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ABSTRACT

Design studies relating to a VHF, electronically con-
trolled, 50 db antenna are presented. This antenna will be
a low noise dipole phased array cc-rering the range 70 to 80
MHz. The purpose and evolution of the array are outlined.
The objective has been the design of a large versatile track-
ing array maximizing the performance per unit cost.

Also included, are site survey reports, a proposal for
the addition of a transmitting function, a cescription of the

Sunblazer spacecraft, and an evaluation of a 128 dipole narrow

band pilot system.
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INTRODUCTION

The Sunblazer mission is designed to provide the first
accurate measurement of the solar coronal electron density in
regions beyond the visible corona and yet where direct in situ
satellite measurements are not possible. SGtated in brcader terms,
the prime mission goal is to obtain the coronal electron density
profile from regions near the earth's orhit to regions as close
to the sun as possible. A second mission objective, which is
of importance almost equal to the first, is to obtain quanti-
tative data related to both turbulent and anisotropic phenomena
within the expanding corona.

These data will be obtained by placing in so..ar orhit a
small, relatively inexpensive spacecraft equipped with a pulsed
radio frequency transmitter. The permutations suffered by coher-
ent pulses on several frequencies will be observed from a ter-
restial site with a large aperture receiving system. The current
results of design studies on the realization of such a receiving
system comprise the bulk of this report. The remainder covers
related topics about the mission, spacecraft, etc.

For reasons of time and space, only a small fraction of
the results obtained during the many man-years of study that
have gone into advancing the Sunblazer program to its present
state can be reported here. All work not directly related to
the receiving system is omitted (see Section 1) and much work i

which does relate to the receiving system but which is not

essential in the understanding or description of the current




desicn is relegated to previous progress reports, technical
reports, memos, etc.
Wit :out attempting to justify specific conclusions, a
general summary of the results may prove useful at this point.
To be specific, it is shovwn elsewhere (see !MIT/CTR-TR-G9-1,
Conceptual Design of a Small Solar Prohe, Sunblazer, by Baker
et al, 1969) that the accomplishment of the scientific ohjectives
of the Sunblazer mission requires the transmission of short
high power phase coherent P.F. pulses on two frequencies and that
the required receiving anerture must have en effective area on
the order of 1.2 x 10° (meters)?. 1In order to enhance the
scientific content of the experiment, a hase freguency of about
75 Mliz was chosen. At lower frequencies certain disruptive
effects of the medium (the solar corona) dominate an¢ destroy
the communications path while at higher frequencies certain
disruptive effects that contain essential scientific data about
turbulent phenomena within the corcna are eliminated completely.
Finally, for reasons of spacecraft and ground receiving
system simplicity and to reduce overall cost, a “closely=-packed”
two frequency (70 MHz and 80 Milz) propagation experiment -vas
chosen. This allows a single broadband ground antenna to be
used for the mission. The required aperture together with the
chosen frequency range thus dictates an antenna gain of 50 db.
It is felt that an antenna of this magnitude can best be ohtained

in the form of a dipole phased array composed of roughly 27,000

dipoles for each of two polarizations. The receiving system




will incorporate pclarization diversity reception.

One might consider the possiblity of using either a single
large paraboloid or a collecticn of many smaller paraboloids to
realize the required aperture. Assuming an aperture efficiency
of 50%, the required gain can be obtained with a single reflector
of 1870 feet diameter, 56 reflectors cof 250 feet diameter, or
350 reflectors of 100 feet diameter. <ctated another way, the
1000 foot spherical refleccor at Arecibo, which has an aperture
efficiency less than 50%, can realize somewhat less than 40 db
gain at 75 MHz. Based on these and other considerations,
principally financial, a structurally simple and electronrically
effective dipole phased array is proposed.

Consistent with cost effectiveness, the dipoles are
organized in a modular form consisting of multi-level hierarchy
in which the basic grouping, the “"element”, is composed of six
indiv.dual dipoles sharing a commcn low-noise R.7., amrlifier,
These elements are then grouped to form the next level of organ-
ization which is called¢ the "pilot® and which is in turn grouped
to form a level called the "“40 db array". Ten such 40 db arrays
are joined to produce a full 50 db array. A combination of
manual and electronically controlled phase shifters, providing
appropriately fine increments of phase delay, can be used to
electronically steer the main lobe of this array. It should be
noted that the broadband requirement dictates a need for frequency

insensitivity of the beam pointing system. Stated another way,

the required steering is accomplished through the introduction
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of increments of fixed time delay rather than increments of
phase shift, For descriptive simplicity these delay elements
will be usually referred to throughout this report as “phase
shifters" and the increments will be labeled "A/€", etc. Ilow~-
ever, one should remember the essential distinction.

Throughout the study effort performed to date, several
underlying "boundary conditions”’ have served to guide our think-
ing. First and foremost is of coursz the accomplishment of
the scientific okjectives of the mission. Ilovever a second
condition has had an impact which permeates this report. That
is a strongly felt desire to maintain a high degree of scientific
return per dollar spent. This consideration has resulted in
many features which, although of proven effectiveness, lack
cosmetic beauty. A final selection of the characteristics and
hardware for this array will naturally depend upon the balance
between these sometimes conflicting aspects.

Two final notes may be appropriate hefore the reader embarks
on the long and somewhat arduous journey through this tome.
First, the report is the product of several authors and the
reader will experience a diveristy of grammatical style. Second,
the material ranges from the pragmatic to the esoteric; from
the thread pitch of a wood screw to the mathematical theory of
arrays. The reader will do well to either skim or skip at
first reading those sections which require detailed study.

In particular, an inclusion of Section 2.1, 2.2, 2.3 will prove

instructive for first reading while much of the remainder of
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Chapter 2 should be left for later more leisurely study.

Similarly, the appei:dices (Chapter 7) may be omitted. Eon

Voyage!
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CiAPTER 1

1.0 HISTORICAL REVIEW OF THE FHASED ARRAY PROGRMAM

l.1 1Initial Proposal

When the Sunblazer experiment was first proposed, it was
hoped that the relatively high signa. energy transmitted from

thz2 spacecraftl'z

would allow one of the existing metric wave-
length radio astronomical telescopes to ke emploved as the
ground receiving antenna. After several unsuccessful attempts
to get a comnitment of more than a few hours a week of obhserv-
ing time on a number of suitable facilities such as the Arecibo
Radio Telescope and a local 120-foot paraboloid, we concluded
that the only way in which observing time consistent with the
investment in spacecraft and launch costs could be guaranteed
was for Sunblazer to have its own receiving antenna. We believed
that the least expensive means of obtaining a suitable aperture
was thrcugh an array of dipoles patterned after the 32 MHz solar
radar telescope at El Campo, Texas, which we had operated for
some time. Some differences in design were required by the
higher 75 and 227 MHz frequencies which were initially proposed
for the Sunblazer experiment. Furhter, we proposed to take

advantage of new developments in solid state circuitry to make

the array automatically phaseable, as opposed to the time




consuiing cable-plugging methoc ther in use at Il Campo.

To investigate the feasibility of this approach, we develop-
ed and tested a laboratory model of the electronic amplifier
and phasing package which were to he associated with each dipole
element. When the design of these units was sufficiently firm,
bids were solicited from several electronic manufacturers so
that realistic cost data on the electronic components of the
array were obtained. These outside estimates indicated two
things: (1) that more than 90 percznt of the cost of the two-
frequency array was in the electronics, and (2) that the cost
of a dual polarization, two~frequency, 4000-dipole array with
amplifiers at every dipole was likely to be consicderably in
excess of the $3 million estimate which we had earlier postulated.
These somewhat discouraging hut realistic cornclusions were re- »”
ported to a group from !JASA Headquarters and Langley at a meet-

ing held in Cambridge in May, 1967.

1.2 High Gain Elements

As a result of this meeting a fundamental redirection of
the array program was made. Since the major cost items of the
array were in the electronic system, any attempt at significant
cost reduction required a less complex elcctronic system. For
a given overall system gain this implies replacement of the
individual 6 db dipole elements with higher gain types. It was

further indicated that an array of 14 db to 20 db elements would

yield a reduction of an order of magnitude in electronic system
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cemplexity over the previous individual dipole system. Several
typical high gain elements were considered but no decision was
taken as to the final element design.

The approach was discussed at a Sunblazer coordinating
committee mceting in Washington on 13 July 1967 and again in
Cambridge on 23 August 1967. At the August meeting it was
agreed; (1) that the installation of the 128 element 75 !iiz
pilot array at El Campo would continue and that dipoles would be
used as the elements, and (2) that the 225 Mz array would he
redesigned to achieve 25 db gain using an array of high gain
elements. Subsequently work on the 75 Mz array was carried
out as planned and work was begun on tic 225 MlI'z array. A
backfire configuration was selected and designed for the 225
MHz zlement; typical antenna patterns were taken and a complete
set of electronic and mechanical hariware was prepared. However,
this system was not installed or developed further hecause at
this time new scientific results hecame available and dictated
a change in the pulse frequencies and format as described below

in Section 1.3.

1.3 Change to Closely Packed "Single" Freguency Experiment

About two years ago information became available from the
Mariner 4 snlar occultation experiment3. This experiment
measured for the first time the frequency hroadening which a
coherent signal undergoes when transmitted on ray paths within

four to six solar radii of the solar corona. When the 2200 Miz
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Mariner 4 results were scaled to 75 MHz by thecretical methods

. a4
justified by some recent work in our 1aboratcry"5

» they
strongly suggested that the 25 millisecond pulse which we had
earlier proposed for Sunblazer should he reduced to a pulse no
longer than three milliseconds if coherent integration and coding
within the pulse was to be employed.

If the Mariner 4 results are taken at face value they lead

to the conclusion that two receiving antennas (one at 75 MHz

and one at 225 MHz) of 50 db gain are required to completely

carry out the Sunblazer experiment. Obviously it was impossible
to proceed along these lines because of the much larger costs
involved in constructing the required ground antenna.

Several possibilities were considered and discarded. Among
these there are two—increasing the peak power and using a
directional antenna on the spacecraft--which are impractical at
present but may provide increased capahbility in the future.

Our solution, which solves the cost problem and does not
compromise the science, was to simplify the experiment by using
a separation between the.probing and reference frequencies of
some 10 percent such that both frequencies can be received within
the bandwidth achievable in a single antenna array. In principle
the accuracy of the delay experiment is slightly reduced but in
practice this effect is not serious and does not compromise the
experimental results. On the other hand, the elimination é6f the

225 MHz array represgnts a substantial saving in cost.

Based on the 3 ms pulse duration and constrainéd by the
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maximum power output available from the transmitter, it can be

shown7

that the required receiving antenna gain is 50 dh. This
array provides a 16 db signal-to-noise ratio on the 3 msec pulse
and results, we believe, in a bhetter and simpler experiment.

