 1295 MHz. It began operation
in the summer of 1963, replacing the original UHF missile and satellite tracker, the capability
of which had been matched by a number of other installations.

The present Millstone radar system has a wide range of objectives, including research
programs in radio physics, radar astronomy, and in the development of improved space sur-
veillance techniques. The changes brought about through rebuilding Millstone resulted in an
immediate improvement of about 17 db in performance against "hard" targets in a conventional
closed-loop tracking operation. This improved performance is in itself a considerable achieve-
ment and gives Millstone a capability on distant small targets which is unique at the present
time. Since the advent of a new generation of earth satellites with great apogee heights, Millstone
has been requested on a number of occasions to obtain radar data on objects which are either
very difficult or impossible for other radars to observe.

The space surveillance techniques effort consists primarily of two parts:

(1) Maintenance and improvement of the present capability. This will
permit support of the Laboratory's own related programs and will

provide assistance when necessary to military and other govern-
mental organizations in difficult or otherwise special situations.

(2) A program of research in space surveillance techniques. Primarily,
this program involves development of advanced data handling tech-
niques. It will require full and efficient use of a modern high-speed
digital computer such as the SDS 9300 now in use at Millstone and
soon to be interfaced with the radar.

Millstone is also engaged with MITRE Corporation in the experimental use of phase-coherent
radar interferometric techniques to obtain accurate position and velocity data for calculation of
satellite orbital elements. The original experiments which demonstrated the feasibility of a
long-baseline (~15 miles), phase-coherent radar interferometer were performed by Lincoln
Laboratory in 1959 and 1960.i In the present experiment, the dominant role is with MITRE,
Millstone, because of its high transmitter power and large antenna, illuminates the target and,
through a slaving system, points two smaller MITRE antennas which form the other two ter-
minals of a three-station system. The three stations form a triangle approximately 15 miles
on a side and are connected for data transmission and control functions by microwave links.

The interferometer has been installed and the initial test phase completed. It is now being
operated on a regular basis (one night a week) for making satellite measurements. These meas-
urements have been principally of the electrical phases of the signals at the several stations,
although, in some cases, amplitude measurements have been made of the satellites' echoes at
the three stations. These results are processed centrally at the MITRE installation at Bedford
to derive information about the satellite.

A polarization control system has been installed recently in the Millstone L-band radar
system to provide complete flexibility in the selection of the transmitted and received polarization.
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Polarization can be set with any degree of ellipticity from circular of either sense to linear at
any angle within a range of 90° with respect to the vertical. Moreover, polarization adjustments
can be made while transmitting. Polarization control is accomplished by adjusting the relative
phase and amplitude of the power fed to the two electrically orthogonal inputs to the antenna feed-
horn assembly. The received signal is separated into two orthogonally polarized components

by the microwave plumbing in the feed-horn assembly. The principle of operation of the polar-

ization system is shown in Fig.II-1.
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Fig. lI-1. Millstone L-band polarization control system.

The polarizer is calibrated using a monitor antenna mounted on a boresite tower about
1500 feet from the 84-foot dish. The monitor antenna was designed by Dr. J. Ruze of Lincoln
Laboratory and consists of a six-foot paraboloid with a rotating dipole feed. Great care was
taken to assure that rotational perturbations in emission and pattern of the dipole would be
negligible. Controls for both the polarizer and the monitor antenna dipole are located in the
equipment shelter (doghouse) on the azimuth turret of the 84-foot dish.

The total polarization flexibility provided by this system is believed to be a unique capability
in a radar of this kind. The provision of such a system was proposed by Dr. T. Hagfors in con-
nection with a requirement in the lunar surface studies program. It also has interesting pos-

sibilities in connection with studies of artificial satellites.

B. MILLSTONE TRACKER PERFORMANCE

The Millstone radar is a monopulse system with an 84-foot parabolic antenna and Cassegrain-
ian microwave optics. Nominal values for other parameters of the radar applicable to conven-

tional satellite tracking operations are:
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Frequency: 1295 MHz
Antenna: Half-power beamwidth 0.7°
Gain 47.0db
Polarization completely flexible
Transmitter: Coherent amplification
Peak power 5 Mw
Average power 150 kw
Pulse width (typical) 2 msec (CW)
Prf (typical) 15 pps
Receivers: Parametric amplifiers in sum

and error channels
Effective system temperature 100° to 250°K
referred to the antenna

Range capability: 5000 nm on a one-square-meter target
for a single pulse with 10-db signal-
to-noise ratio

Data processing: Real-time digital computer providing
smoothed and/or unsmoothed values
of range, range rate, elevation,
azimuth, time, and {optionally) pulse-
by-pulse radar cross section

Over the past six months, data on about 140 tracks representing 53 different objects of
special interest were passed to Space Track. These are objects placed on a priority list by
SPADATS/Space Track which, because of their size, range, or outdated orbital elements, are
difficult to observe. Data from a number of other satellite tracks were also passed to Space
Track.

Some of the recent more significant skin-tracking observations were as follows:

During September and October 1964, Cosmos 41 (Object 869), in a highly elliptical orbit,
was tracked a number of times to the longest ranges yet recorded at Millstone. The most
distant track made was to a range in excess of 10,000 nautical miles (nm). On one occasion
incoherent integration was used to detect the object near apogee at a range of 20,000nm. Fig-
ure II-2 shows a computer display of tracking data for one of these observations.

The Imp I Satellite (Object 693) was tracked on several occasions at the request of NASA
to assist in updating the orbital parameters during a period when its transmitter was silent. It,
too, is in a highly elliptical orbit with an apogee of about 100,000 miles and a perigee of 2000
miles. This object is of the order of one square meter in size. The most distant detection
took place at about 6500 nm with most of the automatic tracking done in a 2000- to 4000-mile
range interval.

