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I. INTRODUCTION

' The objective of this program is to study the most recently defined

parameters for a high data rate of communication system which can operate

: betvween an earth station and a vehicle in space over great distances. An
effort will be made to describe and delineate the characteristics of radiating
subsystems and their internal sub-divisions which can satisfy the requisite
performance criteria for an S-band system. Considerations will be given to

' the advance technology concerned with the ground based antenna, and where
pertinent, to the spacecraft antenna as well. An effort will be made to deter-
mine the feasible design approaches for the ground antennas and its component
parts. Appropriate design criteria will be investigated analytically, and where
possible a comparison will be made with empirically determined results in an
effort to define areas of research and development which need long term atten-

& tion. The data rates of long term interest are 106 to 107 bits /second for a

Mars mission and 104 to 106 bits/second for a Jupiter mission.

3. The ground-based antennas are discussed in this program as components

8 of a link designed to fulfill the specific function of providing uninterrrupted
T communication from a spacecraft to the earth at planetary distances, For
[ A obvious reasons, the most attention is given the down link aspects using a
carrier frequency of 2.3 GHz, since a frequency in this region has advantages

for an all-weather ground station and is presently in use in the NASA Deep
Space Instrumentation Facility. It is assumed also that future mission plans
will require information rates of the order of lO4 to 107 bits/second with a /\/
given probability of error, 1072 t0 107%. These parameters imply a specific
system performance in terms of bandwidth and signal -to-noise ratio. When
the characteristics of the available transmitter and receiver are evaluated or
assumed, the required performance characteristics of the overal'l radiating
system are determined either directly or by implication., The overall radiat-
ing system is taken to include the combination of the sbacecraft and the
ground or relay station antenna equipment. Thus, for this study, certain
gain and aperture requirements will be assumed nominal as parameters to
satisfy a variety of space missions.

There are two general areas of concern that must be investigated rela-
tive to the ground-based receiving system which of necessity must be large




compared to wavelength to achieve the desired performance characteristics.
The first involves questions about the received signal to noise level or the
gain that must be provided to handle it. Consideration must be given to
methods by which it may be enhanced,ar}d the limitations that may be en-
countered during the various phases of a mission., The second areas embraces
questions about the contributions made to the noise of the communications
link, the manner in which these are introduced, and methods by which they
may be minimized. These questions are, of course, interrelated,and the
limitations encountered are intensely practical and eccnomic, as well as
theoretical. For this study, emphasis will be given to the first area and when'
ﬂ | necessary, results of other investigations into the questions involved in the

second area will be used.

] The requirement of a minimum signal to noise level forces the sum of
) the gains of the space and ground antennas to be of some value that can be
specifically determined for a particular mission. It is important to be able
to allocate the antenna gains at each end of the link according to reasonable

i expectations concerning the practical designs and performance characteristics
that can be accomplished in the nextten to fifteen years. An optimum alloca-
tion of these gains is difficult although some progress has been rﬁade along
these lines. For this study nominal values shall be used as parameters in an
effort to establish quantitative relationships bétween pertinent dimensions
and techniques. It has been shown that at 2.3 GHz, dimension‘s on the order
of 600 to 1000 ft or more are probably realistic aperture sizes to consider for
the high data rates and low error probabilities listed above. Using the plans |
of the communication link characteristics for the 1971 Voyager Mission at 1AU }
as a basis for comparison, the sum of the gains on future missions can be
‘ | estimated to be about 110 db to achieve a data rate of 106 bits/second or a f
20 db increase over the gains specified in the Voyager link for which a

spacecraft transmitter of 50 watts has been postulated. If the spacecraft v
antenna is postulated to be capable of 30-40 db of gain using a transmitter

‘. with 50-100 watts of power, then the gfound based receiving system must be
studied for the following range of parameters:

Antenna Gain-- 60 to 80 db
Data Rate -- 104 to 10/ bits/second
Error Probability -- 10-2 to010”

Final results will be given for this entire range of parameters although
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nominal values will be used to illustrate and expedite the discussion of
various techniques during the intermediate phase of this program,

Because of the significance of the noise level in determining the
overall gain requirement, many studies have been directed to a consideration
of the noise that competes with the signal and is collected and introduced at
the ground ¢nd of the down link. The convention of treating the noise as
resulting from an equivalent antenna temperature has followed in this program.
Since the noise level is highest when the antenna beam is directed at or near
a noise source, attention is being paid to techniques whi:th can be used to
mitigate these deleterious effects in certain special mission circumstance.

The characteristics of high gain techniques, either electrical or
mechanical, form essential parts of tradeoffs in system accuracy, reliability,
and cost, Of course practical compromises must be made for certain aspects
of a particular mission. These compromises will depend on the techniques
available for directing or steering the receiving beam on the ground as compared
with those for controlling the vehicle attitude. Three types of steering mechan-
isms are possible for spacecraft antenna systems: mechanical (as for large
appendage antennas); electromechanical; and electronic or inertialess, Elec-
tronic techniques offer the greatest versatility with regard to communications
between a vehicle in space and earth. These are two generic types: those '
that require external controls to phase the elements properly and those that
are self-steering. The externally controlled systems, such as the conventional
phased array, need an external sensor (IR, RF, or ground station) to point the
beam, and a computer, a phasing network, and an attitude sensing device to
point the beam appropriately. In the self-steering system, however, attitude
information is presented to the antenna system by a pilot beam from a ground
station, and electronic circuitry senses the phase of incoming pilot signals
to position a beam in the direction of these pilot signals. Multiple beam
systems may be accommodated by the use of diplexers and multiple electronic
channels. Each of these spacecraft systems is being worked on by various
research and development groups through the country and abroad. Appropriate
results of these efforts will be used to achieve stated objectives of this program.
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II. PROGRAM DESCRIPTION

As has been discussed in earlier reports on this program, there are
basically two fundamental kinds of antenna systems that can be used in DSCS
application. The first is a large mechanically steerable paraboloidal reflector
or a number of smaller reflectors of this type which are connected and fed as
an array and mechanically steered as individual radiators. The second is a
phased array with stationary or fixed apertures composed of subapertures whose
relative phasing controls the direction of the antenna beam, Thus, this program
considers the various aspects and organizations of the following generic types
of large ground based antenna systems:

A. A SINGLE LARGE APERTURE -- mechanically steerable.

A system of this type will be discussed in this study only to
provide a basis for the comparison of performance characteristics

with the other systems listed below.

B. AN ARRAY OF LARGE DISHES ~- each of which is mechanically.

steerable,

The appropriate organization of a system of this type is consider-
ed herein,

C. A PHASED ARRAY OF SMALL CLOSELY SPACED ELEMENTS

ORGANIZED INTO SUBAPERTURES -- electronically steerable,
Most of the effort in this program will be concerned with the

various organizations, the feeding techniques, and the elements .

appropriate to this type of systen:.

D. A SELF-STEERING ARRAY =-- reridaly switched multiple beams

or adaptive systems.
Systems of this type can be used to kmitig’ate the effects of

high intensity noise sources and employed in conjunction with the

type III systems to accomplish optimum mission performance. The

feasibility of application of these techniques for a high data rate
communication system is being investigated during the course of

this program.

Consideration is being given to the capabilities and limitations of each of
the above types during the course of this study and a report made in the

above listed catagories.
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During this report period, the activities performed were a result of a
cooperative effort between the personnel of the Center for Research (CRES)
at The University of Kansas, and the Electro Science Laboratory (ESL) at
Ohio State University. Although some of the results described herein were
obtained in one institution and some in the other, this report and subsequent
reports will be written with the idea of integrating the results of various
research efforts and techniques . Results of this investigation will be describ-
ed in such a way as to implement the objectives of the program without regard
to the actual source of the material, whether it be obtained by the above
mentioned institutions or by reference to activites outside this specific
program, Tt will be the purpose of this report to glean as much pertinent
material as possible and to organize it into a form which permits a quantita-
tive comparison of the various possible antenna systems., Commencing with
this report, all the pertinent results obtained during the course of this study
will be presented as they are obtained and repeated or updated in subsequent
reports.

In an effort to expedite the activities of this program, it was decided
by the program manager at CRES and the technical monitor at ERC /NASA that
a slight reorganization of the duties and responsibilities of the various gioups
involved was necessary. As has already been indicated, the major portion of th
the work in this program is being done as a cooperative effort between CRES
and ESL. At the conclusion of the study phase,-a final report will be made
of the entire study and submitted to a group of expert consultants as described
in the original proposal and modified below. This group will serve as an
evaluation team andwill assistwith the interpretation of the various results
obtained during the course of the program, including the details of the over-
all system problems and the individual problems associated with the antenna
subsystems. The outcome of this study will be a series of recommendations
to ERC concerning the pacing technology which needs long term research and
development. Appropriate design approaches and performance criteria will
be suggested, primarily as they pertain to the ground based antenna sub-
systems and the subsystems on the space vehicle in an effort to optimize
the overall performance characteristics of the down link (toward the earth)
portion of the communication channel.

This program has been active for the past fifteen months and has un-
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covered a number of technical da2tails that need further consideration and more
: recent fundamental data, Data are now becoming available that concern the
; performance characteristics and production costs of low loss transmission
lines, radiating elements, and other subsystem components., Since these
relationships are the primary factors which govern the establishment of criteria
for a large scale antenna design, a proposal has bzen prepared and submitted
asking that this program be extended.until 15 September 1969, This extension
of time will permit the research workers to obtain and utilize the additional
and vital data, and to investigate some additional data processing techniques
which offer some promise for improving the overall system capability during the
period of high external noise levels, With the concurrence of the technical
monitor and his staff at ERC/NASA a revised statement of work has been for-
mulated as follows:

REVISED STATEMENT OF WOQORK

The Center for Research in Engineering Science at the University of

Kansas proposes to extend its present study program with Electronic Research
Center of NASA, This extension will continue and update four of the seven’

items listed in the original work statement to include considerations and esti-
mates of the component costs involved in various array configurations., In
addition, a fifth item is added which is pertinent to the processing techniques,
necessary to limit the external noise or interference in certain portions of

deep space missions, A sixth item is included to provide a quantitative method
for studying and optimizing the overall cost of the various types of ground

antennas which appear to be most promising for a high data rate system. This

program is to be accomplished as a cooperate effort between the personnel
-from Ohio State University and the University of Kamsas. The extended pro-
gram will include but not necessarily be limited to the following items as

1 revised, The underlined portions of these tasks are revisions of those listed

in the original proposal,

1. ‘A continuing effort will be devoted to an intensive review
and assessment of the research programs and techniques
studies in progress or recently completed which may have

influence on the objective of this program, This additional , |
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study is to assist ERC/NASA in assuring that no significant
matters or techniques on electronic beam shaping and steer-
ing have been slighted or overiooked,

2. A study will be made of various types and sizes of radiating
elements and their associated control circuitry in an effort
to evaluate their potential in a large ground based array with
a very large number of elements. This inv.e.s‘tig';ation will be

concerned primarily with low noise circuitry to provide the

phase and amplitude control of the elements of the array.
The circuit may includec mechanical or ferrite phase shifters

or the use of integrated semiconductor devices and hetero-

dyning techniques. Consideration will be given to the state-
of-the-art in techniques for phase controlling individual

elements and groups of elements. An assessment will be
made of their adequacy in providing control sufficient to
satisfy the requirements of the system.

3. A study will be made of methods for arranging, grouping,
exciting and interconnecting the requisite number of ele-
ments to provide the appropriate radiation characteristics

from array antennas. Particular consideration will be given

to the investigation of novel feeding and phasing techniques

which would either significantly reduce array costs or increase
their flexibility. '

4. _A study will be made of methods of achieving a capability

to handle several satellites at planetary distance. The study

also includes evaluation of the feasibility of providing rapidly

switched multiple beams for communication with near earth

orbital satellites.

5. A study will be made of the feasibility of switching from a

self steering or adaptive array where the pattern is deter- |
mined by the size of the subaperture to one where the steering

is accomplished by externally controlling the phase between

elements so that the pattern is determined by the entire radiat-

ing aperture. This switching is to be accomplished by an

H
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appropriate signal processing scheme which is actuated by the
externally generated noise or interference level. Such a scheme

will produce a system capable of more efficient performance in

the presence of high external noise and interference levels., For

example, mission problems presented by the occultation of the

sun and other high intensity noise sources will be minimized.

The capability of switching o such an externally scanned

accurat@y boresighted system must always be maintained,

The Electronic Reseach Center of NASA is currently developing

the capability for simulation of communication systems. It is

desired to expand this capability to include array antennas.