There ramained the question of the choice of the element for
the 75 !MHz array. Although the hackfire configuration was
satisfactory for the 225 MHz system, it possessed mechanical
disadvantages at 75 MH2z due to the relatively large (4 meter)
wavelength. PEased upon cost figures ohcained from tie con-
struction of an in-house model and estimates obtained from out-
side vendors, it was determined that the cost per unit of gain
of this antenna type was inordinately high ($4r0 for a 14 db
element excluding mechanical steering costs). Our approach to
this problem was to keep the element gain constant at 14 ¢b
while investigating other elements of equivalent gain.

As a result of this investigation, an element in which six
dipoles are paralleled was proposed to renlace the bhackfire.
Basically it has been determined that a 14 dh antenna element
is less expensive and has better performance when constructed
by connecting six fixed or mecharically steerable dipole elements
together as opposed to employing single or multiple backfire
or other slow wave type elements. The particular physical lay-
out chosen for the six dipole element has lead to a natural
choice of name for this element; we call it the "Twin Tee" or

"Double Tee". (See Figure 2.2-1). A detailed description of

the Double Tee element is given in Section 6.2. MOst of the
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remainder of this report consists of a system analysis and
description of the proposed 50 dh array using this six dipole

interconnection.

1.4 Additional Acdvantages of the 50 db Broaiband Array

A further benefit o the use of a 50 db ground terminal is
the rather high Lit rate (approximately 1 bhit per second) which
can be made available for the telemetry of data from on-board
experiments over distances as great as 2 A.U. This is a m&tter
of some considerable importance for on-board experimenters and
to the future use of Sunblazer as an interplanetary observatory.

As a radio telescope the array also has important uses
such as the observation of the newly discovered pulsars at a
frequency somewhat below that on which they have thus far been
observed. The high gain and directivity of this array at 75 MHz
may well provide important new informaiion and improved resolution
of the signals from the sources observed thus far, and its greater
sensitivity may lead to the discovery of other sources.

The modular nature of. the array also makes it practicable
to provide small solid state power amplifiers in the 250 to 1000
watt range on each element to convert the array into a radar
telescope and to provide an up~link to future Sunblazer §pace-
craft. The power amplifiers required are essentially identical
to those developed for the spacecraft and, hile scme design work

is involved in adapting and packaging them for the ground array,

their addition to the array is largely a matter of cost. That
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is, the overall transmitter power could be somewhere between
one and four megawatts, depending on the funds available and
the interest in adding the transmitter facility. This was

an item in the original proposal, but was eliminated at an
early stage because of cost considerations. It is, however, a
growth item which should he considered in future planning.

Solar radar echoes have never been observed at 75 Miz, and
we believe the reason for this is that sufficient radar tele-
scope sensitivity has never becn available to counteract the
additional absorption losses in the corona which occur along
a ray path prior to the reflection point. The great advantage
in making solar radar observations with this instrument would
be an improved sensitivity and a greatly improved angular
resolution, which would make it possible to resolve quadrants
of the solar disk and improve the capability for observing
average Doppler and Doppler broadening of the signals which
contain important and otherwise unobtainable information on
the motion of the solar corona at distances close to the photo-
sphere.

As a planetary radar it would appear tc he the first
instrument that could detect reflections from the planet Jupiter
and could make important observations on Venus and Mars at a
much lower frequency than has heretofore been used. The rather
surprising oscillation in radio cross section of the planet

6

Venus which has been observed at 38 "Hz could be better studied

with the additional sensitivity and the greater range of this

new instrument.
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CHFAPTLR 2

2.0 DCSCRIPTION OF THE DOUBLE TEE GROUND ARRAY SYSTEM

2.1 Function of the Ground Array

The array provides coupling hetween an incident radiation
field, originating from the spacecraft, and earth station data
processing equipment. Thus the array must interface with the
on--board electronics systert and the correlation receiver, both
of which are hriefly described in other sections of this docu-
ment (Section 7.5). The antenna itself is characterized by
its effective area or gain, frequency response, polarization,
noise characterictics and tracking capability. The inter-
relationship of these quantities with the on-board electronics
and the correlation receiver i3 given below. Section 2.2 of
this paper presents a system analysis of the array while
Section 2.3 is a detailed description of the Sunblazer array

clectronic organization and hardware.

2.1.1 Relationship to the Sunblazer Spacecraft

In order to be compatible with the Sunblazer communications
system the antenna characteristics such as gain and noise

figure must be maintained at the frequencies radiated by the

on-board transmitter plus an allowance for modulation bandwidths
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and dispersion due to Doppler, attenuation and plasma effects.
Three specific froquency bands listed in Table 2.1.1-1 are

of primary interest.

TABLE 20101-1

Signal Frequency DBands

69.72 Mliz + 500 KHz
74.70 MHz + 500 KHz

79.63 IMHz + 500 Xliz

Since it is impractical to provide separate band tuning net-
‘orks for each of the frequency rands, the array system is
being designed to operate over the range ¢9.2 MHz to 80.2 MHz,
In addition to bandwidth considerationns, the polarization
of the transmitted signal from the spacecraft is of some
importance. The on-board antenna is linearly polarized; but
the radiating elements rotate at a mean angular velocity of
about 1 rpm with respect to a fixed direction in the plane
of the receiving array. Thus the polarization of the received
energy varies with time. In addition, expected Faraday rotation
effects will cause displacement of the received electric field
vector. Therefore, to insure a maximum received signal and

to estimate the effects of Faraday rotation the ground array

must be capable of receiving orthogonally polarized waves.
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For the remainder of this paper a dual cross polavized array

is assumed unless explicitly stated othervise.

2.1.2 Relationship to Receiver and Singal Processing Fquipment

The array output is amplified, translated in frequency
and then fed to signal processors and recorders. One pro-
cessor, the correlation receiver, cross correlates the received
csignal with replicas of transmitted pulses. 1In order to attain
the required accuracy in the propagation experiment, the signal-
to-noise ratio of the video signal at the input to the cor-
relation receiver must be maintained as hich as possible.
This implies the following array constraints.
1) The array gain must be maintained as high as
practicable (50 db).
2) The system noise figure must be as low as feasible
(less than 5 db).
3) TITntermodulation and cross modulation products must
be held to a minimum while system dynamic range
must be high.
4) Losses prior to the first amplifier, i.e. mutual
coupling, mismatch or attenuation must he held to
a minimum.
5) Pattern grating lobes and side lohes must be held to

a minimum.

6) The array gain must be known at all times.
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Mere quantitative values are given in Section 2.2 and 2.3 for
these system parameters. For the present it should he noted
that every design compromise which reduces the array gain or
increases its system noise contribution, reduces the quality

of the experiment.

2.1.3 Cost vs Antenna Performance

The general requirement for the array design is to pro-
vide a tracking a.ud receiving facility for the Sunblazer space-
craft. The nominal specifications are a 50 éh system gain
with a 5 dbh noise figure and a mininum viewing time c¢f two
hours per day. The above requirements are within the state
of the art at VIF frequencies. The large effective apert.re
of the proposed array will make it unigque compared to exicst.t=
telescope antennas as discussed in Section 1l.4.

in the proposed antenna desicn, the performance is
limited by budgstary rather than technical restraints.

Ovr obhjective has been the design of a large versatile track-
ing array maximizing the performance per unit cost. To this
end we have made, in our judgment, realistic technical com-
promises between state-of-the-art performance and cost. This
is especially true in the design of the dipole elements and

time-delay networks.

2.2 'The Gain Requirements

The power received, Pp, with an antenna having an effective
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aparture, Ap, is:

G
T » s s

where PT is the transmitted pover from the spacecrar’t, GT

is the transmitting antenna gain in the direction of the earth,
R is the distance from the spacecraft to =zarth, n is the trans-
mission coefficient of the medium, which is probabhly near

unity except when the signal path is near the sun, and p is

the peclarization misalignment factor.

On the basis of this equation and a desired S/M of 16 db,
an array gain of 50 db is required. (See Appendix 7.5.3 and
Reference 8 for details of calculation).

The beam width, which varies inversecly as the aperture
dimensions, is less than 0.6°. The exact array dimensions
and beam characteristics are dependent on the latitude of the
site selected for the final array. The system outlined in
this paper will be suitable for a latitude of +30°,

In crnsidering the problem of synthesizing a phased
array to satisfy the conflicting requirements of high gain,
v7ide bandwidth and low noise, two concepts are of fundamental
importance: (1) the superposition principle and (2) the
rattern multiplication rule. The superposition principle

requires that in the far £ield of an array of elements, the

resulting field at a point is the vector sum of the fields
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due to the individual elements. The pattern multiplication
rule as applied to an array of identical elements states the
resulting antenna pattern of an array is the product of the
element pattern and a polynomial characteristic ¢f *he array.
The ployunomicl is commonly referred to as the array factor.
In general terms the beam pattern function £(6,4) may be ex-

pr2ssed as a product of the form:

E(6,¢) = Ee(er¢)A(el¢) (2-2—2)

where Ee is element factor, and A is the array factor. When
the array geometry is symmetric, Equation 2.2-2 may he used

in this simplified form and permits a straightforward repre-
sentation of the salient features of the array.

The pattern multiplication rule however, must be applied
with caution since its use includes the implicit assumption
the* .~utual coupling between elements may be neglected. The
element pattern will, in general, change when it is hrought
to close proximity to other elements and the fact that all
elements are physically identical does not .asure that all
elements of the array have the same patternl. Vhen the array
elemerts are spaced "far enough" apart and are highly directive
the superposition principle requires that the resultant array

power gain is merely the product of the number of elements

in the array and the gain per element. However, the agray

gain is a function of the element factor, the number of




-20-
elements, and the =lement spacing.?"3
To a first order approximation then, the gain of the

proposed array is:
NGF = 105 (2.2-3)

where N is the number of elements in the array and Gp is the
power gain per element. If Il is restricted to values of

the form 29 where g is an integer, the element gain is also

specified. Table 2.2-1 gives the values of the total number

of elements 11 as function of the gain per element.

TALLE 2.2-1
; GE (db) | ' N
) 23 512
: 20 1024
17 2048
? 14 <006
' 11 8192

The value N = 4096 and GE = 14 db have been selected as a

compromise between a very large number of elements and high

- W e—

gain per element. (In the final array N is made somewhat
larger than 4096).
The characteristics of the 14 db element are of primary

importance to the array design since they determine the general
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level of complexity of the electronics system. A description
of array electronics is given in fection 5.17.