The Laboratory-sponsored LES-2 Satellite (Object 1360) provided an opportunity for Mill-
stone to test its full capability on an operation that would take place at the threshold of its
sensitivity. Its small size (0.1 to 0.2 square meter) and the extended range to the target (4300
miles at closest approach) made it a marginal undertaking at best. The pulse width was in-
creased to 3.5 msec and added system sensitivity was achieved by reducing the receiver noise
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Fig. 11-3. Millstone track data, LES-2, 13 May 1965.

temperature to 100°K and eliminating unnecessary portions of the Doppler filter bank. Target
signal fluctuations of about 9db above the average cross section allowed tracking to 5500 nm.
Tracking data are shown in Fig. II-3,

Millstone continued to support the Laboratory's Wallops Island re-entry experiments until
the program was terminated on 1 July 1965. In these operations, the Millstone tracker followed
the flight of the multistage rocket to re-entry. Identification of theé several targets that could
appear in the beam as the various stages separated was accomplished by Doppler discrimination
techniques. A Doppler Analyzer Display (DAD) system developed several years ago for this
purpose permits the tracker to lock onto a Doppler-selected target. During the past six months,
there were three such operations. The vehicles were tracked through all stage separations to
re-entry on two of these occasions. On the third occasion, a wrong stage was acquired during
a separation and the re-entry body was missed. Figure II-4 shows a DAD presentation during
a Trailblazer run. This display is typical of nearly all the Trailblazer operations undertaken.
Figure II-5 shows a plot of the DAD Doppler frequency vs time near re-entry. The payload
separation is observable followed by the fourth stage and payload track to re-entry.
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Frames 1

and 2 show (a) Doppler-spread echo and (b) higher velocity, hard-target type echo. In Frame 3
only the Doppler-spread echo remains. No echoes can be seen in Frame 4.
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C. SENSOR IMPROVEMENT PROGRAM

This program, called SIP for convenience, will be conducted in two overlapping steps. The
objective of the first step is to improve the accuracy of measurements on targets that can be
tracked with the present system. The objective of the second step is to extend substantially the
range capability of the radar by using signal integration techniques.

One requirement basic to SIP is the development of an adequate computer capability for
directing the radar semiautomatically, based upon nominal orbital elements as corrected in
near-real time from such data as the radar obtains. This "bootstrapping" technique should in-
crease the probability of weak target acquisition and improve substantially the reliability of
tracking., TRW Systems (formerly TRW Space Technology Laboratories) has been given a con-
tract to prepare programs to our specifications for the Millstone SDS 9300 computer to provide
these capabilities. The orbital portion of these programs will be based upon the ESPOD* pro-
grams developed for the Air Force.

The present analog system of deriving the monopulse error signals is to be replaced with
a digital system which will provide digitized data for real-time processing in the computer as
well as radar steering directions. The digital system will provide more accurate measurements
of range, Doppler, and angle errors in connection with step-one goals. According to present
plans, the hardware and computer program acquired for step one will be compatible with the
ultimate objectives of step two. Indeed, the greater burden in step two will be in the develop-
ment of computer programs that will extend the capabilities of the existing hardware and software
systems.

The use of both coherent and incoherent integration to permit observation of radar targets
that cannot be observed on a single pulse is now a well-known technique employed by a number
of investigators during recent years in radar studies of the planets. This technique has been
used at Millstone to detect satellites at distances in excess of 35,000 km, and to detect extremely
small objects (cross sections less than 10 cm2 at 1000 km) in the West Ford belt. However,
all these operations have depended upon a precise knowledge of the planetary ephemerides or
satellite orbital elements in order to hold the radar beam on target for the required time. In
all cases, except for West Ford searches, the data were processed in nonreal time. The goal
of the range-extension part of SIP is to adapt these integration techniques to real-time radar
tracking. Success of the program depends entirely on the development of adequate signal
processing techniques, including both hardware and some very efficient computer programs.

The range-extension part of SIP will be attacked in two phases. The first phase deals with
an artificial satellite in an elliptical orbit which brings it close enough to the sensor that radar
echoes, when obtained, will be strong enough to actuate automatic tracking equipment (i.e.,
angle, Doppler, range), but eventually the satellite recedes to a distance so great that further

detection is possible only with signal integration techniques. It is assumed that the orbit is

* Electronic Systems Precision Orbit Determination.
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well enough known that the volume of uncertainty that must be searched for initial acquisition
in range, angle, and Doppler is a reasonable one, although a computer-directed search pattern
may be required to optimize the chance of success. The orbit upgrading capability provided by
ESPOD can be used during the late phases of a pass on a satellite such as described above to
provide steering information from data obtained earlier on the same pass.

Phase two is similar, but deals with satellites which, because of either extreme distance
or small size, return echoes that are too weak to be detected except by integration techniques,
and whose orbital elements are only approximately known. It will be necessary to define and
search a volume of uncertainty and specify the maximum permissible integration period. If
a priori knowledge of the target's coherence interval is lacking, the integration period would
be determined by the geometric and dynamic properties of the situation. It is evident that a
computer will be required to perform these functions, either as an aid to a human operator or
in a fully automated program. It'will also be necessary for the machine to determine when
echoes have been obtained and compute the range, Doppler, and off-boresite angle errors.
Then, assuming echoes have been obtained, there must be a capability, as in phase one, to up-
grade the orbit and reduce the volume of uncertainty for future searches along the same pass.

One of the more difficult signal processing problems in SIP results from the large dynamic
range in echo strength that is characteristic of the great majority of satellites. The lobe patterns
and motions of typical nonspherical satellites cause deep fluctuations which, together with
changes due to distance, often result in variations in echo strength in excess of 70db during a
single pass. While it is not very difficult to make the RF portion of the system sufficiently
linear to accommodate a dynamic range even greater than 70 db, it seems to be quite difficult
to reach even a 70-db range in the A/D conversion process with presently available equipment.
If one needs to process only one signal channel, the problem can be avoided by predetection
logarithmic compression. This does not appear to be a very good solution, however, for a
radar tracker in which signals in several channels must be compared in phase and amplitude.