The objectives of this studyv will be to provide the following:

a) To identify and to describe by analytical means the

pertinent parameters which should be considered in .

the analysis of arrav antennas such as element type

and configuration gain, beam-scan angles, noise

temperatures, data rate and line loss. Also included

should be the associated computer parameters.

b) The inputs to the analysis will be in the form of discrete

point inputs. Data will be generated for array antennas

relating weight and costs to the pertinent parameters
which will have been established in a).
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III, ACTIVITIES DURING THE PERIOD

During this report period several research and development organi-
zations have been contacted in an effort to ascertain their latest findings on
various subjects.

| l. The first of these organizations is the Jet Propulsion Laboratory
at Pasadena, California. Here the manager of the group in charge of
developing an advanced antenna system (AAS), Mr. Gerald S, Levy,
was contacted in order to discuss the progress on the latest improve-
ments that are being made on the 210 ft. antenna which is used in the
DSIF stations. The information gathered indicated the latest. front

; enc design using a maser will yield a noise temperature of about 18 K.
This overall antenna system performance will bermit a data rate of

16 x 10°
was also pointed out that the staff at JPL is working on a revision of
NASA Technical Report #32-848 which is entitled, "Large Antenna
Apertures and Array for Deep Space Communications."”" An effort is

bits/second in the reception from approximately 1 A.U. It

being made to update the technical ‘and economic data used in this
report and to investigate the details involved in arraying four 210 ft.

dish antennas. _

2. A visit was made to the Texas Instrument Company in Richard-
son, Texas where Mr. Tom Hyltin, the manager of the microwave
activity, was contacted regarding the MERA program, Here studies
and éxperimentation have been conducted on an éxtremely compact

integrated circuit version of a complete RF radar module which is
both a transmitter and receiver. Drawings were obtained which
indicate that there has been some very satisfactory progress towards
the development of a module that can transmit and receive S-band
signals and where the entire unit encompaéses dimensionsof% inch
by 1 inch and 2 inches. Thus, the possibilities for the applications
of IC techniques for the individual circuit elements and their inter-
connections in a large array are increasing. A

3. Contact was made with the "'Bendix Communication Division in

Towson, Maryland with regard to the techniques and activities involved
in the development of AN/FPS 85 antenna system which operates in the

-
;
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V.H.F. range. Mr. William Rupp, Senior Engineer on this project,
visited with people at CRES and presented a movie showing the

general techniques and instrumentation used in the development of

this large phased array radar. The basic configuration involves
independent receiver and transmit arrays of 19,500 and 520 elements,
respectively. Of course, this system operates at 440 MHz and conse-
fquently is not in the same frequency range as the proposed antenna sys-
tem. However, many of the techniques and the problems associated
with large number of elements and their subsystems will be comparable
when the final S-band system configurations have been established.

A cost effect study of several of the receive'r techniques has become
available which indicates the order of magnitude of some of the costs
that are involved in the development of this rather unique UHF system.
Semiconductor devices and solid state chip costs for the various modules
have been estimated and some of the subsystem designs have been
costed to perfection. Another interesting feature about this FPS-85
system is that the use of heterodyne steering techniques have been
considered for this program. Thus, the cost effect study compares
heterodyning with digital steering for possible .a pplication on this
system. |

4., Contact has been made with the personhel at the Hughes Aircraft
Company in Culver City who are developing techniques for simulation
of communications systems under ERC/NASA sponsorship. Mr. L.S. ;
Stokes, one of the originators of the COPTRAN system, visited CRES /(
and explained the use of computer programs to implement the trade-off |
studies necessary to optimize the various parameters involved in
Space-Earth communications studies. It is one of the objectives of
this program to identify and describe by analYtical means the pertinent
parameters which should be considered in the analysis of array antennas.

Since the design and development of large aperture antennas is aiways
plagued by fundamental electrical limitations, it was decided to collect some
previously obtained results of analysis, calculations, and measurement and
publish them in a paper. A rough draft of a paper entitled "Some Fundamental
Limitations of Large Aperture Antennas" by L.L. Bailin (University of Kansas) |

and S.D. Hamren (Hughes Aircraft Company) has been written, and is being
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prepared for submission to the Transaction of IEEE Antennas and Propagation
for publication at an early date. Although there are many factors which limit
the performance of high gain antennas, it was the purpose of this paper to
consider, in ways that are both fundamental and pragmatic, some of the
effects which will influence the beam-width, the sidelobe level, the gain,
and the bandwidth of large aperture antenna. In most instances, what was
stated or derived applies to antennas in general although the effect of these
factors become more significant as the aperture size becomes larger compared
to the wavelength of the electromagnetic signal., Attention was focused ‘pri-
marily on array antennas which are becoming increasingly more popular as the
appropriate technique for achieving certain precise radiation characteristics.
Specifically, consideration was given to the effect of signal bandwidth (pulse
length), the effect of array distortion, the transient response, and the various
bandwidth characteristics of the pattern and antenna impedance. Although not
all the items discussed in the paper are of great importance to a communication |
antenna, $ome of them are of primary concern to the successful design of any

type of large aperture regardless of its ultimate application.
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IV, TECHNICAL SUMMARY

The requirement of a constant information rate of the order of 106
bits per second with a given probability of error implies a specific system
performance in terms of bandwidth and signal-to-noise ratio. ’n any communi-
cations link, the data rate system parameter, RD‘ can be given as the product
of the following three factors

2
PTGT (f) A Gr (f)

47R% T.®

RDa

where the constant of proportionality directly involves such factors as data
quality which is determined by the information coding method employed, and
inversely the various loss factors in the transmission link, The bracketed
terms list the design system and mission para'meters as follows: the first
bracket contains the transmitter parameters; thé second bracket contains the

. transmission media or free space loss characteristics; the third factor involves
the receiver parameters which are the primary ccticern in this study, Based on
Shannon's work, the limiting value of the data rate in terms of signal-to-noise
ratio and bandwidth is given bv the expression

RD < B log2 Q+ Ro/B)
"~ where
Ro = -§N— B = information rate parameter

The maximum data rate can be approached with negligible error by a proper
choice of coding technique.z"' 3, 4 A 'simple and fairly efficient technique,
for example,’ is coherent biphase coding, The characteristics of this code

in terms of signal-to noise and bandwidth~to-data-rate 1*atio's, and its relation

to the Shannon limit are shown in Figure IV-1,

)
+F
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, Figure IV-1 Efficiency of Biphase Coding

For small error probabilites, the figure indicated that the bandwidth required
must be comparable with the data rate (B/RD 1). Thus an increase in SNR
as measured by R o/RD is serving to reduce the error probability without |
appreciable effect on the bandwidth requirements., Tolerable error or pro-
babilities range from 10"5 to 10-2 depending on the type of data.5 Thus the
practical limit for the product of signal-to-noise and bandwidth, even with

a simple code, need not exceed the ideal limit by more than an orcier of magni-

tude to provide acceptable performance. The expression Ro-= (8/N)B =
Ro =10 RD will therefore be taken to represent a practical relationship between
signal and bandwidth and the limiting noise level, (The actual relationship:
for a specific system design will depend on the particular coding scheme
adopted as well as on error-rate requirements). Thus, |

L - 10%9- 10 = 10 db
correspond to the requisite error probabilities,

In view of the background material discussed above, it is possible
to make some general assessments of the gain and associated aperture size
required to provide nearly continuous communication between the ground and
the spacecraft of future mission., It can be anticipated that a gain of 60 to
80 db will be needed for the ground antenna. The diameters of circular
apertures corresponding to thesé‘gain values at 2,3 GHz are 200 and 2,000
feet, respectively, This is based on the supposition that the beam formed

4
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is always perpendicular to the aperture during the steering processes and
that an allowance is made for taper and other losses inherent to the antenna
.type. The 3-db beamwidths are on the order of 2.2 x 1072 and 2.2x 1074
radians, respectively, In this section consideration is given to problems
assocclated with satisfying the aperture and gain requirements with various
types of ground based antenna systems. Each of the candidate types is dis-
cussed on the basis of its suitability to long range communication systems
whether these antennas or their essential components have been developed, .
are in the experimental form, or are only in the conceptual or planning stages,
Thus, each system is presented in terms of its capabilities and limitations
even though some of the crucial component devices and techniques are still
being developed, In some cases, the expected ultimate performance must be
discussed in terms of a series of competing parameters whose final value is
as yet unavailable,

In deep space communication systems requiring high data rates it is
necessary to have a very large receiving antenna in order to achieve a SNR
which will yield the error rates described above, Ultima'tely, as the distance

or data rate increases, the required aperture may become too large to be
constructed as a single antenna element as described in subsection A, and

it is necessary to array several smaller apertures as described in subsection
B and C. The upper limit on the subaperture size may be imposed by such
factors as atmospherically induced wavefront distortion or unobtainable phase
tolerances. An additional advantage of subdividing the large aperture into
smaller subapertures is the possibility of arraying and processing them in a //
manner which will give improved performance over that of a single antenna.
For example, the weighting factors on the subapertures as elements of the
larger array might be adjusted to place a null or region of low sidelobes in
the direction of an interfering source, thus reducing the effective array
noise temperature. This process, however, requires sophisticated techni-
ques and will be discussed in subsection D, - '

.
£
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A. A SINGLE LARGE APERTURE

The steerable paraboloidal reflector has been shown to be
economically and technically practical for antenna aperture size on the
order of a few hundred feet., Such a size will satisfy the lower limit of
the above mentioned requirements and is exemplified by the characteristics
of the JPL 210-foot paraboloid as given in Table A-1, These characteristics
afford a convenient reference list for comparison, since they represent the
state-of-the-art at 2,3 GHz, However, for aperture sizes on the order of
thousand feet it does not require extensive analysis to show that a single
steerable paraboloid is not feasible in the next ten or even twenty years. A
parabolic dish of this size is relatively impractical, since it must be assumed
to have the same surface tolerance and illumination efficiency as the 210 ft,
JPL dish and to maintain the same noise temperature but greater pointing
accuracy. For a large single reflector spillover, backscattering and aperture
blocking contribute to the noise temperaturé of the antenna since the radiation
from the warm earth couples to the back lobes of the antenna pattern. The
effect, of course, varies as a function of scan angle which may be as much
as * 60°, The upper limit in aperture size for a large single steerable para-
boloid has probably already been reached and the change of this limit would
require the discovery of a new structural material that has a strength to
welght ratio several times that of stéel,

Paraboloidal antennas are being widely used for deep space communi-
cations. The Deep Space Instrumentation Facility is presently equipped at
five stations with 85 feet paraboloids having gains of 53 db at 2.5 GHz. A
system noise temperature of 55°K is provided at each station. A network of
three 210 foot paraboloids is under construction around the world, The first
of these antennas has been completed at Goldstone, California. The most
recent performance expectations of the 210 ft paraboloid indicate that a
noise temperature of 18°K can be achieved with a maser front end and some
improvements in the feed design. 8ince the costs of both the 85 ft. and the
210 ft. are now well established, they shall be used as the basic element in
Section IV F, where arrays of dishes are considered, In addition, as indica-
ted by Figure A-1, these structures were designed for optimum performance
in the S~-band range of frequencies.