A fundamental question is the physical realization of
the 14 dh element: "Of the many types of elements availahle
in this frequency range, which element exhibits the desirable
properties of low cost, wide bandwidth and high gain?” During
the course of this program many antenna types were evaluated
and each was found to have linmnitations. A detailed description’
of the evolution of the element design and selection is given
in Section 1.2 of this report and in the document entitled
“History and Design Summary, Sunblazer T'hased Array", (Raker,
Harrington, liggins, James; Septemher, 1968).4

In summary, a system parametric study was mace for each
of the element types including a cost evaluation of mechanical
and electrical array components. These cost performance

studies led to the following conclusion concerning the element:

"The best method, in terms of satisfying the Sun-
blazer tracking requirr “ents (Loth engineering and
science) at minimum overall cost (initial installation,
cperation and maintenance) is to construct a cross
polarized widebhand dipole array at rl Canpo, Texas."4
Basically, it has been determired that a 14 db antenna
element arrayed through electronic means is less expensive
and has better performance when constructed by connection six

dipole elements together as opposed to employing single or
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multiple backfire, yagis or helices. A Jetailed description
of the 14 db dipole element is given bhelow, Figure 2.2-1
shows the physical layout of the 6 dipole (Douhle Tee) 14 db

element. Details of the various costs are given in Appendix

7.4.

2.3 Functional Description of the Array

2.3.1 PRealization of the Required LClement Gain

A single half wavelength dipnle in free space has a gain
of 2.14 db above an isotropic radiator. When this same dipole
is positioned a quarter of a wavelength akove a perfect ground
plane, its gain is increased by 5.34 db. Suhject to the quali-
fications outlined in Section 2.2 (principally mutual coupling
effects), the gain of an array of six dipoles above a ground
plane is 7.78 db greater than the gain of a single dipole a
quarter wavelength over z ground plane. The gain of the six
dipole array has a maximum value of about 15.26 éb over an
isotropic radiator. If a one ¢éb allowance is made for losses
and inefficiencies and for a non-perfect ground, the gain of
a six dipole array will vary, as a function of scan angle,
from 11 to 14 db.

The problem of realizing a 14 db element is centered not
upon gain considerations, ..ecause a six dipole array appears

to have adequate gain, 'ut rather upon heam patterns con-

siderations. Since a fundamental objective of the array is
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two hours per day of view time, the elemant pattern, in the

FYW plane rust have a total 3 db beamwidth in excess of 30°.

On the other hand, the spacecraft does not have major day-
to-day positional displacenents that require a large elenent
beamwidth in the MS plane. Therefore, the IS dimension of

the element may be somewhat larger than the I'i’ dimensions.

The limiting factor for the IS extent of the element is related
to the position of the grating lohes which have the net eifect
of reducing overall system gain and degrading system noise
performance.

Figure 2.2-1 shows the physical laycut of the Douhle Tee
six dipole 14 db elementl Impedance matching and inter-
connection with the electronic system is accomplished as
follows: Each dipole has an output impedance of approximately
75 ohms. Separate cables of 75 ohm characteristic impedance
are used to return the signals from the dipoles to point "“a“.
At point "a" the 75 ohm cables are directly paralleled.

Since the system is matched, the impedance at point "a" is

25 ohms. The signals from dipoles 4, 5, and 6 are combined

in a similar way and returned to point "b", Phasing loops

are included to provide element beam positioning. At both
point "a" and point "h", 3/4 wavelength transformers of 50 ohm
characteristic impedance are used to realize a 100 ohm input
impedance at the respective transformer inputs. These two
transformers arec then paralleled at point “¢c" to yield an

input impedance of 50 ohms. An advantage of this sub-array

is that all interconnecting cebles are standard "G types and
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no cables of unusual characteristic impedance are required.

A major consideration is freguency resnonse of the element
which depends upon both the variation of the dipole impedance
and the behvaior of the 3/4 wavelength transformer with fre-
quency. Under ideaiized impedance conditions the 3/4 wave-
length transformer adds ahout 0.04 dbh insertion loss to the
system which corresponds to an input VSR of 1.22:1. Field
measurements of the comnlete element were taken and variation
in input admittance wvas approximately +10%. In this test,
where phasing and mutual coupling effects are present, measure-
ments showed that the mismatch corresponded to an insertion
loss of .12 db and a VEWR of 1.4:1. These measurements also
included the mismatch associated with dipole unbalance. From
experience with the 38 MHz solar radar dipole array as well
as the Sunhlazer 75 MHz narrow band array, it has been deter-
mined that the feed cable may be connected directly to the
dipole without the use of a “alun. The individual dipole
and cahle connection is shown in detail in Figure 6.2.2-1.

BAlternate element types have been evaluated. DNetails

of these measurements are giver in Sectionrn 7.7.

2.3.2 Manual Phasing

The comkination of six dipoles in the Double-Tee
configuration yields an essentially zenith looking element.

It is comparable to a 14 db yagi and backfire which is mechan-

ically fixed in the zenith looking position. A mechanically
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fixed 14 db element would be unsatisfactory if it were not
for the fact that the daily change in declination is small,
thereby permitting the use of a manual phasing systen at the
element level. A nore rapid element phasing system would

be necessary for tracking earth orliting satellites.

Manual phasing is accomplished hy delaying the signal
from dipole number three with respect to dipoles one and two
and from dipole nurter six with resnect to dipoles four ard
five. Since the distance betueen point “a' and dipole 3 is
.445)x (.632 x sin 45°) and the maximum declination of the sun
at 1l Campo is 52°, then the naximum excess delay required
in this cable is: .445) sin 52° = .35\, Assuming delay
increments of A/f; a two section time delay circuit composed
of an A/8 and )2/4 sections lengths (Figure 2.,3.2-~1) will
provide the required range of delay variation. In a similar

- 2 AN

way the signals from points “a" and are delayed. lere

the maximum required delay is .72 and therefore a three section
circuit consisting of 1/8, A/4, and 2/2 sections are used to
provide the required delay variation.

The cable switching can be accomplished with mercury
switches which exhibit excellent R.F. performance (insertion
loss .04 db isolation 30 db) and are judged to ke more reliable
than connectors which must be plugged and unplugged. Based
upon several years of site experience with the manually phased
1000 dipole 3% MHz El Campo solar radar, it has been estimated

that the required phasing time is about .005 hours/switch

which for a 40 db array anounts to ahout & man hours. Another
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important advantage of #ni design is that this switching
system may in the future be made fully automatic by replac-

ing the manual switches with mercury relays.

2.2.3 Physical Layout of the Array

The physical layout of the final 50 db antenna is essen-
tislly specified by the spacing within the 14 db element.
Although a uniform array of approximately 4000 -14 db elements
is not required to satisfy the gain requirement and density
tapers may be applied to the aperture; it is desirable to fill
the aperture in a uriform way because the system is greatly
simplified. However, the use of a uniform array does not
preciude the addition of gain, phase or density tapers to
the aperture at some later cate.

The 50 cdbh array is partitioned into sub-arrays (pi.ict
arrays) of 192 elements each shown in Figure 2.3.3-1. The
pilot array which is the basic bhuilding >lock cf the %0 db
system, consists of 8 colurins of four 14 db elements. The
phase centers of the elements in each column are colinear,
but there is a displacement of .445) hetween the phase cenw.irs
of adjacent columns. ithin a pilot array the individual
dipoles are spaced at a distance of .63) between the phase
centers and the parallel distance between dipoles is .445)
(i.e. an echelon array of dipoles). Figure 2.3.3-2 shows

the configuration of the proposed 50 dbh antenna which is

composed of a 14 x 10 m&trix of pilot arrays, a total of
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26,880 crossed dipoled uniformly distributed acrocss the 1400°
EW by 1320' NS aperturc. Alternate layouts are given in
Figures 2.3.3-3 and 2.3.3-4.

It is proposed to build the S50 db array in three steps.
The first step is to build one 192 dipole pilot array which
will provide the experimental evidence to substantiate the
design both in terms of perfornance and cost. Following the
evaluation »f the pilot system a larger ~xpanded aricy, having
a 40 db gain, which can be used for the Sunhlazer engineering
shot shnuld be constructed.

The 50 &b array can he realized by expansion of the 40 db
system. The electronics, cable tranch system and construction
techniques are all identical in each of the 140 pilot arrays
and therefore technical difficulties in expanding the 40 db
system to 50 db should be minimized. In essence, the modular
nature of the array, coupled with the crderly growth concept
proposed, minimizes the risk in the development of the 50 db
array. Tabhle 2.3.3~-1 gives a desiqgn summary of all three

proposed arrays.

2.3.4 Electronic System

In general the philosophy of the array development
consists of (1) designing the pilot array as a model of the
final 50 db system and (2) meking system compromises regarc-
ing electronics, R.F. cariing and mechanical hardware, etc.

at the pilot level. Several iiliferent system organizations




F
:

GRAVEL ROAD

40"
PEEY

1504’
A1
Z - 1540’ \ -t
28dbAILOT ARRAY HLOdt EXPANDE
ARRAY »

ALTERNATE 50db ARRAY LAYO
(16 PILOT EXPANDED ARRAY

Fl6.2.3.2~3

5}7"




—GRAVEL ROAD

- ——

18504’

’./;Of | %T (—"i

- _7./400’. - \C
/ 40db EXPAN~
28db PILOT DED ARRAY

ARRAY :

ALTERNATE 50db ARRAY LAY OUT
(/6 PILOT EXPANDED ARRAY)

FlG 2.3.3 ~4




-28~-

T7OLFE 2.3.3-1

Design Sunmaries

28 db Pilot Array

Operating Frequencies
Total Array Gain
Clement Type

Realized Gain Per Dipole

Nurber of Dipcles
Dipole Grouping

Il’'pole Spacing
Array Aperture
Grating Lohes
Polarization

Beamwidth
Phasing

40 db Array

Operating Frequencies
Total Arrav Gain
Gain per lipole
Total Numher Dipoles
Dipole Grouping
Dipole Spacing

Array Area

Beanwidth

50 db Arrav

Operating Frequencies
Total Array Gain

Gain Per Dipole

Totzl Number of Dipoles
Dipole Grouping

Dipcle Spacing

Array Area

Beamwidth

69.72 Milz, 74.7 iz, 79.68 [MHz2

28,8 db

A/2 dinole A/4 ahove a ground
plane

6 db

192

6 peX group in Double-Tee inter-
connection

€32 echelon

19.72 by 7.132 (140" vy 93.9')

one in Zenith pointing array.

Joe indenendent wcelerizations
18 ana %1

cheo

Hykiid System: rapid electronic
scan short-term tracking
manual phasing using mercury
switches for long-term
(declination) scans.

€9.72 M8z, 74.7 Mz, 72.68 HMilz
40,9 %

¢ db

3072

Double-Tece

L ACP

42.8) by 28.51 (560' by 376"')
l.3° x 1.02°

€9.72 MHz, 74.7 "Hz, 79.68 MHz
50.2 db

6 Gb

26880

Douhle Tee

«G3A

107x by 99.2x (14n0' vy 1320')
.5° x ,5° (Zenith)
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have been considered; for example, the outputs of individual
dipole elements could be returnad to a central point in which
all time delay and control equipment is located. On the
other hand, it is possible to distribute the electronics
evenly over the array aperture where the vearious combining
and control functions are performed a* many points in the
field. The compromise solution proposed utilizes the more
desirahle features of the above extremes reducing both cable
and enclosure costs while maintaining performance.