There are presently two systems under consideration for providing the precomputer digital
signal processing operations required for SIP. Both systems exist in part at Millstone but
neither one has yet been used in satellite tracking operations. One of the systems is called the
Digital Monopulse System (DIGIMON for short). The other is called the Multiplexed Analog
Converter System (MACS).

Historically, DIGIMON was conceived in 1962 during studies in connection with changing
the Millstone radar from a conical-scan to a monopulse tracking system. It extends digital
techniques over the receiver portion of the tracking loop as far as practical. However, because
DIGIMON seemed a rather complex machine and required very fast circuitry, it was decided to
implement a simpler analog system for near-term use. A slower effort was started on DIGIMON
in Group 22 at Lincoln Laboratory with the idea that it would eventually replace the analog sys-
tem. All components of the system have been received and installed at Millstone during the past
year. During the past six months, the system has been undergoing intensive testing and
debugging.

A theoretical discussion of DIGIMON by Dr. E. Gehrels is presented in Appendix A. A de-

scription of its operation and its present status follows.
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DIGIMON is primarily a set of four digital filters with a monopulse error signal normalizing
computer. It has the advantage of being a set of invariant filters matched to rectangular pulses
with wide dynamic range. It should produce accurate off-boresite antenna pointing information.
The antenna tracking loop is closed by converting the digital pointing errors to analog voltages
that drive the antenna servo electronics.

The system frequency-multiplexes four radar receiver signals at 1-MHz spacing, each
having approximately one megahertz of noise bandwidth. This allows as far as possible common
receiver electronics (Fig. 1I-6). These multiplexed signals are as follows: (a) orthogonally
polarized sum, (b) direct polarized sum, (c) azimuth difference, (d) elevation difference. Multi-
plexing is accomplished by converting the four received signals to +32, 30, +31, and 29 MHz and
linearly adding them. This multiplexed signal is then mixed in both sine and cosine phase de-
tectors with a 30-MHz -plus-Doppler local oscillator derived from the sequential Doppler pro-
cessor. The two quadrature phase detector outputs having center frequency components at +2,
0, +1 and —1 MHz are then quantized by two 7-bit A/D converters operating at a 4-MHz sampling
rate.

To demultiplex the signals and remove the three carrier frequencies after quantizing, it is
necessary to do only a simple digital complementing and selection of the ap;;ropriate phase
components because of the frequency spacing and sampling rate c:hosen.2 Matched filtering is
accomplished by adding these selected phase components into four sine and four cosine accumu-
lators over a pulse length which is variable in 1-msec increments to a maximum of 8 msec.

Six of these vector components are then used in a special-purpose computer that calculates the
ratios of the real part of the azimuth and elevation off-boresight signals to the orthogonal sum
signal. These ratios represent the amount and direction that a target echo is off boresight.
They are coupled to the station computer to correct for antenna pointing errors and connected

to the antenna servo to close the tracking loop.
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Fig. I1-6. Digital monopulse tracking system.
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Although the broadband multiplexed signal is .quantized to only seven bits, the system should
have sixty-nine decibels™ of dynamic range when used at a 2-msec pulse length. The coherent
digital filtering narrows the bandwidth from 4 MHz to 500 Hz, producing the wide dynamic range.
Note that frequency multiplexing not only reduces the analog components and A/D converters
required, but also accounts for 6db of dynamic range due to the prefiltering noise bandwidth.

The complete DIGIMON has been built and checked out. The analog portion was constructed
by W. W. Smith of Group 31. T.C. Bartee and M. I. Schneider of Group 22 provided the digital
equipment, which embodies new developments in high-speed digital equipment. Both portions
fully meet design specifications. The A/D converters, however, supposedly off-the-shelf items,
do not perform properly at the required 4-MHz rate. Successful use of DIGIMON in the tracking
radar system awaits solution of this problem.

Since failure of the original A/D units to perform according to expectations has temporarily
halted work on integrating DIGIMON into the system, alternative means for accomplishing the
precomputer digital data processing are under consideration. The most attractive alternative
at present is the previously mentioned MACS. It is attractive because it can be put together
with presently available equipment. A relatively simple version of MACS is now in use for lunar
observations where the dynamic range and data rate requiremsnts are both less than they would
be in satellite tracking. Its disadvantages relative to DIGIMON are less dynamic range and
dependence on an external analog system to derive error signals. Nevertheless, since the
MACS principle is already in use for lunar and planetary radar studies and may yet be the best
intermediate means of getting on with SIP, it is appropriate to include a description of it in
this report.

MACS grew out of the Pettengill-Henry moon-mapping instrumentation3 in which the outputs
of sine and cosine phase detectors were encoded by means of sample-and-hold circuits and A/D
converters. The digitized data were processed later for pulse-to-pulse coherence. This scheme
has now been further developed to allow the simultaneous sampling of as many as eight analog
signals which are then quantized sequentially by one A/D converter. MACS is presently used
with the coherent planetary instrument known locally as the Cra-Fleck apparatus, named for
the designers Craig and Fleck. The Cra-Fleck machine provides the extremely accurate range
and Doppler corrections required for coherent planetary and lunar radar observations. A block

diagram of the present MACS as used in planetary and lunar radar work is shown in Fig. II-7.