-




Azimuth coverage, deg. 300 (from SE at Goldstone)

+
Clevation coverage, deg, 5 to 88 (tracking sidereal target)
4,5 to 90,5 (final limits)
Pointing accuracy, deg. 0.02 pointing
0.0l tracking
Maximum angular rate
azimuth, deg/sec 0.5 (wind < 30mph)
Maximum angular
elevation, deg/sec 0.5 (wind < 30mph)
Maximum acceleration
azimuth, deg/sec 0.2 (wind < 30mph)
Maximum acceleration '
elevation, deg/sec 0.2 (wind < 30mph)
Servo bandwidth adjustment,
hz, 0.0l to 0,2
Gain at 2300 MHz, db 61
Beamwidth at 2300 MHz, deg. 0,13 (2.2 x 10~° radians)
System temperature, * °x ' 18
Antenna temperature, °k =10
Reflector diameter, ft. 210
Reflector £/D ratio . 0.,4235

* Includes maser amplifier, receiver, transmission line, listening feed, /‘/
and the antenna pointing at a quiet sky. ,

Table A-1. Expected performance of 210-foot DSIF
altazimuth antenna, '
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It has been indicated by JPL (A-1) that apertures which are electrically
equivalent, but larger than the 200 ft. in diameter class of paraboloid, are
very expensive and are probably not ecoriomically warranted for the next ten
to fifteen years. Some consideration 1s' belng given to a 400 ft, dish for
radio astronomy application by the CAMRAC group. Thus, for total apertures
less than the aperture of an antenna roughly 250 ft, in diameter, a single
paraboloid should be usad, For total apertures in excess of this size by an
appreciable amount, it will be best realized by arrays paraboloids of optimum
size, Several other approaches such as the fixed spherical-reflector approach
and multiplate antenna appear to offer a large aperture at low cost. In spite of
this apparently attractive feature, they have their respective shortcomings.
(A-2, 3, and 4, 5). When used in deep space communications applications,
there appears to be little or no economic gain over steerable paraboloids,
However, these special forms of optical antennas merit further study in this
program,

The requirement of narrow beamwidths, low sidelobe levels and
broadband operation for the generation of a pencil-shaped antenna beam has
well been achieved by the system of a point source feed and paraboloidal
reflector, However, the beam axis coincides with the geometric axis of the
paraboloidal surface so that in order to scan the beam, it becomes necessary
to move the whole reflector mechanically. A spherical reflector employed
in a microwave antenna leads to a system whose beam can be steered with-
out moving the reflector (A-6). The beam axis coincides with the radius of
the sphere upon which the feed happens to lie. Scanning is achieved by a
single rotation of the feed aizout the center of the sphere, Due to the
spherical aberration, howevwer, a point source feed cannot be used unless
the primary illumination of the reflector is confined to a relatively small
zone of the spherical surface (A-2). Aperture efficiency is then smwall and
total reflector size becomes enormous relative to an equivalent paraboloid.
Several proposals exist, however, for correcting the annoying phenomena of
spherical aberration. One approach utilizes a secondary reflector to refocus
the aberrant rays to a true point focus (A-7). Another method, analogous to
fhose in present optical use, requires correcting lenses of the Mangan or
Maksutov Type. The third approach makes use of the fact that a épherical

mirror possesses a line focus. By using a line source, rather than a point
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source feed, spherical aberration can be eliminated and primary
illuminatior need not be confinvd to the paraxial region of the

sphere (A-8,9). The gains of the 10-foot spherical reflectors
illuminated either by the square-aperture horn at frequency of 11,2 GHz
(A-2) or a combined line source (A-9) are in the magnitude of 39 db.
This is equivalent to the gain of a uniformly illuminated circular
aperture of 31-inch diameter, or a typical paraboloid of 40-inch
diameter, The total useful angle of scan of the former 10-foot
spherical reflector antenna is about * 70° with approximately 11/2 db,
loss of gain at 70° from the zenith. A 1000-foot spherical dish was
completed in 1962 in Arecibo, Puerto Rico, for radio astronomy
applications. The specific designed line source feed corrects for the
optical aberrations of the sphere and permits off-axis scanning to

20° with less than 3 db, loss of gain (A-3). It seems that by use of
a fixed spherical reflector to achieve narrow beam of large aperture
antenna, high aperture efficiency and wide-angle scan designs are
mutually exclusive.

A multiplate reflector system is another distinct approach to
steer antenna beams without moving a huge reflector. A multiplate
antenna consists of a large number of independently adjusfable reflecting
plates with optimum sizes, which could be used with a fixed feed to
form a steerable beam. For a feed located above the plates which are
distributed over an area, energy radiated from the feed impinges upon

the identical plates which are individually tilted and tipped to redirect
the energy in the desired direction. However, the gaps between plates,
the diffraction around plate edges and the double reflection due to the
openings of the gaps are the kind of problems which the antenna system
with a continuous reflector surface does not encounter. The multiplate
antenna tested by Air Force Cambridge Research Lab. suffers from low
efficiency and coverage problems, compounded by high antenna noise

temperature (A-4,5).
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B. AN ARRAY OF LARGE DISH ANTENNAS

1) Introduction
As has been mentioned before, an array of independently mechanical~

ly steerable paraboloids with proper size and separation may be one of several
workable approaches capable of achieving the high gain requirement for the
DSCS. To provide the requisite scanning angle of _tGOo without' interference
between adjazent paraboloids, the spacing between reflectors must be kept
at a reasonable distance which is larger than the diameter of the paraboloids.
Thus, a minimum separation distance must be determined which utilizes a
given aperture size most efficiently. As the separation is increased, the
formation of gréting lobes in a large array of parabolic reflectors constitutes
a serious difficulty for which no generally satisfactory solution has yet been
developed, The problem can be visualized if the array pattern is considered
as the product of an element pattern and an array factor. The element pattern
consists of the radiation pattern produced by a parabolic reflector, while the
array factor is the pattern of an array of isotropic radiators which is a two-
dimensional grating lobe pattern. The array factor can be steered electron-
ically by shifting the phase between elements while the element pattern is
directed by the mechanical movemenf of the individual dishes. In the ideal
case, the element pattern and a single lobe of the array factor will both
point in the desired direction. Mulitiple beams appear, however, when more
than one grating lobe falls within the main beam of the element factor; this
condition occurs when the array spacing is substantially greater than the
diameter of the subapertures.

It can be easily shown that the spacing of the grating lobes from the
main beam can be increased by a decrease in the separation of the parabolic
reflector antenna elements. However, if this spacing is decreased, the
diameter of the reflectors must also be decreased so that the effective scan
range can be maintained, while at the same time more array elements must
be added to meet the gain requirement. The end result will e a broader
element pattern which in turn will ensure that the grating lobes will have
essentially the same amplitude relative to the main beam. The beamwidth of
both the main beam and the grating lobes will, for all practical purposes,

remain the same as long as the overall array dimensions remain unaltered.
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The fine grain structure around the various lobes will change, however,

as more elements are added. Similarly, if the spacing between the elements
is increased, and the diameter of the reflectors is 1ncreaéed correspondingly,
the grating lobes will be moved in closer to the principal beam. Once again
the relative amplitude and beamwidth of all the grating lobes should remain
essentially constant.

There are some esoteric techniques available to suppress the size of
the grating lobes., A possibility exists that t'he grating lobes adjacent to the
principal beam may be reduced in amplitiide by the use of random spacing
among the array elements. However, it is anticipated that the selection of
such a design will prove to be an extremely difficult problem. Another
means of suppressing the grating lobes might involve the use of an auxiliary
array that could be steered and phased to cancel out any given lobe., A
major difficulty that might be anticipated from such a scheme would be the
obtaining of sufficient gain from the auxiliary array.

The juxtaposition of spacing and reflector size discussed above is
predicated on little or no interaction between the elements as a function of
scan angle. When this interaction effect is taken into account an entirely
different solution may be obtained for the competing parameters. Thus, it
shall be the purpose of this section to study the problems associated with
being able to analytically determine a spacing and antenna size which is
optimum betweer. the interference effects at minimum separation, and the
grating lobe effects at a maximum distance commensurate with high aperture
efficiency. Since the theory and manipulation of the array factor and element
pattern is available elsewhere, the effort herein shall be concerned with
methods and techniques for analyzing the interaction effects between large
parabolic reflectors in a relatively closely spaced array.

2) Theoretical Consideration of the Interaction between Neighboring
Paraboloid Antennas ‘

a) Introduction - It has been learned that some mutual coupling measure-

ments on neighboring paraboloid antennas has been done by Andrews (B-1)
for Collins Radio Co. and a similar measurement also has been done recently

by Reiche (B-2) at the Hughes Aircraft Co. It seems, however, that there is
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no literature concerning theoretical analysis available. Therefore, it is
desirable to develop the analytical form which governs the fields of a para-
boleid antenna as a function of scan angle in the presence of neighboring
array elements of an identical kind.

The far field transmitting and receiving patterns of the neighboring
paraboloidal anterinas with their vertices far apait will be the vector sum of
individual contributions at the field point and the vector sum of the receiving
fields at individual feeds respectively. In fact, the transmitting and receiving
patterns of the paraboloidal antennas system in Fraunhofer region arc the same
in this case., As the positions of the vertices of the paraboloidal antennas
get near enough, the interaction between them can no longer be negligible.
The interaction between the paraboloidal antennas for which the system being
used for transmitting function and that for which the system being use for
receiving function will constitute different problems which merit separate in-
vestigations, In this report, however, the following paragraphs are devoted
to the interaction between the paraboloidal antennas for transmitting function.
The case for receiving function will be included in a future report.

For transmitting function, the interaction may be approximately
solved by considering the second paraboloid as a disklike obstacle in the
near field of the first parabole{d. The surface current distribution or the
disk due to the first paraboloid can be calculated; this current distribution
on the disk then sets up a secondary surface current distribution on the
surface of the first paraboloid. This secondary current distribution then
becomes a modification factor on the primary current distribution due to the
feed of the first paraboloid and thus modifies its far -field pattern.

The surface current density ¥ on the disk due to the primary current
distribution of the first paraboloid and the secondary current density .Izlon the
first paraboloid due to the current density K on the disk have been formulated
in paragraph (b) and paragraph (c) respectively. In paragraph (d), the
electric field E‘S‘ due to the secondary current dinsity X’ on the first para-
boloid has been found., Also, the electric field EPg due .EO the primary current
distribution of the first paraboloid and the electric field Ep& due to the primary
current distribution of the second paraboloid have been found in paragraph (e).

The total electric field EP in the far-zone region of these neighboring parab-
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oloidal antennas is the vector sum of EP: , f‘.";‘ , and EP:. .

b) The Surface Current Distribution on the Disk  The coordinate of the

current distribution on the disk is P’( U,®, ) in the spherical coordinate
f with the origin at the focus, Fl , of the first paraboloid and also is P'( R’,B:f#')
in the fixed spherical coordinate with the origin at point O. The source point
Q on the surface of the first paraboloid is Q (f,%,¥) with the origin at the
focus Fl; the axes of the paraboloids are in ( 6, 4’, ) direction as shown in
Fig. 1l and Fig, 2,

Considering the case where the disk being in the far-zone region

of the first paraboloid, the electric field at point P’ on the disk is

F——

o ~Yhu ¥ ),%,
By =-d £ [8(—,%)"%]
y -1RQLI—dude]
» ) ] ™ -5
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permitivity of the medium
permeability of the medium

The total power transmitted by the feeds of the
paraboloids

The directivity of the feeds of the paraboloids

The unit normal vector to the surface of the para-—
bOlOidS which is nx ax -+ 0\1 ] + "'z q%

The polarization of the reflected wave from the
paraboloids, which is Ty + ,q,) q7 + &2 q}_

The propagation direction of the ref.lected wave,
for present case,

S""" ai' — gtwe'cosq'" C\x + gwe 31V\¢‘ + (-bse‘ Gl

The element of the surface of the paratioloids,

which is P MY»Scci‘ dy,di

The focal length of the paraboloids




To the first approximation, the electric field at F’, on the disk becomes
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Then, the surface distributed current density K on the conducting disk is
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Finally, the surface current density K on the conducting disk becomes
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c) The Secondary Surface Current Distribution on the First Paraboloid The
surface distributed current density K at point P’ on the counducting disk
will again set up a secondary current density K’ on the surface of the first

paraboloid. This secondary surface current density will become a modification
factor to the far-field pattern of these neighboring paraboloid antennas system.

The magnetic field at Q& on the first paraboloid due to the current
density K at P’ on the disk is

— B A _ _ -

HQ’= Qf;n [L)& Gy L\’ a" +L2-02]
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Thus, the secondary current density T(" on the first paraboloid due to the
current density K on the conducting disk becomes
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d) The Electric Field in Fraunhofer Region due to the Secondary Surface
Current Distribution The electric field at observation point P(R,G, $)

in the far-field zone due to the secondary current density K’ on the surface
of the first paraboloid is
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where
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Notice that the equation for E(;‘ involves three surface integrals.,
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e) The Electric Field of Neighboring Paraboloid Antennas in Fraunhofer
Region The electric field at observation point P due to the primary current
density of the first paraboloid is

\ 'ﬁK
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The electric field, for the first approximation, at observation point P
due to the primary current distribution of the second paraboloid is :
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The parameters for calculating the electric field at P(R,6,$) due to the
contribution of second paraboloid as shown in Fig, 3. The separation between
vertices of the paraboloids is L,

The total electric field at observation point P, EF! is the vector
sum of the following components which are found in the previous paragraphs:
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-E-"ﬂ The electric field at P due to the primary current distribut;. -

of the first paraboloid,

'E"[; The electric field at P due to the secondary current distribution
: of the first paraboloid,

E The electric field at P due to the primary current distribution of

P2
' the second paraboloid.
Thus,

Ep = Ep*+ gt By,

o Gk + & (Ep)j v & (),

where CE.IP)" p (gf’);‘ and (EF)E are defined in the following pages.
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f) Future Work  As to the present, no numerical result has been obtained
from this formulation; it is helpful to perform the numerical calculation with

the aid of computer in order to check the data obtained by Reiche and Andrews,
Furthermore, in the course of investigation, the edge effect, the spillover
phenomena, the diffraction effect and the feed-to-feed coupling, which will
add more complexity to the analysis, have not yet been considered. Itis
important to look further into these complicated factors in order to gain more
accurate result to the analysis.
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C. A PHASED ARRAY OF SMALL CLOSELY SPACED ELEMENTS ORGANIZED
INTO SUBAPERTURES
1) Introduction
Although the present state-of-the-art in extremely large phased
arrays, especially at S-band, is behind that for large dishes, there is no
fundamental reason that limits the size of an array except the questions of

signal to noise ratio, availability of low loss transmission line, and the basic
cost of the individual components. At present these questions concerned with
the fundamentals of organization versus economics is one of the problems to
which this program has been addressed during its entirety. There will be more
discussion of this point at a later date after some of the results obtained in
the section can be analyzed and compared with the corresponding results
from the other types of antenna systems. These problems coupled with the
practical problems of distribution and feeding techniques, element type, and

. scanning techniques require some special consideration when the arr.y is
divided into an appropriate number of subapertures. It is the purpos’ o' ‘his
report to delineate some of the studies and to present the information *hat has
been uncovered in the area of phase array technology which must be advan.ed
to make suchan array feasible for the DSCS program. An additional purpose is
to relate the problems areas of various phased array techniques and to establish
avenues for the solution in each of the problem areas to have the highest
probability of success.