To present a detailed picture of the pilot array organiza-
tion, it is helpful to start at the individual dipoles and
follow the signal path to the pilot level output. The design
concept is to provide for manual phasing in declination by
means of mercury switches within the individual 14 db elements
(see Section 5.1), and return the output of the 14 db element
to a central enclosure vhere the phasing and control is
accomplished electronically.

The pilot array layout is shcwyn in Figure 2.3.3-1 and
Figure 2.3.4-1 shows the bhlock diagram of the electronic
combining system. The amplifier signals from each of the
14 db elements are returned tc the geometric center of the
group of 192 dipoles where they are appropriately delayed,
and combined. For example, the signal arriving from the
14 db element rdesignated as point 1 in Figure 2.3.3-1 is
first amplified in a low noise broadband amplifier and then

supplied to network . The signal from point 2, which is

~djacent to point 1 in the first column is also amplified and
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supplied to network '7. . n this circuit these sifnnals are de-
layed an amount, dependent upon the desired array look angle,

and then summed coherently. A second level of comhining is

performed by network X wvhich delays and sums the output from
! two adjacent " " networks. The output of network X is a
complete column output of the pilot array. There are eight
such column outputs in the array. These outputs are delayed
and combined in a way similar to the ahove by the operation
networks Y, 2, and T. The R.F. outnut of network T represents
the sum of all 192 dipoles. 3ll of the comhining networks
are of the same general design and there are only two basic
types of R.I". circuits used in the comibining systenm; (1) a
kroadband amplifier and (2) a time delay-summation networlk.

There is one amplifier at each 1/ db element ord it is
7 basically the "receiver front end-. However, it is also
used at other levels in the syste: as a linear amplifier
to make up for “he insertion loss of the various time delay
and signal corbining networks.

In the amplifier decign the princival problen is reproduc-
* ibility, since variations between units in gain, phase, impedance
match and linearity will have a deteriorating affect on the
resultant system R.F. output. To solve the problem of system
alignment the amplifier circuit is designed to permit amplitude
and phase adjustment.

1 Noise figure is another imnortant design consideration.

An overall! system noise figure of 5 db implies a front end

‘l noise figure of 3 db which in turn requires that the transistor
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used in the front end has a noise fig:..re of somewhat less than

3 dt. Fortunately the gain required in the front is relatively

low, permitting a design for minimum noise rather than for

maximum gain. This low gain requirement yields a more stable

circuit and is a factor that simplifies the amplifier design.
The amplifier frequency rcsponse and linearity are also

important considerations. Because it is impractical in a low

cost, high volume production design, to provide independent

R.F. passbands for each of the design frequencies, the amplifier

must be designed to have a 3 dh bandwidth from 60 MHz to 90 Miz.

This frequency band is a region of high RFI interference due

to local TV and other commerrial services. Therefore, amplifier

iinearity, i.e. dynamic range, cross modulation and inter-

modulation, is of prime importance hecause the affects ¢f non-

linearities cannot be eliminated by filtering at later stages

in the system. Details of the amplifier design are given in

Section 5.2.

2.4 Planar Array Pattern Description

2.4.1 General

The ground array is analyzed as a doubly-reriodic
rectangular structure which gives the array pattern a simple

description in terms of a doubly-periodic function of x and

y, or direction cosines in the horizontal plane. The bhasic
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unit in the array is taken to ke the Double-Twin-tee, which
is necessarily the smallest unit because of the MNorth-South
staggering of columns in the array. The array pattern
naturally has a sequence of peaks, grating lobhes, at doubly-
periodic locations in the x-y plane, with spacing given by
the reciprocals of the aimensions between units in the 1I-S
and E-W directions. Based on the spacings ketween Double-
Twin-~-Tees, there are about 15 grating lobes in the visible
space at any time, although for scans within akout + one-half
hour from local noon and about + 15° in declination from manual
set point, the grating lobes are better than 10 db below the
main lobe. Scan points out to akout + one hour are possible
before some grating lobes are bigger than the main lobe.

This analysis is done primarily for the large or nominal
50 db rectangular array. Some patterns are shown as functions
of x and y (cosines): (1) for scan points on the meridian
at different declinations and (2) for scan points at constant
declination, varying time. 1In addition, directivity of the
large array is calculated using a grating-lobe summation to
approximate the scattering loss. This directivity is plotted
for scans varying in time and also for scan points varying
in x and v giving contours of constant directivity. The gain
of the array will be less than the directivity shown, because
(1) this analysis neglects okmic loss in the array and (2)
also neglects reflection loss due to variation of active

impedance caused by mutual coupling in the array.




]
l
l
!

«33--

In order to make this analysis, mutual coupling between
elements is neglected. This enahles one to congider the
elements as independent and to neglect edge effects in the
array.

One feature of the array vhich is being investigated is
its noise peiformance. This is a very complicated problem
because noise reception depends on the location of the sun
and of galactic noise sources relative to the spacecraft, all
of which vary with time of year an’® time of day. However,
there is promise that this problem can be solved in practice
because of three proposed features of the array: (1) the
overall periodicity and rectangular structure of the array,
(2) the use of parallel or independent phasing of rows and
columns of the array and (3) the use of a digital computer
to select patterns minimizing noise reception.

For the purpose of a logical derivation of the array
pattern and performance, the remaining material is arranged
as follows:

2.4.1.1 Pattern Properties

2.4.1.2 Assumptions about Array

2.4.2 Grating Lobe Structure

2.4.3 Side Lobe Structure

2.5 Planar Array Performance Characteristics

2.5.1 Gain and Beamwidth

2.5.2 Gain vs. Time and Declination

2.5.3 Noise and Side Lobes (& Grating Lobes)
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Pattern Properties

important pattern properties are as follows:

Beamwidth of the array. The beamwidth of the main

beam is inversely related to the gain of the array.
The main beam is really the main grating lobe. The
detailed pattern near the main heam is revealed by
a calculation of the side lohe structure (Section
2.4.3). The size of the main beam is roughly
inversely proportional to the overall area of the
array but a detailed description of the shape of
the main beam will have to wait until the patterns
have been derived and analyzed (Sections 2.4.3,
2.5.1).

Grating lobe structure of large (50 Adb) ground

array. The grating lobes contrihute to scattering

loss (reducing gain) and to noise reception (from

radio sources). Vhen the location and intensity

of the grating lobes are known it is possible to

calculate the approximate directive gain of the

array and the approximate galactic and solar noise
contribution for any given scan angles and for a

known celestial noise density. These calcuations

can bz made either in terms of pure coordinates

(scan directions) giving 2-dimensional or contour l

plots, or as a function of time (on a rotating

earth) with declination of celestial source as a
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parameter (this is tracking information). The
grating lobe structure, which is mainly determined
by the nature of the smallest unit in the array
(the Twin-Tee) and of how it is repeated in space,
is analyzed in Section 2.4.2 below.

Side lobe structure, superimposed on the grating

lobe structure. kKere the side lobes are the details
which fill the pattern hetween the grating lohes.

The side lobes can contribute to noise (from a strong
radio source) but are typically too small to detract
appreciably from the cain. This probhlem is related
to the overall organization and quantization errors

of the array anc is treated in Section 2.4.3 below.

Array Assumptions

In order to make z prattern analysis, certain assumptions

are made:

1)

No mutual coupling between elements. This enables

one to consider the elements as independent and to
neglect edge effects in the array. In addition,

this analysis neglects mismatch loss cdue to variation
of active impedance with scan angle. (See Section 2.8
for an analysis of mutual coupling effects)

The 50 db ground array is considered as a large,

uniform (periodic) array. This assumption enables

one to represent the pattern by its grating lobes




(and the strongest side lobes are on lines connecting
the grating lobes) 2ad to use a grating lobhe series
to determine the ccattering loss (which reduces the
gain). Most of the discussion in this Section 2.4
and the following (Section 2.5) is primarily relevant
to the large (50 ch) array, which justifies the

approximations mentioned.

2.4.2 Grating Lobe Structure

2.4.2.1 Coordinate Systems

Here the general separation of pattern intc grating

lobe pattern and side lobe pattern will be made, so that %the

grating lobe pattern can be analyzed here, and the side lobe

s

pattern in Section 2.4.3. First an illustration of the

{ geometrical layout of a section of the array and an illustration
of the fundamental coordinates, direction cosines, are shown

g in Figures 2.4.2.1-1 and 2.4.2.1-2 below. The direction

cosines, x, Yy, and z, are related to the azimuth and zenith

angles, ¢ and 6:

X = sin 0 sin ¢ (2.4.2.1-1)
il y = sin 6 cos ¢ (2.4.2.1-2)
Z = Ccos 6 (2.4.2.1-3)

l The x-, v-, and z-cosines are not to ke confused with spacial
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a 1-x%, EW dipole
[dipole pattern] =

/\’
W —-~7'~———E < 1-y?, NS dipole
s

Hertzian dipoles 1 , istropic element
-

ideal elements aligned North-South cr Zast-West

) Figure 2.4.2.1-1(b) Element Pattern
ground
plane [z-array factor] = sin(n2S32)

perfect ground plane, reflected image of element

Figure 2.4.2.21-1(c) Element above Ground Plane

3

R

3

ei‘g'rﬁ¢m)/3

,.@5 [single-tee pattern]

/ { myl
445 .445
127,445(y-y )

[1+2e 1'cos(2n.445x]/3.

[single-tee pattern]

o sEERg

no phasing East-West witihin Tee
one manual phasing loop North-South giving ¢;= 27.445y,/3.