D. APPLICATIONS OF SIGNAL INTEGRATION TO RADAR DETECTION

OF ARTIFICIAL SATELLITES

The first use of signal integration techniques for the radar detection of man-made objects
was made at Millstone in connection with the Lincoln Laboratory West Ford dipole belt com-
munications experiment. The first attempt at forming a belt of orbiting dipoles was made in
October 1961. The launch was successful but the dipoles failed to dispense. In an attempt to

* Arrived at as follows:

By bandwidth reduction +39 db
By 7-bit quantization +42 db
Quantizing noise -12 db

69 db
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OPERATIONAL

Fig. 11-8. Weak targets in the orbit of the first West Ford launch detected
in February 1962 with the Millstone UHF radar, using incoherent integra-
tion. (Integration period: 5 seconds.)
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find out what happened, Millstone made a search of the orbit of the parent vehicle. The scheme
employed was to hold the antenna beam on one point of the orbit for an extended time by con-
stantly correcting the pointing and approximate Doppler for effect of Earth's rotation. In order
to optimize the chances of detecting very small targets in the orbit, incoherent integration for
periods approximating the flight time through the beam was employed. In this way, some ten
targets were detected that were slowly separating from the parent vehicle and from each other
along the orbit. The measured separation velocities provided the clues, later verified in Lab-
oratory simulation tests, that the dispenser had not spun properly for dispensing the dipoles.
Figure II-8 shows returns from five of these objects obtained on two passes, 60 orbits (about
one week) apart. Each trace shows the receiver output after 5 seconds' integration in the CG 24
computer at a particular range. Elapsed time progresses in the direction indicated by the target
numbers. Objects 1 and 5 have changed position along the orbit, both with respect to each other
and with respect to the other three objects.

In another West Ford launch, six very light UHF tin dipoles were placed in orbit on 9 April
1962 to study charge drag effects. Millstone made the initial radar observations on these objects,
using incoherent integration techniques to confirm that orbit had been achieved. In the meantime,
RCA engineers at the FPS/49 tracker in Moorestown, New Jersey had been assisted in implement-
ing this technique for their radar so that they could support the experiment after Millstone closed
for the changeover to L-band. The results of the experiment were published in a paper by
Shapiro, et a_l.4

The successful West Ford X-band dipole belt launched 10 May 1963 has been observed a
number of times with the Millstone L-band radar during the past two years. A considerable
number-of very small targets have been detected which are slowly separating in angle, range,
and Doppler from the region that produces X-band echoes. At present, it is conjectured that
these L-band targets detected with signal integration techniques are parts of incompletely
dispensed dipole packages, a result attributed to launch perturbations that altered the solar
heating effects. Although these measurements have helped to clarify some events in connection
with West Ford launches that might have otherwise remained unknown,5 the purpose of discussing
them here is to demonstrate the effectiveness of incoherent integration to extend the detection
range for small targets. Some objects detected in this manner have apparent cross sections of
less than one-tenth square meter. One of the latest of these L-band observations of the orbital
plane of the West Ford X-band belt is shown in Fig.II-9. The range intervals are about 40 nm
while the pulse width is 2000 psec, equivalent to a range of 162 nm; hence, the same targets
appear in several consecutive range intervals. In this case, the antenna was pointed in a
westerly direction at an elevation angle of about 60° and data were recorded as the earth moved
the radar beam through the plane of the orbit. The horizontal lines show average power received
from different range intervals (or heights). Some 60 apparently discrete objects were observed
flying through the beam, which they traversed in 5 to 10 seconds. The height of the observations
varied from about 1000 nm (altitude of the X-band dipole cloud at this part of the orbit) to about
2000 nm (altitude of the launch vehicle). The Doppler settings, which also change with time,
were automatically set by the radar tracking electronics in accordance with precomputed in-
structions. No echoes were observed from the X-band dipole cloud region itself.
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Fig. 11-9. Millstone L-band observation of West Ford orbit, 3 November 1964.
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Detection by coherent integration of a distant artificial satellite was demonstrated with the
Millstone L-band radar on Syncom II at a range of about 20,000 nm. The orbital elements of
this satellite are so precisely known that very accurate pointing, Doppler, and acceleration
corrections can be maintained for a long time. The satellite is also well stabilized so that it
causes negligible phase dispersion of the echo. Thus the coherence interval extends over many
pulses. Results of a coherent integration operation on Syncom II are shown in Fig.II-10. The
digitized data were first recorded on magnetic tape and processed later in an IBM 7094 com-
puter. The signal was cycled through computer-synthesized digital filters of progressively
narrowing bandwidths until the point was reached at which further reduction produced little
improvement of the signal-to-noise ratio. This optimum bandwidth is of the order of 0.05Hz,
corresponding to a coherence interval of the order of 20 seconds. Running the radar at its
normal PRF of 15 pps would allow the coherent addition of 300 pulses to produce an improvement
in S/N of about 25db, enough to quadruple the maximum detection range of the radar. This
experiment further demonstrated short term frequerncy stability of the Millstone system on the

order of a few parts in 10“.

E. RADAR RANGE EXTENSION TECHNIQUES

Methods of statistical signal processing have long been used at Millstone and other stations
to receive weak signal returns buried in noise. These techniques have received little or no use
in the tracking of artificial earth satellites, not because of any inherent difference in the methods
used, but because of the different orders of magnitudes of the quantities involved.

The optimum method of pulling a weak radar signal out of the noise is to compare it by
means of cross-correlation techniques against a replica of what one would expect it to be, taking
advantage of all a priori information such as target range, range rate, acceleration, etc. For
planetary observations, these quantities have been available from a backlog of optical observa-
tions made over centuries. Using these data, compiled by the U. S. Naval Observatory and
others, an ephemeris is made up for the particular days, hours, and minutes to tell where to
point the antenna and which values of range and range rates to search as a function of time.

Even with the best available ephemerides, it has still been necessary to test the received signals
at a reasonable number of different ranges and range rates.

The problems in searching for artificial earth satellites are the same, except that orbits
may not be quite so well known, and angle and Doppler changes are faster. First an ephemeris™
is needed. This is normally based on previous optical or radar observation or even on nominal
launch parameters of the satellite. Space Track provides orbital elements of all the satellites
in its Icatalog and regularly upgrades the orbital elements of all those of interest as new ob-
servations are obtained.

In order to generate our own ephemerides at Millstone and to update orbital parameters as
soon as observations are made, the Laboratory has, as mentioned earlier, contracted with TRW
Systems to adapt to the needs of real-time operation a program called ESPOD. This is a com-
puter program that fits a set of current observations and past data to achieve a maximum likeli-
hood orbital fit. It is one of several programs used at Space Track and is the most accurate
available for high altitude satellites.