An important consideration in the design of such a large array is how
the system should be organized; i.e., how the individual elements should be
combined, phase shifted and detected to obtain the required specifications at
the minimum cost. In order to quantitatively study this problem and obtain
some numerical results, a dense array of dipoles over a ground plane was
chosen as a receiving antenna model; this choice of a model was made partly
because it could be amalyzed rather easily and partly because it represents
a practical high gain element which could be eco‘no'mically mass produced by
depositing or photoetching techniques. All the calculations reported here were
made for uniform distribution broadside condition (equal amplitude and
constant phase) and linear _polarization., Phase shifters were included in
the models, however, so that the results could validly be extended to the
beam steering mode of operation and used for problems in adaptive systems.
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It was assumed that for large arrays or subarrays with fixed inter-
element spacing the effective collecting aperture is proportional to the
number of elements and,. in fact, is equal to the physical array size., This
assumption is verified in Appendix I. Thus an interelement spacing was
fixed at M2 (center to center) in both directions and elevated N/4 over
a ground plane; this choice was made because it represents a model common=-
ly used in practice, and beceuse it avoids any spurious or grating lobes,

In order to make some quantitative evaluation of the merits of the
different organization schemes some numerical values were established for
the communication link., These are

Frequency 2.3 GHz

Transmitted power * 850 watts

Transmitter antenna gain (30' 44 dB

parabolic dish with 55% aper. eff,)

Data rate 106 bits/sec

Maximum bit error probability 1 Q's .

Modulation Biphase modulation 70°

During this six~month period, an economic analysis was; developed
for the array of dipoles, A computer program was written that calculates the
required system cost as a function componen: characteristics cost using the
component cost subarray size parameters. Several choices and vaiues for
each component can be analyzed simultaneously; the program determines how
to construct the array with the minimum total cost and also tabulates the ‘
cost and size of the remaining possible system configurations. Of course,
the resuits are highly dependent upon component characteristics and costs "
which require frequent review and update, However, the technique for this
economic analysis can be easily applied at any time to new date points
since the computer program is listed in its entirety in Appendix A-II,

2) Theoretical SNR Considerations

a) Received Signal Power - The total signal power received at the output of

an antenna system is given by the one-way transmission equation:




48

s = JrPro 2.
R L 4 7R R
where .
SR = signal power received GT = transmitter antenna gain
GR = receilver antenna gain PT = transmitter power
N = signal wavelength R = transmission pa*thlength
L. = transmission losses (greater than unity)

The factor (—4-;‘]—2“2 is commonly called the free space loss and has a value
of -264 dB at 2.3 GHz for 1 Au, The signal losses, L, included in the
transmission equation comprise small losses due to inefficiencies of trang-
mitting and receiving antennas, feeds, etc., and transmission losses due to
the fundamental propagation characteristics of the earth's atmosphere. The
signal losses due to atmospheric attenuation, as well as those due to plasma
effects during atmospheric entry and exit by high velocity vehicle are dis-
cussed elsewhere, The effective gains, GT and GR' of transmitter and
receiver antennas, respectively, may be limited by atmospheric propagation
effects as well as by practical limitations on achievable fabrization toler~
ances, Wavefront distortions due to atmospheric inhomogeneities across
the aperture will have an effect similar to that causec} by deviations in the
antenna surface. The problem of illumination errors across large apertures
is discussed by Bailin and Hamren. (C~1)

The division of power between the carrier and the spectrum which
carries useful information depends on the particular type of modulation used,
For example, the biphase modulation scheme considered here yields about
10% residual carrier when the modulation swiﬁg is _4;700; this represents a
loss in useful signal power of only 0.5 dB. The residual carrier is used by
the phase lock system to coherently combine the subarrays to produce a
single array output. There are techniques available in which' no carrier is
required, for example the squaring loop; (C-2) but since an improvement in §NR
would be 0.5 db maximum, it was felt that the more commonly used techni-
que of locking to a carrier could be used without significantly effecting the
result,

b) Received Noise Power - The signal power required at the receiver, how-

ever, is determined by the required data accuracy and by the total noise
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present, due both to extarnal sources and to the receiver itself, Almost all
of the noise power is contributed by three general sources; antenna noise,
noise produced by lossy components, and excess noise generated in the
receiver mostly by the first amplifier. Thus noise presents a fundamental
limitation on system performance and can be accounted for in terms of the
ideal noise limit (C-3)

Np = hf [1 + ( ehf/kt -1)'1] B.

where
h = Planck's congtant
f =c/\ = signal frequency
k = Boltzmann's constant
T = effective absolute temperature of the receiver
B = receiver bandwidth.

In the microwave region where kT »>>hf, this expression'converges to the
familiar quantity kTB. For non-ideal 'systems detection efficiency and the
additional noise contribution due both to external and internal noise sources
can be included by taking T as the equivalent system noise input tempera=-
ture of the receiver. This temperature is the sum of various contributions
as discussed below.

bl) Antenna Temperature - The antenna noise temperature in the
direction e, is given by (C-4)

27 ¢
So So T, (0)£,(0", ¢')sin ©'dE'd¢"

Mo

Tant (eo) =

e

:

1

2 SZWSW
K ' ' ] '
ifl o Yo f(0".¢')sin6'de"dg

where fl (©',¢') is the normalized antenna power pattern measured with the
design polarization and T1 (©) is the temperature of radiation impinging
on the antenna with that polarization: fz (©', ¢' ) is the antenna pattern
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for polarization orthogonal to the design polarization and T2 (8) is the
incident radiation of the corresponding polarization. For a well designed
aatenna the cross polarized component contributes only a degree or two.
This equation assumes that the pattern does not change significantly over
the frequency band of interest; if this assumption is not valid the integra-
tion must be carried out over the frequency domain as well as the spatial
domain, For an array of elements the above expression is still valid and
the appropriate power pattern to be integrated is the product of the element
pattern and the subarray factor.

It is interesting to note that the effective array temperature is quite
insensitive to array size when the array is looking in the zenith direction
with no interference from the sun, This is due to the slowly varying form of
the radiometric sky absorption temperature distribution. An expression for
this distribution which has been shown to agree quite well with measure~
ments is given by (C-5) |

— sec 0
Tsky(o) = (1 - to )Tm

where
0)

t, is the fractional transmission of atmosphere at zenith (8

Tm is the mean absorption temperature

At S-band the normal zenith temperature is about 3°K; at 60° from zenith it
has increased to only 6°K. Thus, the component of antenna temperature
due to this type of noise for a large array is not much different than from a
single dipole element. This excludes the contribution from other sources
such as the sun,

bZ) Noise Produced by Lossy Components - The total output noise

contribution from any matched network of reciprocal lossy elements is given
by (C-6)

reff it

N
T =z TP
oi=1
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where
number of elements in the network
Ti = temperature in the i-th element

2
i

o
1l

i fraction of power received by the i-th element when unit
pov/er is sent back in the system from the output terminals

N [ _
= Pi-l
1=1

Thus the effective output temperature is the sum of the contributions from
each of the elements weighted by the amount of power absorbed when unit
power is delivered to the network. For a single lossy element this reduces
to the well known expression

Tout = aTin

+ (l-a)'ro

where (1 - a) is the fraction of power absorbed by the element at To and
Tir;- is the effective input temperature to the element. The loss factors
for several types of transmission lines and their effects on performance are

discussed in the subsection on distribution networks.

b3) Excess Noise Produced by Amplifiers - The excess noise produced

by several commonly used amplifiers is shown in Table C-~1 (see Reference

C-7). : .‘
TABLE C-1 -
Ampl. type . Physical temp.C Noise temp. Te //
TWT ' - 290°K 400°K
TDA 290° 380°
Transistor . 290° 625°
Paramp 290° 80°
" Paramp 20° 20°

Maser 5° | 10-15°
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The amplifier's noise figure F is related to its excess noise temper-
ature T e by

T, = (F - 1)T, where T = 290%K
c) Relationship Between SNR and Bit Error Probability - One of the

most important considerations for evaluating a communication link is the bit

error probability, For a given modulation and detection scheme this para~-

meter can be related to the SNR, which is a more convenient parameter to

work with, Figure C-1 shows this relationship for several coherent and non-

coherent binary systems. (C-8), It can be seen that for large SNR bit error the

probability decreases quite rapidly. For a system utilizing binary phase

shift keying (PSK), a SNR of 10 dB is adequate to assure an error probability

of approximately 10"5 . This SNR is sufficient for both coherent and differ-

entially coherent PSK, but not for either of the frequency shift keying (PSK)

systems, Therefore, a nominal value of SNR = 10 dB was chosen for the

analysis and comparison of the systems examined beiow,
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3) Predection ve, Postdetection Combining

There are two basic ways in which the detection process can be per-
formed, The flrst, as shown in FPig. C-2, consists of summing the properly
adjustéd IF ouputs from each subarray and then detecting the regultant to
ohtain a series of ones and zeros at the modulation rate. The second scheme, |
as shown in Fig, C-3, consists of detecting the output of each subarray at
the IF leval and then using a majority count to make the final decizion as to'
whether a one or a zero occurred, The flrst, the coherent addition scheme,
will obviously be more efficient than the second, but the latter system has
several advantages which merit closer consideration; for example, the time
dielay can be a digital device such as a shift register., The summation.-ls also
dene digitally at the base band frequency rate, rather than at IF,
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Fig, C-3 Postdetection combining diagram, .

An analysis has been done on these two schemes (C-5) which showed
that for the limiting case where the SNR of each subarray is very small, but
the SNR of the combined subarrays is large, the postdetection summing requires
a total SNR 7/2 (2dB) greater than the predetection combining in order to pro-
duce the same bit error probability, Since this establishes the relationship
between the two processes the remainder of this report will be concerned with
coherent predetection combining system,

4) Array-Subarray Organization

The subarray model consists of dipole elements which are phase shifted
and combined to form a single output at the RF frequency. Due to the relatively
large beamwidth of a single subarray, it is expected that the proper phase
adjustment can be performed with a special purpose computer using a priori
knowledge of the source location,
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The number of elements required to achleve the specified 10 dB SNR will,
in general, be a function of the phase shifter loss and temperature, feed line
losses, amplifier noise temperature, and subarray size.

a) Maximum Subarray Size If phase control is used for combining, rather than
time delay col nensation, the total time delay agross the subarray must be less

than the modulation period in order that each element simultarsousiy receives
the same information bit. For an information rate of 106 bits per second this
time delay must be much less than 1y sec, which limits the maximum subarray
size to about 30 meters (ly sec has spatial length of 300 meters) if the system
is required to operate at low elevation angles. This does not represent a
stringent limitation; for the antenna model considered here a subarray of this
size would contain about 200,000 elements,

b) Minimum Subarray Size  For any adaptive sche.ie ach subarray must pro-
duce a SNR which is sufficient to lock on the signal during the acquisition mode
and maintain lock during the information transfer mode. For a typical phase lock
system using coherent addition the following equations can be used to obtain

a comparison between different organizational parameters:

SNRyop= N SNRg, =10
CNR... = K SNR I
PLL 'sA " Bpi;

where

SNRTOT = total numeric signal-to-noise power ratio
taken to be 10 in order to produce a bit
error probability of 10-5 .