Figure 2.4.72.1-1 (d) - Single-Tee Pattern-- manually phased
N
5 [TT-array factor] = cos 21.445(y-y,)
W
phase shift between two Tees is ¢ = 27.445y, (radians)
S Y+« adjusted manually to approximate & desired y-value
Figure 2.4.2.1-1 (e) Twin-Tee Array - manually phased

‘ r=.445(3,-1,0)

> >

[double-TT-array factor] = cos(n.445(§°;-Ko-r))

phage shift between staggered TT's = n.445(§0';)
Kper K.-r within A/16 (nearest quantization of delay line)

; Figure 2.4.2.1-1 Double Twin-Tee Arrav - electrically phased
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coordinates a8 the cosines represent a direction in space;
consequently: the length of the vector (x,/,z) is normalized
to unity. The two cosines, x and y, are projections of the
direction vector in the easterly and pnoritherly directions,
respectively, and are sufficient to represent any direction

above the horizon, as:

z = /1 = x¢ = y? (2.4.2.1-4)

In the following analysis, directions will be represer:ted by
their projections, x and y, within the unit circle, although
a more familiar representation would he by points on the unit

sphere, as in Figure 2.4.2.1-2,

2.4.2.2 Case of Exact Phasing

In Figure 2.4.2.1-1, the Double-Twin-Tee (staggered pair)

is the smallest geome‘-.ical unit which can te repeated period-
ically to fill the entire array. If the phasing and currents
within each Doubie-Twin-Tee are the same and if the phasing
from each Double-Twin-Tee to each other is exact*, then the

array of Double-Twin-Tees will be doubly-periodic electrically

———

*This exactness will result from guantizing the allowed scan
directions as mentioned in Section 2.4.3.3, resulting in exact-
ness at some of the points needed to cover the visible space,
and approximate exactness at all other points.
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and geometrically, with 40 units Fi7 and 56 units NS in the

50 db ground array. In this case, the overall pattern can

be represented as the product of the pattern for the Double-

Twin-Tee multiplied by a (periodic) array factor, giving:

E(x,y) = [x-array factor]-.(y-array factor)-

[(Double~Twin-Tee pattern)

where

1 sin 407 2.67(x - x,)
[x-array factor] = z% =13 T 2.0 (X - X.)
. c

1 gsin 567 1.78(y - yo)
[y-array factor] = g7 o7y 1. 78y - Yo)

o'Yo) = scan point

2.67) = period in x-~direction

1.78) = period in y-direction

(2.4.2,2-1)

(2.4.2,2-2)

(2.4.2.2-3)

(2.4.2.2~-4)

(2.4.2.2-5)

(2.4.2.2-6)

The [x~-array factor] and the [y-array factor]) produce a series

of peaks, grating lobes, at doubiy periodic locations in the

x~-y plane, displaced from the main lobe by multiples of the

respective x and y periods:

0x = 1/2.67 = .3745

(2.4.2.2-7)
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Ay = 1/1.78 = .5518 (2.4.2.2-8)

In the case of exact phasing, a grating lobe* can be defined

as a part of the array pattern in . rectangular domain bhetween
two consecutive nulls in the (x-array factor], between two
consecutive nulls in the [y-array factor]), and containing a
point where the denominators in the (x-array factor] both

go to zero, producing what will ordinarily he a single relative
maximum within the domain. Ordinaril: the magnitude of the
grating lobe will be larger than the magnitude cf neighboring

side lobes, arisinyg from other peaks in the ([x-array factor)

PR |

and ([y-array factor]. Although the detailed pattarn will bhe

of interest in Sections 2.4.2.4, 2.4.3, and 2.5.3 concerning

[ SRS

noise and side lobes and in Section 2.5.1 concerning the main

Giend

beam, thig derivation will first consider the overall pattern

in the entire unit circle, as the overall pattern is strongly

*The grating lobes are simply caused by periodicities in

the array, such that a wave is at the same phase (mod 27) at

all the units in the array. The overall array can be con-
sidered as a conjunction of two onc-dimensional arrays: a
one~-dimensional array of 56 units in the y-direction, making

one column, and a one-dimensional array of 40 columns in the
x-direction, for which the [x-array factor] is equal to magnitude
to:

vy W O WENE eeed

0 sin 40ws(x - xo)

' 1
i 30 40 sin ns(x - x_)

- eiZns(x-xo)

(2.4.2.2-9)

A1h

=]

where s = spacing = 2.67 wavelengths. The ([y-array factor] is
similarly represented by Equation (2.4.2.2-3).
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related to the periodic grid of lines, parallel to x,y axis
intersecting in the grating loles.

Based on the periods 4x,A’ given bv Fquations 2.4.2,2-7
and 2.4.2.2-8, there are about 15 grating lohes in the urit
circle at any time, although it should he noted that for scan
points close to the manually-adjusted peak of the Twin-Tee
pattern, as thown in Figure 2.4.2,.5-1 and derived in Sections
2.4.2.5 and 2.4.2.6, all of the grating loles except the Mmain
lobe will be reduced by the [Double-Twin-Tee pattern]. 1In
addition, for a small set of "exact phasing points” ([which
are a subset of the points mentioned in Section 2.4.3.3(1)] when
the electrical and the manual phasings are exact, then all of
the grating lol.es except tha2 main lobe and possibly a diagonal
lobe are identi-~ally cancelled.

In order to facilitate a visualization of the overall
pattern, the hich frequency variation of the ([x-array factor]
and the ([y-array factor]), as evidenced in their numerators,
‘ill bhe eliminated, as the factors will he replaced hy
approximate envelopes or upper limits in the following

Secticn 2.4.2.3.

¢.4.2.3 Envelope of Array Factors for Exact Phasing

The region between the grating lohes is filled by a
number of side lobes, as shown for example in the numerators

of the ([x-array factor] and the ‘fy-array factor] for exact

phasing. 7o remove the high-frecquency oscillation in the
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{x-array factor] and the ([y-array factor]), each of their

numerators will be replaced by unity, except near a grating

lobe where the envelope will be chopped to unity, which is

the maximum value of the array factors.

These relatively

simple modifications to Equation 2.4.2.2-2 and 2.4.2.2-3

result in:

1 ’
{x~envelope] = ¢ 1 ’
1 .

40 sin 72.f7|x-x_|

€, = ;7%57 sin’l(éﬁi

1 ’
{y-envelopel = . 1 '
1 .

56 sin n1.78|y—y°|

3

€y = ?I%VE sin“‘(g%)

|x-x | =
|x-x | 2
otherwise
ly-y,| 2
othervise

€y (mod 1.)
l - €3 (mod 1.)

(2.4.2.3-1)

(2.4.2.3-2)

(mod 1.)

l - €, (mod 1.)

(2.4.2.3-3)

(2.4.2.3-4)
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The (Double-Twin-Tee pattern’, the [x-envelope)] and the
[y-envelope), are slowly varying functions of x and y; the

product of all these gives an overall nominal envelope pattern

‘thich will be used to show the overall structure of the pattern

in the unit circle:

[nominal envelope pattern] =

[Double-Twin-Tee pattern] - [(x-envelope] * [y-envelope]

(2.4.2.3-5)

'TThis simplification of Equation 2.4.2.2-1 is used to show

the overall features of the vattern, o be discussed in

Sections 2.4.2.5 ang 2.4.2.¢,

2.4.2.4 Side Lohe Pattern Separation

The high-frequency oscillating parts of the [x-array
factor] produce what will be called the side loke pattern.
In the more general case when the rhasing betweezn Double-
Twin-Tees is not exact, the [x-array factor] and the [y-array

factor] are replaced by sums of the form:

40
[x-array summation] = }
n=1

e1272.67 (mx-¢,) (2.4.2.4-1)
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56 . - -
{y-array sumation] = Z ) e12"1'78(ny ¢n) (2.4.2.4-2)
ne

where the {¢m} and {¢n} are quantized phases, adjusted to
produce a desired side lobe pattern, as treated in Section
2.4.3 below. Investigation of these sums shows that their
side lobe patterns are quite similar to the corresponding
array factors, because they all have (1) pericdic gt;ting
lobes of approximately the same shape and period as in the
nominal case and (2) side lohes which die off more or less
(depending on how the array is organized) like the nominal

e nvelope. Therefore, for all scan directions, the overall
behavior of the pattern will be represented by the nominal
envelope pattern, and the separate problem of the details of
the side lobe pattern will be treated in Section 2.4.3, 2.5.1

and 2.5.3.

2.4.2.5 Double-Twin-Tee Pattern

The [x-envelope] and the [y~-envelope] are respectively
periodic in x and y (as is the side lobe pattern, treated in
Section 2.4.3). The peaks in the [x-envelope] and the ([y-
envélope] are of unit magnitude and are periodic with the
respective periods Ax = .3745, Ay = .5618. Since there are

about 15 peaks (grating lobes) in the visible space (unit

circle) at any time, it is essential that all of the peaks
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except the main peak (main lobe) should bhe reduced to a lcw
magnitude by the ([Douhle-Twin-Tee pattern]. Foxtunately,
there is a large region in the unit circle where the desired
scan point does produce the greatest peak, as shown in Figure
2.4,2.5-1 below. The allowed scan region, as shown, is only
restricted by east-west lack of phasing and by an uncompensated
diagonal lobe. There should also be a daily restriciion cf
y-phasing; so the net daily scan region would he roughly =2
rectangle, or a rectangle less a part of two circular areas.
Reference to geometrical layvout of the Douhle-Twin-Tee
reveals thrat the [Douhle-Twin-Tee pattern] is composed of

several factors, which are defined helow:

[Double-Twin~Tee pattern] =
[dipole pattern]-[z-array factor]-:[single tee pattern]-
[TT-array factor]: [Double~TT-array factor]

(2.4.2.5-1)

1n the coordinates chosen (x and y cdirection cosines), the
pattern of the Fertzian dipole (proportional to cosine squared
(8), 8 = angle between the dipncle axis and the direction

vector), is normalized to:

2 - ipo
1 x?, east-west dipcle (2.4.2.5-2)

[dipole pattern])

1 - y2, north-south dipole
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The [z-array factor]) arises from the reflected irage of a

dipole helow a ground-~plane:
[z-array factor) = sin (nzs3z) (2.4.2.5-3)

Sy = dipole-ground spacing (wavelength) = .25 (2.4.2.5-4)

The [single tee pattern] is formed as an exponential sum of

terms from 3 point sources in the tee:

[single tee pattern] = [1 + 2812#.445(y-y1) cos (2v.445x)})/3

(2.4.2.4-5)

2

| where Y, is fixed by a mechanical phase~shifter (quantized to
A/8). The [TT array factor] comes from the juxtaposition of

two tees on the north-south line to form a Twin-Tee:

[TT-array factor] = cos{2n.445(y~y,)] (2.4.2.5-6)

where y, is also fixed by a mechanical phase-shifter (quantized

to A/8).

Pllumitiaiu i

Finally, the [Double-TT-array factor] comes from the

[ERSCTE |

staggering of two tees to form the basic geomestrical unit

which can be repeated geometrically to produce the entire

array:

I
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{Double-TT-array factor] =
cos [n.445(R-R ~ R _-¥)] (2.4.2.5-7)
% = scan direction = (x,/,2) (2.4.2.5-8)
ﬁo = glectronically quantized (A/8) (2.4.2.5-9)

scan direction

The nroduct of all these factors, which are normalized
to unity, produce the [Doukle-Twin-Tee pattern]. The [dipole
pattern] and the [{z-array factor] are slowly-varying and do
not have too much effect on the overall results. The other

factors are vital in their effecct on grating loles, as out-

lined below and illustrated in Figures 2.4.2.5-2, 2.4,2,5-3,
and 2.4.2.5-4: Tabhle 2.4.2.5-1 on page 48 gives the legend

and notes for all figures.

a approximate

sat factor zero_ cancellation

A Double-TT Diagonal lines, slope 3, ~2-5 zeros, can be
offset +4x, +34x,... scanned electron-

ically.