* We define this to be a table of predicted positions and velocities, in radar coordinates, as a function of time.
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The method most used in obtaining data on weak planetary targets is coherent integration,
which takes advantage of the large improvement in the signal-to-noise ratio obtainable from
summing in phase the signal from successive received radar pulses. The improvement in signal-
to-noise power is theoretically equal numerically to the number of pulses that can be added co-
herently, which is, in turn, dependent on the observation time available and the coherence in-
terval of the target return. Thus, in applying this technique to artificial satellite observations,
if one could coherently integrate 100 pulses* returned from a stable, nonscintillating target, a
signal-to-noise improvement of 20 db over that from a single pulse should result.

Unfortunately, many artificial satellites exhibit scintillating radar returns owing to their
shapes and motions, and the signal bandwidth resulting from this effect limits the coherence
interval of such targets. Incoherent integration is still of value in these cases, but here, since
the S/N improvement is related only to the square root of the number of pulses, a 100-pulse
integration would yield only a 10-db improvement.

An analysis was made of the problem of acquiring the Lincoln Experimental Satellite .

For this satellite at 12,000-nm range with assumed errors in injection velocities of 10 percent,
one might get uncertainties of 4 kHz in Doppler, 500 nm in range, and E:Hz2 in acceleration.

Coherent integration over 8 seconds in time requires

16 coarse frequencies at 250Hz spacing

X 64 fine frequencies 1/8 Hz
X 16 accelerations 0.4 Hz?2
X 4 ranges 150 nm

64,000 hypotheses

This corresponds to a data processing rate over two orders of magnitude higher than the current
rate used in planetary processing. A study was conducted this summer to determine the prac-
ticability of achieving these computation rates, using the higher-speed computer now available
at the site and certain techniques for Fourier analysis under development here and by others.6
Portions of the actual program were prepared and run to assist in predicting running times,
with the result that it now appears possible to solve the problem outlined above, essentially in
real time.

When interfacing of the SDS 9300 with the radar and the Millstone orbital programs are com-
plete, implementation of a real-time coherent integration range extension method will begin in
earnest. The goal will be a radar having a 10,000-mile tracking capability on a one-square-

meter target.

* At typical Millstone PRF this would represent nearly 7 seconds of data.

T The acquisition problem is the difficult part. Once the satellite is actually acquired and the correct range and Doppler are ascer-
tained, a relatively simple locked-oscillator system may be used for maintaining track.
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III. RADIO ASTRONOMY

A. INTRODUCTION

Radiometric observations with the Haystack* antenna began in December 1964. The first
objective of these observations was the evaluation and calibration of this new system. This
included radiometer calibration, measurement of the background antenna temperature, determi-
nation of the antenna efficiency, measurement of antenna patterns, calibration of the antenna
pointing, and evaluation of effects of the radome. By the end of March 1965, these initial meas-
urements were far enough along to begin some astronomical observations. Measurements to
improve the pointing and gain calibrations have continued, but the observing time devoted to
them has decreased, while that devoted to astronomical observations has increased.

Concurrent with the observing program at 8 and 15.5 GHz, equipment for spectral-line ob-
servations of H and OH and an additional radiometer at 5 GHz have been constructed.

During this time, three computer programs were being written: a program for automatic
measurements on discrete radio sources, a program for drawing contour maps of extended
radio sources, and a program for obtaining spectra from the digital autocorrelator, which is
an essential part of the spectral-line radiometer.

Massachusetts Institute of Technology and Harvard College Observatory have provided very
valuable assistance in programming, in the pointing calibration, and in construction of radio-
metric equipment for the Haystack system. This assistance comes as a result of arrangements
under which portions of our radio astronomy program are planned and carried out jointly with
scientists from these locations.

In the following sections, the Haystack radiometric equipment will be described, followed

by a summary of the antenna evaluation and a description of two of the computer programs.

B. HAYSTACK RADIOMETRIC EQUIPMENT

The Haystack radiometric system contains equipment for receiving the noiselike signals
emitted by the atmosphere, the moon, the sun, the planets, and many galactic and extragalactic
sources of radiation. A block diagram of the system is shown in Fig.III-1, The RF portion
of this equipment is housed in an 8 X 8 X 12-foot equipment box which can be installed on or re-
moved from the antenna in approximately one hour. The equipment box can also be used with a
standard-gain cornucopia horn antenna for testing and calibration purposes; this configuration
is pictured in Fig.III-2. A portion of the radiometric system which is housed in the Haystack
control room is shown in Fig. III-3.

The radiometric system has incorporated several concepts and devices which are new to

radio astronomy. The following is a list of areas where novel approaches have been taken:

*The Haystack Research Facility is described in Appendix B.
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Fig. I11-3. Radiomerric equipment racks, Haystack control room.

Wide-band tunnel-diode amplifiers have been used for the input amplifiers
in the 5-, 8-, and 15.5-GHz radiometers. Since radiometer sensitivity
is proportional to the system noise temperature divided by the square
root of the RF bandwidth, a tunnel-diode receiver with 1000° system
temperature and 1000-MHz bandwidth is equivalent for radiometric use

to a maser or paramp receiver with 100° system temperature and
10-MHz bandwidth (provided interference does not limit the usable band-
width). The reliability, stability, and absence of cryogenic equipment
makes the tunnel-diode approach very attractive.

The large plug-in antenna box concept at Haystack makes it possible
easily to maintain and change over front-end equipment. The flexibility
of the system with regard to change of operating frequency is unmatched
at H-line and above.

A precision square-law detector, synchronous detector, and integrator
system have been designed for use with high accuracy digital processing.
The synchronous detector and integrators are solid state and have a drift
which is 0.01 percent of maximum output. These devices are especially
designed for radio astronomy operation and should find use at other
installations.

A very flexible data coupling system has been incorporated. Any
combination of seven 30-bit digital data sources and sixteen analog data
sources may be fed into the computer, a paper-tape punch, or a printer
at a fast buffered rate. In addition, a batch of fifty pieces of analog
data representing monitor points in the system can be fed into any of
the above devices at a low unbuffered rate.