N = number of subarrays

CNRPLL = carrier to noise ratio in the phase lock loop
of each subarray receiver ,

K = fraction of power transmitted at the carrier
frequency

Brr = bandwidth of the IF, taken to be 0.5 x 10° Hz

to receive 106 bits/sec using matched integrate
and dump detection
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BPL'L = bandwidth of phase lock loop, taken to be 10 Hz,

During the acquisition time all the power can be transmitted at the carrier
frequency ( K = 1) so that

= B _ 6
PLL

From experience (9),(10) it has been shown that about 6~7 dB CNRpyy, is re-
quired for acquisition; using this criteria and the above constants yields the
minimum SNRSA = =40 dB to obtain lock. However, during normal operation

of this subarray, when most of the power is contained in the modulation compo-
nents, the GNRPLL would drop to -3 dB which is not sufficient to maintain
phase lock. Hence the actual minimum SNRSA is not set by the acquisition
requirement but rather by having to maintain lock during the signaling. Re-
quiring a 3 dB SNRSA during nonital operation constrains the minimum SNRSA

to be -34 dB,

c) Feeding Techniques Two types of feed systems were considered; the com~

monly used modified series-series shown in Fig. C-4 and the equal length
corporate feed shown in Fig. C-5. The effective noise temperature and SNR at
the subarray output are now calculated fqr both feeding systems.

Series-series model - Consider an arbitrary unit of power glélivered to

this subarray (Fig.C-4). The fraction of power delivered to the phase shifters
is ' '
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Pig, ©~4 Series-series feed system,

where

N2 = number of elements in the subarray
a@ = transmission coefficient for a M2
section of the feed line,

Hence the fraction of power absorbed by the feed system is1 ~I', The
fraction absorbed by the phase shifters is (I -« é ) T', where ¢ p is the
transmission coefficient of the phase shifters, and the fraction of power
is delivered to the dipole antennas is a T.

Finally, the expression for the total effective noise temperature of
the subarray is

Tege= [1-T] T, + Tyfl-q)] T 4T, T + Tamp

e T —— A

Wi
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7’ Figure c-5 Equal length corporate feed system

1 where

i To = physical temperature of the feed structure

q assumed constant at 290°K

g TqS = physical temperature of the phase shifters
o Ta = antenna temperature = 9°K for the dipole model
P

| Tamp = effective amplifier noise temperature,

For a transmitted power of 50 watts and & thirty-foot transmit antenna
two Au from the array the resulting expression for the subarray SNR in dB is

I

2 )|
= =144 ~ PS[I \ -
SNRSA 144 ~ PSLDB + 10 logm N -10 log‘10 (1“)

¥

T e R
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where
PSLDB = phase shifter loss in db
k = Boltzmann constant
B = bandwidth = 0,5 x 106 Hz

Equal length corporate model A similar analysis yields the effec-
tive temperature for this subarray model :

Toe= LT, 4L [T—- ¢J* [1-L]T+'r mp

where
L. = exp [-2.3LDB/10]
log, (N~-1)

LDB = LPF ()/2) [z log, N + = 21]

LPF = Attenuation of the feed in db per foot
The resulting SNR in db at the suburray is:

SNR = - 144 - LDB - PSLDB + 10 log; N°-10 log, [k T_.B] .

As shown in the numerical results the equal length system is slightly
less efficient than the series-series system; it has the advantagé of not re~
quiring any phase shifting devices if the subarray panels are to be mechanicn-
ally pointed,

5) Circuit Components
The optimum antenna system for the ground terriinal is one that maxim-

izes the signal-to-noise ratio under the practical constraints imposed by toler-
ance, reliability, noise environment, and cost. The antenna must have a low
equivalent noise temperature and must i:rovide a high~-gain pattern which is
steerable through a wide angle (+ 60°), It will be the purpose of this section
to consider the circuit components and techniques appropriate to the design

of a large phased array and to delineate their characteristics as parameters in
determining sub-aperture size and performance characteristics. A phased array
consists of radiating elements, a power distribution or collection network, a
beam-steering or phasing system, and an optimal number of low noise pre-
amplifiers, Each of these antenna components plays an important and inter-
dependent role in the determination of the overall antenna performance, There
exist a variety of beamsteering techniques applicable to a phased-array; these

S R S S L . s e e .
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include the use of & piiaye shifter at each element, and the use of a mixing
scheme that translates a phase shift from the operating frequency to a con~-
venient frequency band, Those areas in phased~array distribution and com~
ponent technology that must be advanced to make the large arrays practical
are to be discussed and delineated in this section,

a) Distribution Networks The distribution net. :.rk collects the signal from
each of the radiating elements and phase shifters of the array and brings them
to a common receiving port so that they combine in phase with a minimum of
loss, The distribution network largely and sometimes wholly determines the
antenna aperture distribution; hence, it determines the antenna pattern, side-
lobe level, and directivity. In the present study where the applicability of any
particular overall system technique is determined by the various loss factors
discussed above, the nature of the distribution network is most critical since
it can shift the balance of effectiveness from one type of ground based system
to another; a few tenths of db/100' of loss in a transmission line can change
the desirability of a particular tecﬁnique since there are many hundreds of
feet involved in the overall signal distribution, Distribution systems to be
considered herein will include those which are essentially optical and the

several types of transmission lines as shown in Table C~II (See Ref C-ll),

The various types of distribution networks to be evaluated in this phase scanned
system can also apply to multiple-beam system where low-noise is an es=
sential feature, At this stage in this study, it is already obvious that per-
formance figure of merit of a large phased array will be largely determined by
the characteristics of the distribution network and thatt further study and de~
velopment beyond the present state~of the-art in low loss transmission lines
will be needed to satisfy the requirements of this program,

In this section of the report, only transmission line feeding systems
have been considered which to date are deemed appropriate for large phased
arrays. From a manufacturing viewpoint stripline is by far the most desirable
type of transmission line because it is readily adaptable to mass producing tech-
niques., However, its extremely high loss relative to coax and waveguide is due
to dielectric losses rather than ohmic conductor loss, One of the most useful
low loss high frequency dielectrics is Teflon (polytetraflucroethylene). Because
pure Teflon has such a poor coefficient of thermal expansion it is usually mixed
with glass or quartz; it is this additive which seriously degrades its attenuation
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R S S 3

P

62

properties, It is expected that ©onsiderable improvemente will be made in
dielectric matorials and will make stripline devices more desirable,

TABLE C-II Attenuation in db/100' at 2 G¢

Brass Waveguide - 0.6
Rigid and Semi-rigld coax 1=-2,5
Flexible coax - RG 20 6
Flexible coax - RG 9 12
Flexible coax - RG 58 35
Microstrip 19
Stripline (Iriplate) 18

All subsequent calculations will be made using nominal values .of feed line
loss ranging from a lossless line to that of coax.

b)R-F Phase Shifters Beam steering for a phased array ol the conventional type

requires some type of phase shifting device at each element, The primary
requirements for such a device are that it be capable of 760 degrees of phase
shift and that it have an extremely low insertion loss, preferably less than

0.1 db, In addition these devices must be relatively inexpensive since their
requisite number is proportional to the total aperture size, be capable of being
packaged to fit within the array element spacing, and be temperature insensi-
tive to ambient environments, At present, there is no phase shifting device
that will meet all of these requirements, However, as a basis for evaluating
the objectives of the present programs, consideration will be given to the per- M~
formance parameters of the present state-of-the art devices employed at X-band
frequencies since these are readily available and similar devices can be ob-
tained to operate at S-band frequencies. The results for X-band phase shifters
are given in Table C~III only as a temporary expedient until precise descriptions
of the correspending S-band values can be obtained, As may be seen from the
table, many of the devices have relatively high insertion losses for the present
communication application, These large loss values are due partly to the uni-
versal requirements of fast switching speed and high power handling capac;ty

T Loy s
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Microwave Phase Shifters (May 1948)

% i

Chatasleristie

Fraquaricy

Phase Shint
Maximum)

Figure of Marit

Temperature
Sensitivity

Excein Noloe
Temperature

Conirol Powser

Time “anstant

Slae {Inches)®

Walght

Disadvaniages

Range of fre-
quensies 8t
which pravtical
devices can be
bulls

Ferrite
Longitudinal
'l‘ld; n““l‘»
Ragiprodal

Xebard

Yo¥
sontinuayy

400%/db

$*/'c
K

0,1 watt

100 poee,

bdy1d
M2 ’

2e1/204 -
waveguls s

1, Requires
magnetia
shielding

2. Raqulves
temparature
sisbilizatian

3, Rerulrgs
sontinuous
hotding
poner

2to0 50 CHs

Ferrite
Transvarie
Field, Digudt,
Noarssiprasat

Xeband

340
22,5 stape
{4k}

500¢/db

Ve3¢
oK

3y 04
wAlt=pne,

210 paeg,

Sy lhd
72 ] é

2e1/20z2, ¢
wavegulde

I, Nonregie
procal

eurrent
drivar

Sto 49 CH=

Torrite
Longitudinal
Fisld, Digntal,
Regiprogal

Xsband

30
22, 5% steps
(4+01t)

350 /v

§*/'C
* K

10°)
waltsasg

2u10 oot

Thri b
iy

§ o3, ¢
wavegulde

currant
driver

2. Raquires
sam erature
stabilization

P}l Diode
Transmissial
Digusal
{Ssniplire)

Xoband

o
22.5% stepy
{4-mt)

100°/db

Haegligidte
Negligitle

G.1 walt

0,210
atac,

Dbyt h
ll!y Y

‘“',z oz,

1. Reguires
large
numbyse
of diodes

2, Diflisult
to pagkaps

3. Suscrpte
. et
burnouy

0.1 o 10 CHz

2, Highloss
for 1arge
number
&f phase
bits

2to |8 CHe

PslsN Diade !

PFolsN Diode
Reflagtion Rofleatton
Digital 2 0na | Digisal » with,
Part Device | Jsdb Couptay,
IR T TR
Xeband Xshand
b I1 M pIT L
99 stape 93°% staps
{2+b11) (2+bit)
100%/db 2000 /dd
Negligibia Nagligible
Negligidle Negliglote
‘t ’, wats 0.1 wait
0.2-10 N 240
poec, YITH
171 ) 2y L h
0.0’!5 Y O.OYH y
'I’ [ 1M | ox,
1, Sasceps [}, Suscep~
tihle t2 tible to
hurnout Hurnout

2, High lons
for large
naumiher
of phase
bits

20 1A CHe

8 Assumes duvice allas Into solidestate aresy,

Table C-~III




A

ot

,‘[ Rl ;j fats’ e |

o]
J

64

as dictated by a radar application, Neither high-speed nor high~power capa-
bility are necessary for a ground based communication system,and consequently
it can be expected that special designs of the above devices may be available
with a substantially lower loss than the values of .6 to 3,0 db for 360° of phase
shift as shown in Table C-III, However,for the present studies a nominal in-
sertion loss value of .5 db shall be used until anlaysis and the appropriate
experimental hardware are available tc reduce the insertion loss to the desired
value, The devices that are presently available for phased arrays fall into
three general groups which require consideration and some critical observation,
A preliminary discussion of these groups, their advantages and disadvantages
is given below and will be updated as new pertinent information becomes avail-
able:

Diode Phase Shifters, Digital diode phase shifters are sméll, light-weight
devices that are insensitive to temperature and can be switched from one

phase setting to another in a few nanoseconds. Two types of digital phase
shifters are in current use., One uses a transmission line structure in which
different susceptances are switched across the line tc produce incremental
phase shift, The other design configuration is a reflection structure that may be

" converted to a transmission component by the employment of a 3-db coupler or a

circulator, Diode phase shifters,are at present, somewhat costly because of

the cost of the diodes and their mounting structure. P-i-n diodes are typically
used as the control elements because of their high'power handling capability.
Since highpower is not of prime concern in a receiving system, other arrangements
of solid state materials may be more desirable although to date there has been

no stimulus for such analysis and design., The engineers of the Texas Instru-
mental Corporation who are involved in the MERA module and system design

report that they have been able to produce IC phase shifters with 1.2 db in-
sertion loss as the average value of a large group with 1.5 db as a maximum value,

Ferrit Phase Shifters. Ferrite phase shifters (C-12) are typically waveguide size,

moderate in weight, somewhat temperature sensitive, can be switched from

one phase setting to another in a few migroseconds, and reciuire significant
drive energy. They are somewhat costly because of the cost of the ferrite
material., Two general configurations are available, One uses a transverse
magnetizing field; the second uses a longitudinal magnetizing field, The former
is reciprocal only for certain configurations while the latter is intrinsically
reciprocal, a property desirable in arrays to be used for both transmission and
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reception, Phase shifters that use longitudinal magnetization also produce
greater phase shifts at lower levels of applied magnetic field than do those

that use transverse magnetization. General characteristics of ferrite phase
shifters that affect spacecraft scanning abplications are reciprocity impedance
matching, frequency dependence of phase shifts, temperature sensitivity, and
hysteresis effects. Weight can also be a great problem with ferrite phase shift-
ers for a spaceborne array with large numbers of elements. However, weight

is only a secondary problem in a ground array compared to the temperature
effects,

Novel Devices . There are several new devices which are now being developed

whose progress bears some observation, Ferroelectric phase shifters are quite
small and lightweight. They are, at present, extremely temperature sensitive,
due to the sensitivity of the ferroelectric crystal, and they have very high in-
sertion loss characteristics. Since they are still in the experimental stages,
production costs are unknown. At present, it appears that a maj.r improvement
will be required in the basic crystal before these devices can be considered

for use in an array. As in the case of the ferroelectric phase shifter, the plasma
phase shifter is still in the experimental state . It is moderate in size and

weight with a negligible temperature sensitivity. The insertion loss is compara-

ble to that of the ferrite and diode phase shifters, but a significant reduction
may be possible. At the present time, it is riot a low cost device and requires
significant drive energy; both factors are due to the need for the generating and
sustaining of a plasma.