B TT-array Lines for y=y,+4y, v5~10 zeros, fixed
Y*1'3Ay’ooo in y

C Single Tee Isolated zeros at 2-4 zeros, fixed
(YlvtzAx) ’ x and y.
(y1t2Ay ':'_'AX) [ 2K 2K I ]

(A) and (B) produce the major cancellation of grating lohes

in the unit circle, particularly the cancellation which is




PROJECTION PLOTS

X-Y PRATTERN
0. 70 -50. 08. (A) ZEROS OF DOUBLE -TT ARRAY
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Figure 2.4.2.5-2 ! Double-Twin-Tee Pattern
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Ficure 2.4.3.5-3 Overall Envelope Prociection, Mo.=0,Hr.=0.
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effective as the main beam is scanned in x (or in time, for
+ an hour or two from lccal nooentime). (B) restricts the
scan in y. (C) does not remain effective as the main beam

is scanned either in x or vy.

2.4.2.6 Overall &Envelope Pattern

The pvroduct of the ([Double-Twin-Tee pattcrn), as
shown in Figure 2.4.2.5-2 ahove, multiplied by the [x-
envelope] anc¢ the ([y-envelope), vhich are respectively
periodic in x and y, as shown in Equations 2.4.2.3-1 and
2.4.2.3-3 above, produces a nominal envelope pattern with
a sequence of peals at doubly-periodic locations in the x-y
coordinate plane, Wi:h the magnitude at the peaks being
the magnitude of the [Double-~-Twin~Tee pattern]}. As mentioned
in Section 2.4.2.5, the [Dourle-Twin-Tee pattern] should
approximately cancel most of the peal:s except the main peak,
for which all of the factors compcsing the [Double-Twin-Tee
pattern] should be approximately maxirum (unity).

This desired state of affairs holds only near the
meridian (local noon) and near the y-direction for which
the manual components in the array are phased. As shown
in the figures below, the nominal envelope prattern will
change with local time and with y--hasing. Fioure 2.4.2,.5-3
shows the nominal envelopec for the came time (local noon)
and the same declination (5.77°, corresponding to declination

of sun at 0. months from the summer solstice) as chosen for
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TABLE 2.4.2.5-1

Legend and tiotes for Curves

All curves for nominal 50 db rectangular array

Assuming no mutual coupling between elements.

No Fast- est phasing within Twin-Tee

Manual North-Sou:h phasing with Twin-Tee (quantized).

Target coordinates menth and hour referred to Sun:
Month: 0.00 at Surmmer Solstice to 6.00 at Winter Solstice
Hour: 0.00 at local noon

Other targets in ecliptic plane specified by declination
and local hour (relati=s to meridian).

x and y are direction cosines, related to spherical coordinates
of zenith and azimuth angles.

Basic elements of array can be: 1S dipole, Hertzian
EW di; nle, Hertzian
Isotrop.c element

Latitude of array approximately: 17.67 St. Croix
29.22 Fl Campo
35.40 Goldstone
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the plot of the [Double-Twin-Tee pattern! in Figure 2.4.2.5-2
above. The latter plot is merecly the former mulitplied hy
the doubly-periodic envelope of the array factor. Figure
2.4.2.5-4 pbelow shows the same conditions in a normal view,
also printing the nominal intensities at the grating loles,
and superimposing ellipses of: (1) constant declination, for
target +10° and (2) constant time for +1, +2 hours from
noon.

Figures 2.4.2.6-1 throuch 2.4.2.6-6 below show similar
plots of the nominal envelope pattern and the grating lobes
for a declina*ion of 0° (corresponding to declination of

sun at an equinox) and for varying time in increments from

local noon.
Figures 2.4.2.6-7 and 2.4.2.6-2 below show a similar
set of plots for maximum daclination of target in ecliptic

(sun at winter solstice, declination = -23.45°), at local

novoil.

As shown in Figures 2.4.:2.6-1 and 2.4.2.6~-2 above,
the main heam, when it is on the meridian, is the largest
lobe in the viéible space (unit circle) when the main beam
is phased approximately to the y-coordinate for which the
manual phasings in the array are set. 'Yhen the time from
local noon is changed, with declination remaining constant,
as shown in Fiqures 2.4.2.6-3 through 2.4.2.6-6 above, it is

seen that within two hours, the main lobe has been supplanted

as the largest lohe by one 2Ax (4x = .3745) over on the same
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EW line. This occurs, because, as explained in Section 2.4.2.5,
this lobe is initially cancelled by a fixed, isolated zero

in the [single tee pattern); the fixed zero, resulting from
fixed EVl-phasings in the tee, cannot be phased E'l; therefore,

as the pattern of grating loles is phased eastward, the extra-
neous lobe moves away from the fixed zero, and the desired

main lobe moves toward the other symmetrically-located fixed
zero on the other side of the 1eridian.

Similarly, as the main bean is phased 1!!S away from the
y-value for which the array is marually phaseé, the main beam
would be supplanted as the largest lohe by another grating
lobe, as other rows of grating lohes move away froin the lines
cof zeros fixed by manual y-phasing (¥S) in the arréay.

The net effect of this reduction in the magnitude of the
main lobe and increase of the other grating lohes with phasing
is manifested by a loss in gain, or scattering loss, reducing
the receiving area of the array proportionally to the fraction
of power which would be scattered in thc directions of the
other grating lobes (divided Ly the total povrer). Quantitatively,
this reduction in gain is covered i Section 2.5.1 and 2.5.2
where results are given in the form of gain contours, gain
vs. time, and some analytic results. In addition, the rise
of a bad grating lobe can result in an increase in received
noise power if the lobe moves intc a galactic noise source
(which is likely to be found in the galactic equator), as

mentioned in Section 2.5.3 below.

Noise due to side lohes is treated in fection 2.4.3, 2.5.3.
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2.4.3 Side Lole Patterns

2.4.3.1 Overall Behavior of fide Loles

As mentioned ahove (Sections 2.4.1.1(3), 2.4.2.5) the
main effect of side lobes is a potential increase in received
galactic noise power, proportional to the magnitude of the
side lokes. For gross purposes, the sicde lcbes are represented
by a nominal envclope (Section 2.4.2.6), an approximate upper
limit of the side lobes for exact »hasing hetween Double-Twin-
Tees. A secondary effect of the sicde lobe pattern is the
ef{fect on the main beam; however, the only significant effect
on the main beam is a slight ripple in cain caused by a slight
misalignment of the main beam as it is moved in quantized
steps throughout the x-y coordinate plane. The width of the
main beam in x~y coordinates is not expected to change very
much with phasing; therefore, the discussion of the main
beam in Section 2.5.1 will Le based on the nominal array
factors.

In the overall envelope pattern (Sections 2.4.2.3 and
2.4.2.6) it can be seen that the side lobes tend to lie along
lines connecting grating lobes in the x- coordinate plane.
Thus, the side lobes tend to form ridges in the x-y plane
along which ridges the pattern will typically be of greater
magnitude than in the larger areas between the ridges. Since

the overall axrray is rectangular !'S and I, the ridges of

side lobes are also aligned along lines parallel to the x- and




-axes in the space of direcit:ion cosines. This overall
structure of the pattern makes it possihle to see when a

ridge of side lobes is potentially close cnought to a noise
source to produce appreciable received roise povver. The

exact noise power would deperd on the detailed pattern of

the side lobes, which can deviate anrreciably from the nominal

pattern, as covered immediately below in Section 2.4.3.2.

2.4.3.2 Side Lches for Tree vs Parallel Thasing

The detailed side lobe pattern can have side lobes 11
and 20 db ahove the nominal envelope pattern, depencing upon
the method of phasing the array. It has been seen that the
tree, or digital number, method of phasing the array can
produce some side lobhes on the order of -10 to -20 dbh, because
of the assimulated growth of phasing errors as the signals
from the Twin-Tees are combined through successive phase
shifters, each with a maximum error of 1/16, producing an
accumulated maximum error of 32/8. In certain cases, this
tree method of phasing was shown to produce sir’e lohes on
the order of 10 db below the main lobe, where the nominal
envelope was about 20 db below the main lohe. In an effort
to improve this situation, a study was made of various

methods of parallel phasing of the array. Approximate

least-mean-squared-error phasing was shown to produce a

predictakle side lobe on the order of 17 db below the main

lobe (this was simply a result of dividing the array into
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groups of roughly equal numhers of elements, each of which
groups simply approximates a subh-array of elements at the

same phase, plus an exact tilt). This results in a significant
reduction in the level of the wvorst side lobe; and correspond-
ing results apply to the levels of other bad side lohes in

the same pa‘terns. In addition, parallel phasing of the

array leaves open a degree of freedom which can be used to
tailor the side lohes relative to a given galactic noise
distribution.

Formulas for thke side lohe patterns can he derived from
the hasic expressions 2.4.2.4-1 and 2.4.2.4-2. This was
essentially done in deriving Equations 2.4.2.2-2, 2.4.2.2-3
and 2.4.2.2-9. For tree or parallel phasing, the expressions
are more complicated than for a uniform array, and have
been evaluated by a digital computer (Figures 2.4.3.2-1 and
2.4.3.2-2). For tree phasing (single digital number method)
the array is broken into successive sub-arrays, each con-
taining two units, each half as large az the next-higher-
level sub~array. This is basically a2 method of successively
dividing the array in halves. The tree phasing produces an

[x-array summa+tion] of the form:

[x-array summation] = ~cos(ndxl) cos(2ndx2) cos(4ndx3)-

i - -4
%{4 cos(BndxA) cos(l@ndxs) + 612"(32dx6 des dx4)}

(2.4.3.2-1)
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‘'here dxl = 2.67(x ~ Al)" » oer AXp = 2.67(x - AG) with the
{Am} selected to phase the given suh-arrayvs as closely to x

as possible using phase shifters quantized to A/8. The {Am}
are simply obtained from the single Jdigital number by eliminat-
int an insignificant digit from the end of the number for

each successive level of the tree from top to bottom. Parallel
phasing divides the array into groups with the phase at each
unit in a group given by a constant plus an exact tilt. By
grouping the terms of Fquation 2.4.2.4-1, this produces an

[x-array summation] of the form:

[x-array summation] =

K=-1
max .
_ i272.67[(x=x_)) M,=-A(K-=1)]) (2.4.3.2-2)
£=1 SNK(X x,)e o §=1 K
NK ‘
Sy (x - %) =] et2n2.67m{x-x) (2.4.3.2-3)
K m=1

where X is an exact phase point giving the exact phase tilt
(see Section 2.4.3.3(1),(2) bleow, and A is the phase step
from one group to the next (4 usually will be the minimum
quantized step = Ax/8 = .N468, from Fquation 2.4.2.2-7). The

code of numbers on Figure 2.4.2.2-2 shows the division of the
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array into groups at the same phase plus an exact tilt
(thus there are 3 urits at "zero" phase, then 3 units at
A/8, then 3 units at 2)/8, then 2 units at 3A/2, etc.; all

plus an exact tilt).