The U490 computer which is regularly used for Haystack antenna
pointing is used simultaneously for real-time processing of radiometric
data. The computer programs now in use are discussed in the following
section.

The spectral-line receivers utilize the accurate and versatile 1-bit
digital autocorrelation method of spectral analysis. A 100-channel,
10-MHz clock rate correlator has been incorporated in the system.

A 40-channel system of this sort was in use at Millstone when the OH-
line was discovered in 1963,
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Fig. Ill-4. Theoretical and experimental radiometer sensifivity.

Fig. I1l-5. Radiometer RF components control panel.
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The 8- and 15-GHz radiometers have been operational for about one year and have performed
quite satisfactorily. Curves indicating the measured and theoretical sensitivities of the radiom-
eters are given in Fig.IlI-4. (The measurements for this figure were taken by R.J. Allen of
M.I.T. Research Laboratory of Electronics.) The 5-GHz radiometer has been completed but
has not yet been used with the antenna.

The 5-, 8-, and 15-GHz radiometers have essentially the same block diagram, which is
shown in Fig. III-5. This diagram is engraved on the control panel shown in the photograph.

The round button's in each block are combination push buttons and indicators which are used for
control and monitoring of the element represented by the block.

In normal operation, the feed switch is in the "antenna" position, the comparison noise
source and calibration noise source are "off," the balance noise source is "on," the ferrite
switch is modulated at a 40-Hz rate, and the RF attenuator is in the "normal" (no attenuation)
position. The ferrite switch is then switching the receiver input between the comparison load
(a thermally insulated termination at 300°K) and the antenna with balance noise (~300°K) added.

A 40-Hz signal whose amplitude is proportional to antenna temperature is thus produced at the

detector output, where it is amplified, synchronously detected, and integrated over periods be
tween 0.3 and 30 seconds. .

The basic receiver is of the tuned radio-frequency (TRF) type, including a 4-stage tunnel-
diode amplifier followed by a single traveling-wave—iube amplifier. The TWT state is needed be-
cause the maximum linear output of present tunnel diode amplifiers is not quite enough to drive
properly the diode detectors. The characteristics of the amplifier chain are: 60-db gain, 1000-
MHz bandwidth, and system noise temperatures of 1000°K at 5 and 8 GHz, and 2500°K at 15 GHz.
The output of the amplifier chain is divided into two 500-MHz bandwidth bands (for interference
detection purposes) before detection. The detectors are operated at approximately —25-dbm
input power. At this power level, the detector noise is negligible and good square-law operation
is obtained; furthermore, the detector load resistor is chosen for best square-law operation.
The detector DC output of 6 mv is amplified to one volt before it is sent to synchronous detectors
and integrators in the control room.

The link between the radiometers and the data recording system is the synchronous detector-
integrator shown in Fig. III-6. This unit was designed for operation on radiometer signals which
are to be digitally processed. Most commercial synchronous detectors are designed for analog
recording or display purposes and have drift and noise which is of the order of 0.5 percent of
maximum output. The design goal of the Lincoln Laboratory unit is drift and noise levels which
are 0.01 percent of maximum output. This is a worthwhile goal because the post-integration
signal-to-noise ratio on strong sources observed with Haystack will approach 10,000 to 1 and
the A/D conversion equipment has an accuracy of 0.01 percent. In addition, such a wide dynamic
range synchronous detector makes scale changes unnecessary and simplifies observations.

The synchronous detector contains both an RC integrator for analog pen recorder display
and a true finite-time integrator for digital recording equipment. The true integrator is sampled
by a high-speed A/D converter at the conclusion of the integration period, which can be varied
between 0.3 and 30 seconds. The high-speed A/D converter can be used to sample many true
integrators. This is a more flexible and economical approach than the method commonly used

in radio astronomy of using an integrating A/D converter for each radiometer channel. The
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Fig. Ill-6. Radiometer system, synchronous detector panel.

synchronous detector contains a post-detection gain modulator which is an innovation to radiom-
etry. Like the more common pre-detection gain modulator, this feature greatly reduces the
effect on the radiometer data of gain drift in the radiometer amplifiers. Circuitry, however,
is more tractable. The synchronous detector is all solid state, utilizing approximately 75
transistors.

A block diagram of the radiometer data-handling system is shown in Fig. III-7; the data
control panel is shown in Fig. III-8. Data are collected in two types of scans: the data scan,

which is for the main radiometer data, and the auxiliary scan, which is for monitor data. In

the data scan, 16 sources of analog data are multiplexed into an A/D converter and the analog

voltages are converted into 17-bit digital numbers. In addition, seven sources of digital infor-
mation are scanned. The 23 words of data are collected in 23 msec and stored in a circulating
delay-line memory. Any combination of these 23 data words can then be fed into either a printer,
a paper-tape punch, or the Univac 490 computer as selected by the toggle switch banks on the
panel shown in Fig.III-8. A new data scan is initiated periodically at intervals between 0.1 and
100 seconds as selected with a switch. In normal operation, the analog information collected in
a data scan would consist of synchronous detector outputs and the digital information would con-
sist of such quantities as system status, sidereal time, and feed polarization.

The auxiliary scan consists of a stepping-switch scan of up to 50 sources of analog monitor
data. This information is converted in the same 17-bit A/D converter as the analog data scan
data (for clarity, two A/D converter blocks are shown on the block diagram). The batch of data
can be fed into either the printer, paper-tape punch, or computer. The auxiliary scan is slow
(a few seconds) and is not buffered. Each piece of data must be accepted by all the selected
output devices before the stepping switch can proceed to the next position. The auxiliary scan
can be initiated by manual push button or after every 1, 10, 100, or 1000 data scans.