The high loss associated with the electronic phase shifting device can be
eliminated or reduced by either mechanically scanning the subarrays, by using
mechanical phase shifting devices such as a line stretcher, or by some form of
simple air filled guide which may employ a multi-moding technique to properly |
gather the signals from numerous input ports. Each of these schemes needs
further study and experimentation to develop the low loss feed system required

by a high data rate communication link.

From the preceding equations it can be shown that one of the most im-
portant components which influence the required aperture size is the phase
shifters. Electronic phase shifters such as ferrite and diode devices typically
have insertion losses in the order of 0.5 db instead of the more desirable
0.1db. While this loss does not greatly reduce the incoming signal it does
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contribute considerable noise and consequently seriously degrades the SNR,

As shown in Fig., C-6 for a typical set of parameters, considerable movement
in SNR is possible by cooling; this seems particularly feasible for the diode
type phase shifters where a Peltier cooling device could be an integral part of
the semiconductor chip. The Peltier cooling effect is a thermo-electric phenom-~
enon in which heat is absorbed or generated by current passing through a semi-
conductor junction, Several companies (C-12) are presently developing and
manufacturing Peltier cooling devices for inclusica in the diode case and for
direct attachment to the semiconductor chip. These problems will require
further study and work is now in progress to examine the results using para-
meters that are more closely related to values which are possibilities for the
future,

c) I-F Phase Shifting Techniques. Because of the modular nature of the

electronically steered systems being considered for this study, it will be
possible to employ I-F phase shifting techniques. These techniques (C-1)
offer several advantages as compared with R-F phase shifting techniques,
First, requirements on the phase-shifting components may be relaxed as com-
pared with requirements on corresponding R-F components, In addition, since

" the phase shifting for reception is performed after frequency translation and

I-F amplification, losses in the pkase shifters do not degrade system noise
figure nor do they contribute to reduced system gain as would R-F phase shift-
ers without individual R-F preamplifiers, The phase shifting for transmission
can be done at low power levels with I~F phase shifters so that the power
handling capabilities and losses of the phase shifters do not present problems.
Typically, each complete module includes an antenna element, an R-F diplexer,
a mixer, an I-F amplifier, and a phase shifter for reception; for transmission

a similar set of components is required with the addition of a high-power R~F
source, A number of configurations are possible to accomplish the desired per-
formance characteristics but each requires I-F phase shifting devices. These
dewvices are discussed in the following paragraphs.

Delay Line Phase Shifter. The simplest type of I-F digital phase shifter is

that composed of discrete sections of delay lines that can be switched in and
out with electronically contrblled single-pole, 'double-throw switches., Such

a device is illustrated in Figure C-7, The various delay lines could be dis~
tributed or lumped parametric types depending on the particular frequency ranges

/
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being used., The 180-degree phase step is obtained merely by reversing the
polerity of the line connections at that point.

0424 P +)8 £ +\16
.—-w-vao c— " ! : ¢ potmmansny
' o) o~ o
i 17 : 7
REVERSING SPOT sPOT SPOT $PoT sgor

SWITCH

(SPOT s SINGLE~POLE, DOUBLE=~THROW SWITCH)

" Figure C-7 Digital i-f Phase Shifter
Using Switched Delay Lines

d) Solid-State Components., During the past years, technical literature has re-

ported significant improvement in solid-state devices and circuitry for electron-
ically steered arrays. Typically, improvements have been effected in phase
shifters, I-F amplifiers, microwave power sources, mixers, filters, and
circulators. '

Filters . Excellent filters are commercially available in the frequency range

up through X~-band and beyond. These include filters employed in communicaticn
systems; for example, bandpass (nominally flat), band rejection, diplexers,

and high Q stabilizing cavities. In these higher frequency ranges the structures
may be waveguide, strip transmission line, 'coaxial, or microstrip; but fc;r
space applications, the small, lightweight strip transmission line coaxial
devices, or microstrip, are most attractive. The performance of the latter, in
terms of loss, needs improvement to be competitive with waveguide filters,

Preamplifiers. There are two possibilities for the preamplifier that lend them-
selves to microstrip application: Tunnel diode amplifiers (TDA's) and transistor
émplifiets. With the present state-of-the-art at 2 to 10 GHz and above, the
TDA is slightly lower in noise figure than available transistors . Since a TDA
must.use a circulator, a 0.5-db insertion loss must be added to the noise
figure to give a value of 4.5 db and perhaps 30 db of gain. In comparison,
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present-day transistors can give a noise figure of 5,2 db and 20 db of gain.*
| At present, at 1 GHz, transistors have 3,5-db noise figures, but manufacturers
| (KMC Corporation and NEC) anticipate that devices with better noise figures
will be available within a year., Such devices would give a receiver noise
figure of 4.4 db at S-band, A transistor amplifier can be fabricated into a 1
smaller package than the TDA due to the use of microcircuit lumped elements,
The TDA uses at least one circulator which, with present technology, has a
minimum size of about l inch square, Thus, on a size and weight and future
% performance comparison, the transistor amplifier is the preferred device,

At X-band a tunnel diode amplifier will give the best noise figure,

However, because a mixer is simpler, lighter in weight, and lower in cost

and has a competitive noise figure, it is anticipated that it will remain the

preferred component at the higher frequencies for several years.

Mixer. The element that most determines the design of the receiver is the

mixer, Present conventional balanced mixers have produced single sideband

noise figures of less than 5 db. at S-band. However, this value represents
~ carefully matched low loss conditions which may be hard to achieve in mass

production in microstrip, .

An alternative design for the conventional mixer with a low-noise
pre-amplifier is the image enhancement mixer. Recently at MIT** an S-Band
image enhancement mixer was measured with less than a 3db single sideband \
noise figure and 0-dbm saturation level. The local oscillator power and
complexity of this device is greater than that of the conventional zﬁixer. A /\»
local oscillator drive of 50 mw was reported; this figure compares with 1 or 2 '
mw for normal operation., This type of mixer will need further development
y before its merits can be fully evaluated,

* Nippon Electric Co., SMI153 Gallium Asenide Schottky Barrier Diode,
I-F amplifier noise figure assumed to be 1.5 db.,

** R, P. Rafuse and D. Steinbrecher as reported in Sprint, MIT Quarterly
Progress Report and by private communication.
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6) Numerical Results

This section contains some typical results obtained from a system
analysis computer program.

Figures C-8 and C~-9 present the subarray perforamance for the two
feeding models utilizing stripline and waveguide and lossless feeds, The
important range of subarray SNR loss is between ~20 and -30 dB which
corresponds to lf)3 and 104 subarrays in order to satisfy the 10 dB SNR for
the communication link, It can be noted in Figurez C-8 presenting the perform-
an e for 4 Au, that an increase in the number of elements will not improve
SNR beyond a certain point if stripline is used, In contrast the waveguide fed
subarray improved its SNR proportionally to the number of elements almost as
well as a lossless feeding system. |

Figures C~10 and C~-11 describe the effect of phase shifter loss for
various feed loss parameters. Note that the use of phase shifters incurring
0.5 dB of loss may require twice as many elements as would be needed for
lossless phase shifters. For the case of stf'ipline feeds that are quite lossy
the increase in required number of elements is not as sensitive to phase
shifter loss. :

Figures C~12 and C-13 present the array performances as a function of
amplifier temperature, Note the linear variation of SNR with the number of
elements. This linearity is due to the lack of build up with increased number
of elements which occurs with feed lines. For large values of amplifier temper-
ature where its effect is dominant, as expected, the SNR declined, linearly
with amplifier temperature,

Figure C~14 presents the functional relationship between the number

5 bit error probability

of subarrays and subarray SNR required to satisfy a 10~
for the communication system.

Some of the graphical results in this section have been condensed in
Table C~III. This shows some of the tradeoffs involved in selecting the
systém parameters. For example it is not possible to use a stripline feed
system at 4 Au for 0.25 dB phase shifter loss using 1,000 subarrays, even
with the best maser amplifiers; however this system will be possible if
10,000 subarrays are permitted, in fact the maser may be replaced by an

amplifier which has 4 times more noise, Using the larger number of subarrays

L e

. . o g g e o § v e e AT ey R e s Sy
L e itrim - o h— g A T g E: T e e i e ik el S RN R ak C il e oY




NUMBER 0OF ELEMENTS IN SUBARRAY

104

prosers

—

a—

1

I

[ Tave * 15°K
| PHASE SHIFTER LOSS 0.25dB
| PHASE SHIFTER TEMP 290° K
RANGE 2 Au

I

IRERR

|

T

|

LOSSLESS
FEED

it

|

1

x x x EQUAL LENGTH FEED
o oo SERIES- SERIES FEED

(‘

-45

~40

-35

-30
SNR (dB)

-25

-20

Fig. C-8 Subarray size vs. SNR as a function
of feeding model and loss. '

=15

70




) 108 p—s
| -
! —
X
, =
{ . ,
i 0—0 SERIES -SERIES FEED 4
™ X—x EQUAL LENGTH FEED Q18 7
PHASE SHIFTER LOSS s
0.25 dB ﬁ f
—  PHASE SHIFTER TEMP,s
I 290°K Wi
: % Taup * 15°K P
, & RANGE = 4 Ay ¥
{ | < 104
o e
y -2 —
m pam—
1 = F
U v t .
= [ b
% : | /
w
w-d
, d N\
}' « | OSSLESS
; o
[+ 4
. w
? S
-4 : 4
- !___ f
| //
K / xé/
- / /
4
1/
AW
102 .
-45  -40 -35 -30 -25 -20 -15
SUBARRAY SNR (dB)
~ Fig.C-9 Subarray size vs. SNR as a function
of feeding model and loss.




72
104 I
F | '
[ X X PHASE SHIFTER |
| © 0 PHASE SHIFTER T
LOSS = 0.5dB ,
TanpL = 15°K ' g X
PHASE SHIFTER
5 - TEMP. = 290°K
= RANGE 2 Au "
@ dB
< / 0.015 42
= |
T |
I
z LOSSLESS
» " FEED
P .
= / |;
= 1l x x |
-
w a8
% /. 0.015 T
e
w — LOSSLESS
@ /| - FEED
=
o X X
=
| ] XX :
-35 -30 . =25 - 20 ‘ -15 -10
SUBARRAY SNR (dB)
Fxg C-0 Subarray size vs. SNR as a function
of phase shifter loss.
?-""* - o ey ¢ T T A e M g v gty - . R A vt TR Lw | o e




=l

1 —— AN P

NUMBER OF ELEMENTS IN SUBARRAY

l l .
X X X PHASE SHIFTER LOSS =0,0d8  p [ 24848
o oo PHASE SHIFTER LOSS =0.5dB f x FT
10*l—— PHASE SHIFTER TEMP.=290°K 9‘,’// ‘f
- RANGE =4 Au : 0.015dB
[ Tamp = 15°K FT
- LOSSLESS
MMF.EED
- ‘
7/
10% b—
/ - //
102 . Z X R B
~45 -40 -35 ~30 ~25 ~20

SUBARRAY SNR (dB)

Fig.C-11 Subarra‘y size vs. SNR as a function
of phase shifter loss.

i R e el

73




NUMBER OF ELEMENTS IN SUBARRAY

104

I T T T111]

RANGE 2 Aw

!

103

PHASE SHIFTER LOSS s 0.5 dB
FEED LINE LOSS 0,015 984+

| | l

111l

/

)

102 | /

-45  -40

-35 -30 -25 -20
SUBARRAY SNR {dB) :

'Fig.C-12 Subarray size vs. SNR for various values '
of amplifier noise temperature. ’

-5

74

AT A 00 bk e b 8 oL L e e O




e
Planuamc

o

NUMBER OF ELEMENTS IN SUBARRAY

104
~~  PHASE SHIFTER
v LOSS * 0.5 dB
™  FEED LINE LOSS =

- RANGE 4 Au

1

108

0.015 98F7

RN

1

;

%

SUBARRAY SNR (dB)

Fig.C-13 Subarray size vs. SNR for various values
of amplifier noise temperature.