2.4.3.3 OQuantization of Look Directions

In either case, tree or parallel phasing, it is acceptable
to quantize the allowed look directions in the x-y coordinate

plane (as mentioned in Section 2.4.2.2). This quantization

r————

can be thought as occurring at two levels:

; l) First, there is a quantization of points in the x-y
plane at which the phasing can be set exactly be-

tween every Doubhle-Twin-Tee and every other. This
quantization produces a rectangular grid in the

x-y plane with grid spacings exactly 1/3 of the spacing
between grating lobes; because the grating lobes

are points where the phase difference between Double-

Twin-Tees is a multiple of one wavelength, and the

exact phasing points are points where the phase
difference is a muitiple of one-eighth wavelength
(the quantization of the phase shifters).

2) Second, between the exact phasing points, the space
can be quantized into a sufficinet number of points
which will allow any point in the space to be covered

by the main beam with less than, say, .5 db ripple

in intensity. Therefore, since the pattern is a




-56-

product including an [x-array factor] and a ([y-array
factor], the quantization should he such that for

any point (x,) in the space, there should be grid
points (xk,yk) such that if the main beam is at (%) 1Y) o
then the [x-array factor] and the [y-array factor)

at (x,y) are both within, say, .25 db of the peak.

Investigation of the tree method of phasing based on a
single digital numher to specify an x-cocrdinate or a y-coordinate
makes it evident that the digital numhers automatically quantize
the allowed look points as discussed in (1) and (2) above. The
fineness of the quantization corresponds to the length of the
digital number but the guantization is not significant beyond
the number which is necessary to specify the phasing of the
array. For the parallel method of phasing, the level of
guantization is almost arhitrary but is limited practically
by the number of different side loke patterns one wishes to
allow in the system's memory. Practically, the same level
of quantization for the allowed patterns in both methods of
phasing give about the same coverage by the main heam (but

different side lobe levels relative to the main beanr).

2.4.3.4 Results

For an illustration of the type of sida lobe patterns

which have been considered, a typrical sample is included in

Figures 2.4.3.2-1 and 2.4.3.2-2.
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The final trade~-off on the phasing of the array will
involve several factors:
1) itain lobe coverage. This probhlem seems to be solved
by the quantization methods discussed above.
2) Side lohe levels and noise. €ince the sun will be
roughly EV of the target near conjunction, a mongrel
system with better control of I\ phasing than IS may

be economical.
3) Flexibility. To optirize patterns and reducz noise,
some independent or parallel phasing of groups will

be necessary.

2.5 Planar Array Performance Characteristics

Certain properties of the planar array pattern, which
were derived in Section 2.4 akove, will be reclated to important

performance characteristics of the array, including: antenna

gain, antenna noise reception, and the variation of antenna
gain and noise power with richt ascension and declination of
target. Again, the assumptions which were stated in Section
2.4.1.2 will apply. In particular, the discussion will apply
mainly to the large (50 db) ground array, for which the
separation of pattern into side lohe and overall enveiope
parts is particularly valid. ~he coordinate system of
direction cosines (Figure 2,4.2.1-2) will again he used, as

these are fundamental coordinates in which a rectangular array
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"thinks", and which give the pattern the periodicities discussed

throughout Section 2.4.

2.5.1 Gain and Beamwidth

2.5.1.1 Gain vs Inverse Learmwidth

The gair of the array is perhaps the single most important
factor in the performance of the array, as the gain can be
shown to be proportional to the effective receiving area of the
array for a plane wave. MNeglecting ohmic losses in the array,
neglecting mismatching reflection losses cdue to variation of
active impedance at the termninals leading from the Twin-Tees*,
and assuming that the pattern can he represented as exactly one
unit in the grating lobe pattern (this assumption is good if
the [Douhle-Twin-Tee pattern] is slowvly varying in the neighbor-
hood of the main lohe, and if all other grating lohes are small),
then the array gain is inversely prcportional to the product
of the x- and y-bheamwidths, normnalized hy the cosine of the

zenith angle.

2.5.1.2 Expressions for Beamwidth

It is expected that the x and y half-power beamwidths are

*The problem of variation of active impedance does not appear at
present to be satisfactorily solved, even for a uniform array of
dipoles, in which an unrealistic assumption of a sinusoidal dipole
current is often made. See Section 2.7 for a description of
active impedance variation.
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roughly indepencdent of the metho of rhasing the array, so long
as the phasing errors ¢o not get out of hand (this still is a
question for investigation, in connection with the organization
of the array, and the side lobe patterns, Section 2.4.3). 50
long as the x and y half-power beamwidths are independent of
the rhasing, the beamwidths will he given for the case of exact
phasing, for which the pattern in the vicinity of the main

beam is approximately proporticnal to thc product of the [x-
array factor) and the [y-array factor] which are of the form
sin anl(x - xo)/ﬂ sin nsl(x - xo) and sin Mnsz(y - yo)/

M sin wsz(y - yo) from LEquations 2.4.2.2-2 and 2.4.2.2 -3 above.
The power in the vicinity of the rnain beam is approximately

the square of the product of these factors, hich looks some-
what like a cosine-sauared function in heoth x and y. The half-
power width of a cosine-squarec function is exactly half the
distance lbetween the first (syrmmetric) nulls in the function,

so the half power heamwidths will arnrcximately equal the

distance in x and y, respectively, from :he center of the main

i lobe to the first nulls.

2.5.1.3 HNumerical Results

It can be seen from Iquations 2.4.2.2-2 and 2.4.2.2-3
that the distances from the peak to the first nulls in the

[x-array factor] and the [y-array factor], respectively, are i

agiven by

1
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These half-widths are inversely proportional to the overall
dimensions of the array, so that the directive gain of the
array is directly proportiocnal to the overall area of the
array, under the assumptions stated at the beginning of
Section 2.5.1.

The beamwidths, in addition to being related to the gain,

give an indication of the angular resolution of the system and

an indication of the noise rejection capabilities of the system

for noise sources within a few keamwidths of the mair beam

(heamwidths given above transform to ~.5%).

2.5.2 Gain vs Time and Declination

2.5.2.1 Gain -~ Scattering Loss Relationship

The relationship between gain and beamwvidth or hetween
gain and overall area of the array is reasonably good if the
main lobe is much larger than all the other grating lohes.
As discussed in Section 2.4.2.6, the main lobe is not always

larger than the other grating lohes. As the array is scanned

away from the meridian (x = 0) and the y~value (corresponding
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to declination) for which the manual components of the array
are set, the main lobe will decrease in amplitude and the
other grating lobes will increcase as the manually-phased
factors of the array pattern become more favorable for them
than for the main lobe. The gain of the array will ducrease,

depending strongly on the scattering loss, which is the ratio

of the main beam power to the total power in the pattern, which
will be approximated below by a summation over all the grating

lobes within the unit circle.

2.5.2.2 Expressions for Gain

Considering the array for the moment as a transmitting
array, the effect of the other grating lobes is to radiate
power which should be radiated from thre main lobe for maximum
efficiency. Considered as a receiving array, the reciprocal
effect on performance is cue to scattercd or reradiated power
which can never be absorhed by the receiving terminals of the
array. In order to acccunt for tliese effects, it is necessary
to have an accurate expression for the gain of the array. The

gain of the array will be given by:

[gain] = [directive gain] + [mismatch loss] + [ohmic loss]

(2.5.2.2~1)

in decibels, where, for the following, the [mismatch loss] and

the [ohmic loss] will be neglected. The [directive gain] is
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given by the following:

4P (xo,}'o)
J/P(x,y)dxdy/z

{directive gain] = 10 loglo (2.5.2.2-2)

(for reference, se¢ Antenna Analysis, F.A. "olff, Vliley, ew
York, 1967, PP 12). Following the se¢;aration of pattern into
side lobe and envelope (or grating lohe) parts, the expression
for [directiv2 gain] will be separated into parts for the

main beam and parts for the grating lobes, as follows:

[directive gain] = G + 10 log,, %, +

P(Xod’o) /ZO

10 10910 (2,5,2.2-3)

ZP(xo + inx.y  + jAY)/Zij
all ioh:s in unit circle

where Go is the ideal gain for main heam alone (as in Section

2.5.1), or 4n/2? times the overall array area:

Gy * 10 log,, (4r40%2.67#56%1.7€) (2.5.2.2-4)

The term 10 loglo(zo) accounts for the spreading of the main

beam in the transformation from x-’ to angular coordinates,

and the third term is the scattering loss or the ratio of
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power in the main beam to the total power (in this summation
zij is the third, vertical, direction cosine for the point

o - w2 - vy2
X; ¥y SO that Zi9 = /1 x{ - v3 ). The use of a grating lobe
summation as an approximation to the inteagral in Equation

2.5.2.2-2 is justified for the large (50 db) array by the fact
that the pattern is only significant in a small neighborhood
of each grating lche (in fact, approximately 70% of the
contribution to the integral comes from the single main beam

within each rectangular period of the grating lobe pattern).

2,5.2.3 Digital Computation of Gain Curves

T

This computation has heen implemented on a digital computer
and the antenna gain has Lkeen calculated for many poirts (xc,yo)
inn the unit circle according to one of three different r <les
of operation¥*:

1) 1Isslated point. For certain isolated points in the

x~-y plane, the cain has heen calculateéd as an adjunct

*Legend for Curves

Months are given in decimals from Summer solstice (0.790)
to Vinter solstice (6.00). '"Then the month is given the
corresponding y-value at lccal noon, which is the sine of the
zenith angle, is also given. In some cases, the zenith angle
at local noon is also given. The month is given for a target
at the Sun: other targets in the ecliptic plane, like a
spacecraft, can be specified by their declinations which
would enable the appropriate gain curves tc be located.

When month and y-value are given for Twin-Tee sub-array

phasing, these values are for the closest quantized values
which can be set by manual adjustment.

Dipole specifies the element, which can be “East-West"
Hertzian, “North-South” Hertzian, or "Isotropic®.

Latitude is given for the East-based receiving array.
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to the intensity patterns, sucl as shown in Figures
2.40205"3' 20402.5“4 and 2-402.6-1 tl“rough 2.40206"'8
ahove.

Gain vs time. For this modc of operation, the manual

phasings of the array are calculated as closely as
possihle to the exact phasing which would be used for
a target at the given declination on the meridian.
Then, with the manual phasings set, the electrical
phagings of the array are varied so as to rniove the
main beam in an ellipse within the unit circle,
corresponding to a target at the given declinatien
but at different times of day relative to the meridian
(or local noon). For a plot of such an ellipse and
a detailed picture of how the vattern changes with
time, see Figures 2.4.2.6-1 through 2.4.2.6-6. The
curves of gain vs time are arranged in families of
7, corresponding to the sun at monthly increments
from summer solstice to rinter solstice. The families
shown are arranged to illustrate the change in the
gain curves vs the type of element (or dipole) and
vs the latitude of the array on the earth:
a) Fig. 2.5.2.3-1 Lat. = 29.22, Dipole is NS
by Fig. 2.5.2.3-2 Lat.