A similar block diagram control panel for the spectral-line radiometer is shown in Fig. III-9.
This system has been completed and tested, and is in initial use for investigations of the galactic
OH- and H-lines. It will also be used in attempts to detect other spectral lines. A 1-bit
autocorrelation-function method of spectral analysis is used.* With this technique, bandwidths
of 4 and 1.2 MHz and 400, 120, and 40kHz can be analyzed with a resolution that is one-fortieth

of the total bandwidth.

*S. Weinreb. “‘A Spectro Analysis Technique and Its Application to Radio Astronomy,” Technical Report 412, Research Laboratory
of Electronics, M.L.T. (30 August 1963).
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Fig. 11-9. Spectral line radiometer control panel.

The OH-line (1667 MHz) front end for the spectral-line receiver utilizes an uncooled para-
metric amplifier which was constructed by Airborne Instruments Laboratory. The amplifier
has a noise temperature of 80°K which is achieved by using a high pump frequency (26.3 GHz). A
feedback loop has been designed to stabilize the gain of the amplifier. The quantity which is
stabilized by the loop can be switch-selected to be one of the following: (1) a sample of the pump
power going into the parametric amplifier; (2) the varactor bias current (which is a function of
bias current); or (3) a gated total power output from the radiometer. We will determine ex-

perimentally which stabilization method is best for actual operation.

C. HAYSTACK ANTENNA EVALUATION
1. Radiometer Calibration

Before the calibration and evaluation of the Haystack antenna began, the radiometers were
calibrated very carefully. The equivalent temperatures of the calibration noise sources at 8 and
15.5 GHz were determined by comparison with: (a) standard noise sources (Bendix) with cali-
bration traceable to the National Bureau of Standards, and (b) terminations immersed in liquid
nitrogen. The agreement between these two methods was within 4 percent or less on all channels,
and the mean values were adopted for the calibration-signal temperature.

All temperature measurements are referred to a waveguide reference plane about 6 feet
from the feed output flange. Losses between the reference plane and the feed output flange have
been measured, and our results are corrected for this loss. The antenna temperatures and

efficiencies are referred to signals measured at the feed output flange.

2. Background Antenna Temperatures

The background noise temperature of the antenna results from thermal radiation picked up
through antenna sidelobes, reflection of ground radiation by the radome, and resistive losses

in the radoéme and feed. The amount of thermal radiation picked up is a function of elevation
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angle. Determination of background noise vs elevation is of considerable importance in evaluating
the antenna performance, and this was measured for both the Haystack and the cornucopia an-
tennas. At 15GHz, two types of antenna feeds have been used to illuminate the Cassegrainian
secondary of the Haystack antenna: a small disk of the Clavin type, and a simple horn. These
two feeds give quite different antenna background temperatures. At 8 GHz, only the Clavin feed
has been used for this type of measurement.

Figure III-10 shows the results of these antenna background temperature measurements.
Temperature contributions due to waveguide losses, rotary-joint losses in the Clavin feeds, and
feed mismatch have been removed from the data represented in this figure. However, the con-
tribution due to the atmosphere is included. These measurements were made on an average
clear winter day. As long as the sky remained clear, the antenna temperature varied little from
day to day. For example, the 8.25-GHz zenith antenna temperature for the Haystack antenna
varied within #2°K on all the clear days during the calibration. During rain or snow, however,

the zenith antenna temperature increased appreciably.
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Fig. 111-10. Antenna temperatures for Haystack and cornucopia antennas.

3. Antenna Efficiency

Initial measurements of the antenna efficiency were based on measurements of Jupiter and
the radio sources Taurus A, Cygnus A, and Cassiopeia A at 8.25 and 15.75 GHz with the Clavin
feeds. These measurements are uncertain because the mean brightness temperature averaged
over the disk of Jupiter is not precisely known. Further, since the other sources are not small
compared with the antenna beamwidths, the measured antenna temperatures must be corrected
for source size. Two simple models are available for these corrections. These models assume
a Gaussian beam shape with either a Gaussian source-brightness distribution or a uniform disk
brightness distribution. If the source width 28 is comparable with the antenna beamwidth @4
the measured antenna temperature will be reduced by a factor ¢ from that which would be

measured with a point source of the same flux. The reduction factor is given by

a=olol (1)
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TABLE 1lI-1
MEASURED EFFICIENCY OF HAYSTACK CLAVIN FEEDS
(Listed in Order of Decreasing Certainty)
Measured Source
Measured Width Width
Magsurad T rature -] [
Efficiency e""‘;e m s Width Assumed
a (minutes (minutes Factor Flux
(percent) Source (deg) of arc) of arc) a S Remarks
8.25 GHz
. (disk) .
35.8 Jupiter 1.1 4.2 0.59 1.0 170°K Assumed brightness temperature
& A -26 2 (1411
33.0 Taurus A 41.6 3.5 0.58 580 Flux in units of 1074° watt m™ (Hz)
27.0 Cygnus A 19.5 1.6 X<0.3 0.93 207
34.5 Cas A 42.8 3.8%X4.2 0.55 600 a based on published ®
27.0 Cas A 42.8 5.0 0.70 600 a based on measured ®
15.75 GHz
. (disk) .
13.2 Jupiter 2.1 2.1 0.73 0.96 160°K Assumed brightness temperature
14.9 Taurus A 9.1 3.6 0.34 485 Flux in units of 10726 watt m™2 (Hz)"]
11.3 Cygnus A 3.2 1.6 X<0.3 0.79 96
20.0 Cas A 5.5 4.4 0.23 320 a value doubtful




Section Il

where @, is the apparent width of the source when measured with a beamwidth @ The published
values for the flux of the bright radio sources are probably accurate to +10 percent. The temper-
ature measurements are probably accurate to #3 percent or 0.1°K, whichever is greater. The
correction factor @ was calculated through Eq. (1) with measured values of @, and either meas-
ured values of ¢, or published values of qas.

Our results are summarized in Table III-1. The efficiency values are listed in order of
decreasing uncertainty, and the efficiency is referred to the output of the feed.