75




e ] P WL SRR fre-= e

Eoania o &
b

f— .

I
¥
3

REQUIRED NUMBER OF SUBARRAYS

103

102

76

|
[
-35 | } -5 -10 -5
- ~ SUBARRAY SNR (dB) BV
Fi.g.q-lé ‘Required number of subarrays vs. subrar'ray SNR..

g




77

00S ‘¥8
(o0 )

00S ‘L9
[+ W

® N,

000°s8T

00S ‘8%
000 ‘2¢

002 ‘€2
00§ ‘91

00€ ‘€1
000°01

002°L

_(x239wrerp 33 08¢ )

opZ ‘ot

ny p 1040

006 ‘21
000 °2¢
00S ‘01
00% ‘52
000°02

000 ‘L¥
008 ‘11
009 ‘L
000°s
008 ‘¢
08¢ ‘¢
0012

008 °1

(x232wreIp 13 061 )

096 ‘2

ny 2 1o4qg

o 4

S I93j9aWl

- aanjaade paginbay

¥NS 9P 01 ADNQO¥d Ol I

auerd punoad.-e x9a0 sajodip jo Aexae asua(g °g |

ZIS JdNLddd

II-DAT9dVL

reper

00001 0S 0S "0 81 .c4
000°t | RN 0S "0 81 °0 aurp
000 ‘0T 0S S2°0 81 °0 [ -draas
000 ‘1 'St S2°0 810
000 ‘T . ST 0 | — 81°)
0001 00S° 05 *0 - S10°0 )
000 ‘1 00T ~0G *0 - ST10°Q
000 ‘1 0S 0S °0 S10°0
000 ‘1 ST - 05 °0 S10°0 § ©opin3
000 ‘T ST SZ°0 S10°0 T -aAem
000 ‘0T ST S2°0 S10°0
000 ‘1 R ¢ 0. ST10°0 4
' $S97
S iinbvduie oS gp___0 y/dp 0. -ssol
sAexaeqns (sanjexsaduual ssO]
jo asiou I33JIYs sso]
JaqunN Tarardwy aseydq aul] paaJd

I9seur ,G1 Sursn
(Aouaroryye aanjaade 90y ) ysip drjoqesed - 'V

V QId¥Iinody




[ —

- R—

B

78

means the size of a single subarray can be smaller and the cumulative effect

of feed loss is not as great as with a larger subarray. Item A lists the

characteristics of a conventional parabolic dish antenna as a comparison for |
the various organizations of phased array of dipoles which are given in item B,

7) Cost Analysis |

The cost analysis of this receiving array model is quite difficult due
to the large number of parameters involved; moreover these parameters inter-
act in a non-linear manner, For example as the aperture size is doubled the
SNR does not double due to an increase in the feed line attenuation and the
related thermal noise contribution.

Once the theoretical analysis has been performed it is not difficult
to generate a large number of graphs comparing the system performance and
cost as the different parameters are varied; for example see Figs, C=15 -

'C-18, This type of study is hard to interpret simply due to the large number

of curves necessary. A more desirable approach used here was to arrange
this multiparameter problem into a format in which 'a computer could be
utilized to compare and analyze a large numbher of cases and present the
reduced results in a manner which could be vreadily used.

The computer program is listed in Appendix II, It requires input data
for the following parameters: "

1. Range in Au

2, Data Rate

3. Phase shifter loss and cost

4, Feed line loss and cost A
5. Amplitier temperature and cost /

6. Number of sul:crays desired

7. Element cost

The first two input data remain fixed during a given computer run.
The lgst five component and system characteristics represent the parameters
to be varied; several values of each may be entered to determine the variation
of the total array size and cost with that parameter.

To illustrate how the program might be used, consider the following
example, Figure C-19 shows the input data selected; the fixed value of
2 Au and 106 bits per second were chosen. Two choices for phase shifters
were entered, a ferrite device with .25 dB insertion loss at a cost of $20
and a dicde type with .75 dB loss but costing $5, The choices for the feed
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.25 20 15 10323 3.85 S.3 S 1222 1312329 49:23
@.75 5 S3 1003 B.35 5.0 S 1832 32622393 45.53
.25 23 S8 1321 0+35 S.2 S $283 1810223 $6,39
@.25 22 58 1822 2.25 S.2 S 1229 2221202 67.23
.25 22 50 1922 Q.15 3.5 S - S900 2752239 75.12
@.75 S 15 128232 2.15 2.5 s 1022 6341209 76.58
Q.75 S 15 13223 3.95 5.2 S 32 1842220 77.62
Q.75 S 1S 13320 3.15 3.5 5 %322 2625392 71966
@.25 23 15 12392 225 S5¢2 5 $333 11823392 85.472
@25 20 1S 13332 Be15 3¢5 s . %222 1720379 93.86
@75 S So 1022 2.15 @.5 ) 1909 9339323 95.99
.25 28 15 13229 3.35 5.9 59 1202 1310932 12825
.25 20 15 193829 3.15 3.5 S 1222 41387292 115.51
.25 29 15 13320 9«25 5.9 L) S229 11822292 13857
" P25 20 52 1332 D35 5.2 .53 . 5230 1813229 147475
B.75 5 15 107280 2.35 S.9 59 1339 22524239 145.12
.25 20 SO 1320 2+15 3.5 'S5 3392 6223233 15961
@.75 S 15 10332 2.25 5.4 .52 $299 1€42292 169349
Q.25 20 S8 1228 3.35 5.2 52 1222 2221032 16627
T @e1ST S S) 1203 3.25 5.9 s2 LHED) 2763393 173.60
.25 20 15 12333 315 3.5 Sa 5333 1722032 171256
d.75 5 53 1393 3.35 S.3 ) 1333 3262332 19672
2.25 23 50 1299 3.15 3.5 LY . 5322 .. 2753339 198.27
, @75 s 15 139233 2.15 9.5 © ) $373 ' 2R25237 ° 274.7R
“@e7S S 52 1029 3.15 3.5 -5 $333 3945337 223.94
@25 23 15 13322 3.15 9,5 S) 1232 4138037 IN.12
375 S 1S 13322 A2«15 3.5 S¢) 1339 6341294 341.92
2.25 23 52 1233 .15 2.5 S) 13.32 4221313 439.51
d.75 .5 53 1923 .15 3.5 $9 13133 ¥239.37) $12.454

-

Fig. C-19 Typical example'usmg'cc”mput.er analysis.
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system were a waveguide network (.05 dB/ft) costing $5/element and a strip-
line one {.15 dB/ft) costing only $0.5/element, Two amplifiers were con~
sidered, a 15°K maser at a cost of $10,000 and a 50°K paramp at $1,000,

To determine how sensitive the cost was to subarray size, arrays composed
of 1,000 and 5,000 subarrays were considered. The maximum number of sub-
arrays permitted is bounded, as discussed previously, by requiring sufficient
SNR at each subarray to maintain phase lock. For the model discussed here
the maximum is about 20,000. The fixed element cost was set at $5/element
and $50/element, This includes the cost of all the components not consider-
ed above, such as IF amplifiers, control circuitry, etc, Obviously the choice
of lowest element cost will result in the lowest overall cost; the purpose of -
selecting several choices is to study some intangible factors, For example,
the first choice might be the minimum possible element cost, the second
might be for a system with automatic error detection circuitry to detect and
locate system malfunctions such as component failures, For the 5 parameters
listed above (3-7), each having two possible choices, there are 32 = 25
distinct ways of constructing the array to obtain the specified error rate or
output signal to noise ratio. The computer then calculates the required
number of eclements and the total cost for each of these systems and displays
the output in the increasing cost format shovmn in Figure C'-19 . Referring to
this figure it can be seen that for the selected input data the most economical
array would be obtained by using the ,75 dB phase shifter, a waveguide feed,
a maser amplifier, the $5 element cost, and 1,000 subai'rays. It is interest-
ing to observe that using these same values except increasing the number of
subarrays to 5,000 would have produced a mnre efficient system which con-
tained 20% less elements but cost almost twice as much. The size reduction
is due to the individual subarray being smaller so that the cumulative effect

of feed line loss is less; the increase in cost is due to the increase in required

number of expensive masers. Another perhaps surprising observation is that
the economically best three systems all utilized the .75 dB phase shifter
rather than the higher performance .25 dB one. This is due of course to the
difference in cost ($5 vs. $20). ,

Initially it was believed that the use of stripline would not be
possible due to its large attenuation factor (.15 dB/ft.). It can be seen,
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however, that the third best system utilizes a stripline feed natwork., Even
though this system requires considerably more elements (nearly twice as
many) the total cost is only slightly more than optimum,

It should be emphasized that the comments on system cost in this
example are dependent on the particular component valuas and element cost
selected; these values were considered reasonable at this time but by no
means exact, The significant contribution ¢f the analysis and computer
program is that given updated values of these components and desired data
rate at any time in the future, the optimum way can be obtained to combine
these components so as to minimize the total cost,

8) Summary

An analysis of a large receiving array of dipoles has been presented,
A computer program was written which calculates the required number of
elements and total cost as a function of the desired data rate, distance, and
component cost and characteristics, An arbitrary number of values for each
component can be entered and the computer then calculates the size and cost
for each of the array configurations and lists these results in order of
increasing cost, The useful feature of this technique is that the usual inter-
mediate process of plotting performance curves for many different parameters
and interpreting these results is performed by the computer, This progrvamv
could be used, for example, to determine how many subarray modules the
total array should be divided into, which type ¢f amplifier and phase shifter

should be used, or how cheaply a stripline feed must be to make it competitive /

with a waveguide system,
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D, A SELF-STETRING ARRAY

This portion of the report is concerned with the problems associated
with self~phased and adaptive arrays which can be employed to follow the
relatively weak signal from a distant spacecraft, These arrays are also
called self-focusing antennas since they use the incident RF energy to phase |
the elements so that a beam is formed in the direction from which the energy
is received, The arrays may be contrasted with the usual electronically steer-
able arrays that require external sensors and information to do the steering.

Here, no exwernal commands are necessary to adjust the illumination across
the aperture, since, in principle, the self-steering array automatically steers
the beam in the desired direction, By the inclusion of appropriate signal
processing circultry, an adaptative array can perform filtering in both the
space and the frequency domains thus reducing the sensitivity of the receiving
system to interfering directional noise sources. Thus the problems associ-
ated with pointing a narrow beam in a specified direction or with atmospheric
scintillation effects may be handled in a self-phasing mode and those associ-
¥ ated with period interference effects may be handled with adaptive array tech-
| niques as an alternative mode of operation. This section will consider the
feasibility of switching from a system where the steering is accomplished

by externally controlling the phase between elements to a self-steering or

adaptive array whenever a high external noise or interference level is present
in the angular region subtended by the receiving beam,

arrays. The objective of this study is to develop techniques that will permit
dn antenna to receive signals from a desired source in the presence of an

o During this report period, an investigation was initiated on adaptive /

T interfering one, either man made or natural, such as the sun. The work to

date in this area has concerned the adaptive array with a basic element as

e shown in Fig. D-l and is on an algorithm for minimization of mean square
error (D-1), Utilizing this method, the weighting coefficient for each element

. of the array is continuously adjusted (in a feedback loop) in a Way that forces

the output from the antenna to be equal to a "desired response", in at least’
mean square error sense. The desired output is specified by either the ex-
pected angle or arrival or/and the spectrum of the communication signal,

This type of array seems promising for the problem of the satellite near the
sun, because the array pattern will adjust itself continuously, as the satel-
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lite and sun move, to hold the noise output due to the sun to a minimum,
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Figure D-1 Basic Adaptive Element
At presént,the behavior of a two-element adaptive array and a four-
element adaptive array has been studied on the digitai computer using the
basic algorithm. A number of computer programs were written and used to
simulate the operation of fhes‘e arrays under a' varlety of conditions (namely,
as a function of the feedback loop parameters, the power levels of the signal,

. the interfering signal, and the noise, and the arrival angles of the signal and '

interfering sigx}al.) In all cases (or_xcé the computer programs were properly
debugged) the arrays performed admirably, The weighting coefficients con-

“verged, and the resulting antenna patterns were such as to reduce the noise

from the i'nterferi.ng signal to the minimum possible, given the number of ele-
ments in the array. An experimental ada'ptive array (at S-Band)based on this
principle is presently under construction, It is planned to use this airay to
learn what limitations are plaéed on the adaptation process by the idiosyn-
cracies of the actual electronics,

In the future, it is planned to continue the study of the adaptive array-
based on the LMS algorithm, both experimentally ahd using the computer mod-
€l, . It is also intended in this portion of the program to study adaptation
schemes based on'other models (e.g., systems which seek maximum SNR,

systewis with nulls which track interfering noise signals, etc.)., Although

adaptive antennas have often been discussed by antenna people, they have
not been thoroughly examined for particular apolications, 1t is hoped to find
out what the possibilities are, and to learn what limitations drise in practice

when adaptive antennas are applied to the particular problems presentogl by

" this large high data rate communication system.
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APPENDIX 1
RELATIONSHIP BETWEEN GAIN AND 35IZE FOR
THE DIPOLE ANTENNA M~ )JEL

To calculate the gain of the two dirnensional array shown in Fig.
Al it is convenient to use the concept of array multiplication, that is

~ the total pattern can be calculated 2s

FT = FEFXFYFZ

where Fg = element pattern of a single dipnle

= array factor for an array of isotropic elemeats
along the X, Y axis
array factor for two isotropic elements along
the Z direction.

Fz

.For Dy =Dy =\ /2 and D, =\ /4 the resulting expressions are:

cos (/2 cin 8 cos &)

F —
E -
\11 - sin9 cos’d

F., = sin (7/2 cos 6)

Z

(No-1)/2

Fx=1+ZZ cos(Kw sin 8cos ¢) )
K= 1 . '
(No-1) /2 )

Fy=1+2 cos{ Kv sin @ sin ¢) /
K= 1 |

where N, = number of elements on a side (assumed odd)

2

The power density S = FT and the directivity is

S{e=0)
D = 2.1711'/2 :
1 P
‘T;\é § S(€,9) sin 6dEdo




A2 D
The effective aperture A, = dn

De¢fining the physical aperture is somewhat arbitrary, for example,
a single dipole has zero physical area, However for large arrays
each element occupies on the average \ /4 area, hence the total
physical aperture is defined as Ap = Nz N /4. Figure A2 shows the
relationship between A, and A, Notb that the effective collectmg
aperture rapidly approaches the physical size,

v,

GROUND PLANE
AT 2 +0

Fig. Al. Dipole array model.
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| APPENDIX II '
i COMPUTER PROGRAM
{ This-appendix includes a listing of the computer program discussed
- in the report. A simplified flow diagram is included to show the order in
- "which the data is entered, calculation zre performed, and reduced data
is displayed. ‘
d > .
- No particular attempt was made to minimize the computer
execution time; casual programming was used throughout for simplicity.
The example discussed in the report with 32 possible system configura-
tions required two minutes (about $5) using a commercial time sharing
I ‘computer. '
ﬂ
:
})
\ v
I
i
h :
g
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' l 94
ENTER RANGE 1N Au
\

q F®TSR DATA RATE

u | ] i

. ﬁ ENTER NUMBER OF CHOICES

FOR_EACH COMFONENT
7 ENTER CHOICES FOR PHASE SHIFTER
1 LOSS AND COST

ENTER CHOICES FOR FEED LINE
ATTENUATION AND COST

ENTER CHOICES FOR AMPLIFIER
TEMPERATURE AND COST

¥

ENTER NUMBER OF SUBARRAYS DESIPED

ENTER FIXED COST PER ELEMENT

(CERITE
-

GENERATE COEFFICIENTS FOR
ALL POSSIBLE ARRAY CONFIGURATIONS

CALCULATE REQUIRED NUMBER OF
ELEMENTS AND COST FOR EACH CONFIGURATION

%!

L . !
' : SORT IN ECONOMIC ORDER BEGINNING ‘ -
‘: * X WITH THE LEAST EXPENSIVE :
e DISPLAY ORDERED LIST OF SYSTEM

}. CONFIGURATION AND RELATED COST

Fig. A3. Simplified flow diagram of computer listing. | ,
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I
l le C:COST OF PLANAR RECEIVING ARRAY OF DIPOLES FOR VARIOUS PARAM.
, 2. C: COMPUTED FOR 5@ WATTS TRANSMITTER, 3% FOOT DISH
; 3. G: MAX BIT ERROR PROB=13%%-=5 (13 DB SNR) ,
4. DISPLAYL 'COST ANALYSIS FOR S BAND PHASED ARRAY OF DIPOLE ELEMEN
TS")
. Se DISPLAYL® ")
. b DIMENSION PSLDB(5)»CPS(5),DBPF(S)»TAMP (5) ,CAMP (5)»NSACS)
> T DIMENSION LLCS)»IFCC(S),FECCS)»SNR(99),C08T(99),CFL(S)
Be " DIMENSION IC(99),NELEM(99)
e 9e 99 FORMAT (F52+214,19,F5:2,F4¢1517,110,112,F942)
? 10 DISPLAYC 'ENTER DISTANCE IN AU"I- |
11. ACCEPTLAW) . ,
~ 12, DISPLAYCU'ENTER DATA RATE IN MEGABITS PER SECOND"]J
é 13. ACCEPTILDR]
- 14. DISPLAY{ 'ENTER NUMBER OF CHOICES FOR EACH COMPONENT')
K 15. ACCEPTLNCJ
T 16 TANT=9 _
. 17. DISPLAYL 'ENTER PHASE SHIFTER LOSS(DB) AND COST($)")
) 18, DO 10 1=1,NC-
{ 19. DISPLAYL® CHOICE",13-
§ 20 . 10 ACCEPTLPSLDB(1)»CPSCI)])
21, DISPLAYL'ENTER FEED LINE LOS S(DB/FT) AND COST/ELEMENT")
T -P DO 15 J=1,NC
i 23. DISPLAYCL' CHOICE",J])-
o 24. 15 ACCEPTIDBPF(J),CFL(J)]
- 25 DISPLAYCL *ENTER AMPLIFIER TEMP AND COST"]
§~ 26. DO 29 K=1,NC
W 27. . DISFPLAYL® CHOICE",K]
. 28. 23 ACCEPTLTAMP (K)»CAMP (X))
a, 29. DISPLAYCL *ENTER NUMBER OF SUBARRAYS DESIRED"]'
L5 30 . DO 255L=1,NC
3l. DISPLAYL' CHOICE'",L)
qh 32. 25 ACCEPTINSA(L)]
v 33. DISPLAY( '*EMTER FIXED COST PER FLEMENT"J
34. DO 26 M=1,NC
35. DISPLAYL' CHOICE'",M)
36 26 ACCEPTLFECM)) |
37. DISPLAYL® FOR THE ABOVE PARAMETERS THE POSSIBLE SYSTEM comrxr////k“/
. ] "URATIONS AND THEIR COST ARE:*] ° ,
. . ss.  DISPLAYC ' ") .
o 39, . DISPLAYL' PHASE AMPLIFIER FEED ELEMENT NUMB RE
: ' QUIRED TOT*') ' i
7 a3 . DISPLAYC' SHIFTER LINE COST SeA. NO
i +ELEM COST') - !
41 . DISPLAYE' ------------------------ -~--------------~] -------------
e | emescscece-—a- ") ' _ .
i 42. DXSPLAYC LOSS & TEMP s DB s ) i
% 43, DISPLAYL ' (D3) /FT | ! ,
o . MILL $') - | : “
i 44. NV=1 |
’ 45. " DO 5 Mi=1,5 -
| a6 . 5 LL(piMd=1 T
E A7. 6. I=LL (1) :
a g




* -

43
49.
-1
51
52
&3
S4.
55.
56
57.
S8
59
62
61,
62
63.
64.
65
66 .

67,
68.
69,
70
71
72
73
74,
75
76.

17,

78
79.
87 .
gl.
g2
83.
B4
85.
85
g€7.
88
89 o
93
91 .
92
93,
94
95.
96 .
917.
9.
99.

- CONTINUE

96

J=LL(2)

K=LL(¢3)

L=LL ¢4)

M=LL¢S)

DSNR=12 «*ALOGIDC12«/NSACL) ] ‘
FLL=1 «=DBPF(J)ke23% .22
TO=292

PST=297
A==168=22xALOGIRCAUI=-PSLDBCI) . . ‘
BK=Cl « 38k 10%%=23)% Co SkDR*K1DK%6)

PSL=EXP{~23%PSLD3CI)/19])

N=13 .

39 SuUM=2d

II=N/12

DO 35 NK=1,N~"-

35 SUM=SUM+FLLE®x(NK=1)~ .

Z=CFLLZ CN¥ND Yk S UMK SUM ‘
SIG-A+13#ALOalﬁCN*NJ-l@*ALOb!Ztl/ZJ-

TNOS= lﬂ#ALOGlZ(BK#(TO*(l Z)+PST#C1=PSLY*Z+ TANT*PSL*Z+TAMP () ) 1+
39 .

SNRCII)=S1G-TNOS

IFCSNRCIII=-DSNR) 40,42,45

49 N=N+19 : _ '

GO 70 39 ‘

45 SLOPE={ClO*IId*#2=-C12%CI1=1))%%2)/(SNR(C1])~ SNR(II-!))
YINTERCEPT=(C10%I1)%%2-SI.OPEXSNRCII)
NELEM(NVY=SLOPEADSNR+YINTERCEPT

GO TO 59

42 NELEM(NV)I=N*N

53 LOST(NV)—(NELEM(NU)*(CPS(I)+CFL(J)+FEC(M))+CAMP(K))*NSA(L)
IC(NV)Y=NV

NV=NV+1

IF(NV!GT:NC**S) GO TO 93 .

calLL COMBILLSNC,»S5]

GO TO 6

93 CONTINUE ' *
caLt, TPLSOR?ElaCObT:IC:NELEM:l:NC**SJ
CONTINUE

DO 91 NV=1,NC#%5-
DO 92 MM=1,5

92 LL(MM)=1

rz=1

95 I=LLC1) ,

J=LL ¢2)

CK=LL(3)

L=LLCa)
M=LL(S)
IFCIZ.EQ.IC(NV)) GO TO 94-

CALL COMBILLSNC,»S]

1Z=1Z+1

GO TO 95 ‘ .

94 CONTINJE ' . '
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97
19D . 91 WRITECL1,99) PSLDBCI),CPSCI)» TAMP(K) »CAMP (X)) »DBPFCJ)H»CFLCI)HF
I ECCM)INSA L) JNELEMINVIRNSACL) »COSTCNY)I /10%%6
. 101. CONTINUE
132 . VEND '
193. SUSROUTIME COMBLLL,I,J)
i 104. 1J=1 .
105. 9 LLCIJI=LL(LU)+]
126 IFCLLCIJ) «LES1) RETURN
1 107. LLCIU) =1
163, 1J=1J+1
, 109, CIFCIUdeGTed) RETURN
% 110. GO TO 9
LI 1.:11- ‘END
112, SUBROUTINE TPLSORTLKODE,SEEDS,FOLLO, TAKE,JAX,LLAX)
3 113, Ct IF HODE=1,ASCENDING SORT. IF KODE=2,DESCENDING SNORT.
i 114, C: SEEDS 1S THE ARRAY TO BE SORTED.- r
115, C:t FOLLO AMND TAKE ARE TWO ARRAYZ WHICH ARE TO BE REARRANGED
g 116, C: ACCORDIMG TO THE NEW ORDER OF SEEDS, SO THAT THE -PROPER ITE
MS :
117 Ct: WILL STILL BE GORRECTLY ASSOCIATED WITH SEEDS.
118, B3 JAX IS5 BEGINNING LOCATION TO SORT FROM.
i 119, C: LAX IS END LOCATION TO SORT TO.
' 129 IFCLAX.EQ«1) RETURN
: 121, IFCJAX«GT3)GOTO7
‘ 122. JAX=] .
123 7 IFC(KODE LTl +OR+KODE+GT2)G0TO%
124 DO 1 JO=JAXsLAX~-1
125. D02 KI=JO+1,LAX
126. GOTO(3,4)KODE
127, 3 IF(SEEDS(J0O)LE.SEEDS(KI))GOTO2
128, 5 SAVE=SEEDS(JO)-
129. SEEDS(J0)=SEEDS(KI)-
130 SEEDS(KIY=SAVE
131> TEMP=FOLLO (JO)
132 FOLLOCJO)=FOLLOCKI)
133, FOLLO(KI)=TEMP
134 HOLD=TAKE (JO)~
135, TAKECJO) =TAKEC(K])
136. - TAKE (KI)=HCLD-
137 GOTO2 _
. 135, 4 IF CSEEDSCJO) o LE«SEEDSCKI))IGOTOS
139. 2 CONTINUE
140 . 1 CONTINJE
141 ~ RETURN , -
142, ‘6  DISPLAYC'ILLEGAL CODE IN CALLING SEQUENCE.™]
143, DISPLAYL ' KONE=",X0DE)-
$4a. STOF , '
145. END-
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