The most certain efficiency measurements were obtained with the planet Jupiter. The cor-
rection factor @ is very nearly unity. The temperature of the planet has been measured at
microwave frequencies and at infrared frequencies, and there is strong evidence that the value
is between 140° and 180°K from 8 GHz through the infrared.

In summary, these measurements indicate that the overall Haystack antenna efficiency (in-
cluding the radome) with the Clavin feeds at 8.25GHz is 32 + 6 percent and at 15.75GHz is
15 £ 5 percent.

Antenna temperature measurements on Cassiopeia A were subsequently made with a multi-
mode horn feed on the radar/communications box. These measurements give by comparison an
efficiency of 46 percent at 7.75GHz. A simple horn feed was then constructed for the radiometer
box, and comparative measurements with the horn and Clavin feeds at 15.75GHz were made onthe
radio source 3C273. These measurements showed a 2-db increase in the measured antenna tem-
perature of this source with the horn feed, thus indicating an efficiency of 23 percent at 15.75GHz.

It is possible to determine the efficiency more accurately by obtaining better flux values
with the radiometer box on the cornucopia antenna and combining these data with integrals of the
antenna temperature obtained from radiometric maps of the sources. These measurements are

currently under way.

4. Antenna Patterns

In order to measure the antenna patterns, test transmitters were located on Pack Monadnock
mountain, 25.9 miles from Haystack at azimuth 308.566. At this distance, the transmitter is not
quite in the far field of the antenna, but the subreflector can be moved remotely to permit defo-
cusing from infinity to the range of the transmitter.

The 7.75-GHz pattern transmitter operated on an antenna with 2° beamwidth and circular
polarization. The 15,.75-GHz antenna had a 13° beamwidth and vertical polarization. Both re-
ceiving feeds had vertical polarization.

Before measuring the antenna patterns, the focusing was checked by comparing the relative
on-axis gain of the antenna for various subreflector positions. The azimuth antenna patterns for
Haystack at 7.75 and 15.75 GHz are shown in Figs. II[-11(a-b). Both patterns appear approxi-

mately as expected with regard to beamwidth and sidelobe level.

5. DPointing and Tracking Errors

The requirements for pointing accuracy with the Haystack antenna are set by the width of

the antenna beam. At 8 GHz, the beamwidth between half-power points is 4.2 minutes of arc
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(or 70 millidegrees),* and a reasonable goal for pointing accuracy is #25 seconds of arc (or
+7mdeg). This accliracy is about one-tenth beamwidth and is sufficient to keep the gain reduction
caused by pointing error at a value less than 3 percent. In other words, the accuracy should be
sufficient to permit pointing at precisely known celestial coordinates for long integration periods
when the objects themselves are not immediately detectable.

In one test of Haystack pointing capability, the procedure outlined below was followed. The
antenna pointing system was given the command to track the source Cassiopeia A. The bias
control wheels for azimuth and elevation were adjusted to put the center of the beam on the cen-
ter of brightness of the source. Then the command was given for the antenna to scan slowly
back and forth across the center of the source. The scan was halted on the side of the source,
and the tracking was continued in this fashion while radiometer records were taken. Separate
records were made, first with the source off-side in azimuth, then in elevation. Figures III-12
(a-b) show graphically the sort of data obtained. The fluctuations apparent in these records
represent the more or less random wander of the servo system in azimuth and in elevation, re-
spectively, while the computer is directing the antenna at sidereal rates.

These tracking runs were of sufficient duration for antenna motion to make an appreciable
change in the pattern of the radome space frame in front of the dish. The data do not appear to
reflect any appreciable "squint" in the antenna beam due to radome effects. The mean level of
the signal is a sensitive indicator of the mean position of the beam relative to the source.

With this evidence that there are no appreciable small-scale variations in the beam position
due to the radome, the problem of pointing calibration essentially involves repeated measure-
ments on radio sources at many points in the sky.

The three brightest radio sources, Cassiopeia A, Cygnus A, and Taurus A, were used for
these calibrations. Cassiopeia A is circumpolar, covering the azimuth interval 315° through 0°
to 45°, and Taurus A covers the interval 70° to 290°, Cygnus A passes within 2° of the zenith and
covers the whole range of elevation angles. All these sources have angular sizes of the order
of 3 or 4 minutes of arc. Accurate positions of the centers of these sources have been measured

with the Cal Tech inter‘ferometer,Jr

consisting of two 90-foot steerable paraboloids. However,
the Cal Tech measurements were made at a frequency of 960 MHz, and there is no assurance
that the center of brightness, as found by Haystack, might not differ by as much as a minute of
arc. If these bright sources are to be used for pointing calibration, it is necessary to verify or
correct the source positions as well as determine the instrumental pointing corrections. It is
possible to accomplish both these tasks, if two conditions are satisfied: (1) the azimuth coordi-
nate must be precisely calibrated to an undetermined constant bias; and (2) the azimuth axis of
the instrument must be precisely vertical, or any deviation must be known precisely, so that it
can be taken into account. For the initial calibration of Haystack, we used azimuth calibration
data based on optically measured shaft positions. The accuracy of this calibration is estimated
to be about #2mdeg. The azimuth axis was aligned when the antenna was assembled, and the

axis is believed to be within 3 mdeg of vertical.

*Millidegrees (mdeg) is used here rather than milliradians or minutes and seconds of arc because the digital angle pickoffs of the
antenna utilize decimal fractions of a degree. (1 mdeg = 3.6 sec arc.)

1 R. B. Read, Astrophys. J. 138, 1 (1963); E. B. Fomaiont, T. A. Matthews, D. Morris, and J. D. Wyndham, Astron. J. 69, 772
(1964).
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Fig. I11-12. Scan and tracking run with elevation offset radio source (Cassiopeia A),
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The procedure for instrumental calibration and correction of apparent source position is to
plot azimuth error against elevation angle or azimuth angle. The pattern formed by these points
can be interpreted in terms of a combination of source position error and instrumental errors.
For a given source, the separation of these effects is not completely unique, but the requirement
for consistency in the instrumental error from source to source makes<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>