29.22, Dipole is FUW

¢) Fig. 2.5.2.3-3 Lat.

29,22, radiator is
Isotropic

d) Fig. 2.5.2.3-4 Lat.

17.€7, nadiator is
Isotropic

e) PFig. 2.5.2.3-% Lat. 35.4, Radiator is

Isotropic

X "
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Figure 2.5.2.3 - 5 Gain vs.
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Figures (c) - (e) show the degradation in performance
at higher latitudes.

Gain contours. Gain contours show a) the fixed point

for which the manual phasings are set (before quantiz-
ing), b) ellipses showing variation in time (+l1l, +2 hr.)
and variation in declination (+10°), c) contours of
constant gain in steps of 2 db from 40 dk up to a
maximum. These contours are intended to show variation
of gain vs x and y, and vs time and declination (rather
than “ust vs time for fixed declination, as in (2)).
Pepresentative plots here show variation of cain

vs month (or declination) of target and vs latitude

of array on earth:

a) Fig. 2.5.2.3-6 Lat. = 29.22, Month = 0 (summer)
b) Fig. 2.5.2.3-7 Lat. = 29.22, Month = 3 (spring,
fall)
c) PFig. 2.5.2.3-8 Lat. = 29.22, Month = 6 (winter)
d) PFig. 2.5.2.3-9 Lat. = 35.4, lonth = 6 (winter)
e) Fig. 2.5.2.3-10 Lat. = 17.67, ‘lonth = 6 (winter)

Ngain the highest latitude is worst, particularly at
low declinations, in winter. The irregularity of these
contours, and the previcus gain curves, is due to the
disconcinuous nrnanner in which grating lobes appear and
disappear on the horizon. The vurves show the shrink-
age in gain at low declination, near the horizon

(particularly at high latitudes).
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Figure 2.5.2.3 - 6 Gain Contours, Latitude = 29.22, Month = 0.
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2.5.3 1iloise and fidelobes

The main reason for deriving a detailed side lohe pattern
in Section 2.4.2 (the basic formulas are given at 2.4.2.4-1
and 2.4.2.4-2) is to determine their effect on receivecd noise
pover in the system. As discussed in Section 2.4.3, the normal
location of the largest side lotes is along ridges parallel to
the x-y axes in the unit circle, and intersecting at the grauv-
ina lobes; the detailed nature of the side lobhes dewends greatly
upon the method of phasing the array and the associated phasing
errors.

It is apparent that side lobes along the ridges can have
a significant effect on the system noise figure, even when
the side lohes are in the range of the nominal array factor,
or ahout =30 db relative to the main peak. This lcvel of
significance is roughly the amount of solar noise rejection which
is necessarv to produce about an 123"N°I front-end noise temp-
erature, for the typical ncise emission <f the sun in a neighbor-
hood cf 75 MHz. The typical solar noise density, referred to
the Earth's surface at 75 Mz is in the range of 2 x 1022 ¢o

10-2! watts/m2-cps. (¢ee Introduction to Radar Systems,

M.I. Skolnik, McGraw-Hill, ilew York, 1962, PP 279)*, For an

array with an area of 1.272 x 10° m2, corresponding to a gain

*Theoretical calculations cited by J.C. James in Radar Astronomy,

J.V. Evans and T. lagfors, McCGraw-3ill, Yew York, 19682, PP 328
indicates that a quiet Sun noise flux of about 1.5 x 10722
watts/m2-cps might be expected.
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of 50 db, the total incident noise power on the array is in
the range k (Boltzmann's constant) times an effective noise
temperature of 1.846 to 9.22 million °X. In order to recuce
this noise temperature to about 1800°K, a side lohe rojection
on the order of 30 to 37 db is required. 1In fairness, it
should be stated that these are averanged side lobe levels,
which are expected to he 2 to 6 db helow the peak side lobhe
levels wihich have been discussed up to this point.

Because side lobe levels of -39 to -37 db are not easy
to oltain, it is felt that there may bhe an unavoidable loss
in performance wvhen the Sun (oxr some other noise source) is
at a region in the sky where there is a large side lohe unless
means are provided for tailoring the side lohe levels relative
to a given noise source. Between the ridges of side lobes,
the noise should be relatively low, althcugh there nmay bhe scme
points where solar or galactic noise can hurt if the phasing
is particularly ineffective in reducing side lobes.

In theory, it is possible to run curves of receiver
noise vs time (similar ¢o the curves of gain vs time, Figures
2.4.2.3-1 through 2.5.2.3-5). !lowever, the prohlem is wvery
complicated because the noise depends on (1) the detailed
side lobe patterns, which depend on the methoc¢ of phasing
which is finally selected, (2) time of year at launch of
spacecraft, and (3) time of yvear at ohservation. Items (2)
and (3) determine the devlination Gf target and the differential

right ascension betwe:ii taxgal and 8un as a function of time.




Practically, a reasonable program might he expected to give
launch dates ard observation times for which the Sun will

pass through a ridge or a region of high side lobes.

2.6 Frequency Sensitivity

When a phased array has a principal beam orientation that
is a function of frecuency, it is said to have frequency sensi-
tivity. For example, for a given pyl'asing condition the beam
axis at 30 MHz may differ from the beam axis at 70 MHz by
an angle, 46. Such an array would have frecuency sensitivity,

if ¢ # 0, and would have limitations that may or may not be

o i d

serious depending upon the application. This linitation would
{ be sericus even for a very small A8, if the average received

noise at 70 Miz were subtracted from that at 89 Milz in a signal

s e}

integration process, and the background noise level were a

function of position such as on the Sun.

TRt S |

The amount of frequency sensitivity in a given antenna will
1 depend upon the way in which the phasing is done, and upon the
lengths of cables connecting the various elements together.

By way of illustration consider the phased array sketched in
Figure 2.6-1. This is a line of n dipoles extending over a

distance of 100>\1 (the A's and f's refer to wave lengths and

frequencies at ecach end of the 70 to 80 Miz band). All dipoles

et entaied

are connected to the receiver by cables of ecual length except

for small phasing increments, ¢k(k = ], n+tl). Suppose these

. phasing increments are adjusted so that the beam axis is at an
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elevation angle of 60° at fl. Then for ¢ = N it can be shown

that ¢n+l = 0, ¢n+1 = 0, ¢n+l = 1, and in dgeneral
2 4
Dy
= " - — 00 -
¢k Lnl A] cos 40 (2.6-1)

whe:2 1 is an integer and Dk is the distance from cdipole 1 to
dipcle k. At frequeacy f2 this array would have the main beam
orientec at elevation argle 6 such that for every dipole the

following relation would be anproiimately correct.

k - — -
-X-]-.- cos 6 + ¢k = I'!Az (2.6-2)

A few examples should convince one that 0 is ahout 55° so
that 46 = 5°, This is large comvared with the beamwicdth of
this array which is about 0.6°, and could not he tolerated
for the Sunblazer application.

The straightforward method of eliminating frequency
sensitivity is to arrange the feed cable lengths so that the
travel times of all signal components from any wave front in
space to the receiver is the same. hasing cables longer than
one-half wavelength may be used to phase such an array, and
the array might mors prorerly ke called a time-delay array.5

Some compormise between a time delay and a phased array system
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are allowable provided that a small amount of frequency sensi-

tivity can be tolerated.

2.7 Mutual Coupling

An analysis of mutual ccupling effects, is usually simplified
by assuming an infinite array of elements. O©f the propose?
three arrays, pilot, expanded, and 50 db; the 50 dbh systen
qualifies as an infinite earray since it is approximately 1n0A
by 100X, For example, in the 50 dh system the perimeter to area
ratio is .N4x"! yhile in the expanded array this ratioc is .11x~1
and in the pilot array .44x~1, The array may bhe considered to
he composed of two zones; the central zone in which all the
elements may be considered to bhe in i infinite array environ-
ment, and an edge effect zoue.

The significance of edge effects is not pattern degradaticn
due to mismatch, because it can be argued that the periphiral
elements are less effected by mutual coupling and therefore
more closely matched to their connecting transmission lines.
Edge effects contribute to impedance variations across the
aperture and interact with the electronic signal combining
systems. In this sense they add phase and gain variations to
elements near the perimeter of the array. 1In general each
element along the periphery of the antenna has an output
impedance which is different from its neighhors, while all the

elements in the central portior of the array have the same

output impedance. Analytically edge effects are difficult to
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estimate since the specific array geometry must he considered
and coupling coecfficionts ccrputed hetween every element in
the array. This usually involves the summation of slowly
convergent series and vields little insight into the problem
of mutual ccupling.

A more convenient and physically intuitive method of
considering the mutual coupling prohlem is to view the large
array as an infinitely large periodic structure. Since there
are no edge effects to consider, each dinole has the same

active impedance, Za(e,¢) and 7_ is only a function of the

a
angular position (6,¢) of the main heam. The periodic structure
concept is particularly useful since it permits a scale model
simulation of the infinite array. A simulation, which utilizes
wavecuide imaging properties, is described in the literature.3'7
It has been used at the Center to study the expected mutual
coupling effects of the large cdipcle array. The results of
this study are given below.

The infinite array waveqguide sirulation method permits
a rapid measurement of active resistance and reactance as a
function of scan angle. This impedance variation interacts
with the input impedance oi the electronic system and results
in a mismatch loss. 1In the large array, phase and amplitude
errors due to edge effects will he small because the impedance
of most of the elements change in the same way. Under the

assumption that only impedance mismatch degrades system

performance the realized gain Gr(e,¢» in any direction, relative
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to the idealize® or peak directive gain in ihat direction may

be expressed as:

MM 1 - |R(8,0) |2 (2.7-1)
G4(6,¢) ’

where |R(6,¢) |2 is the ratio of returned power tec incident power
due to mismatch loss and is a functior of beam position. For
the cases cof practical interest ™(6,¢)} may he related to the
active inpedance % and the antenna connecting transmission line

characteristic impedance Z y the relationshin:

Z (erﬂb) - 2

_ “a o) _
RG/0) = 753 7 7, (2.7-2)

For a large uniformity excited planar array in which no
grating lobes are present the directive gain is a function of

beam pointing angle and is aiven by

LIA
Gql6,0) = i%y— cos 0 (2.7-3)

where A is the physical area associated with each element, 17

is the total number of elements and 6 is the leam pointing

angle measured from the zenith. The cos 6 factor accounts

for the reduced array aperture as the beam is steered from the

zenith. For a 50 db arzay; M = 26,880, A = (.63))2 and for the
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zenith looking array (cos 6 = 1) the gain, G, is 51.2 db. The

net realized gain per clement is denoted as g where:

S =g =6.95ab (2.7-4)
Now at each element the net rcalized gain will be reduced due
to mismatch. This effect may be expressed as a function of
beam position by combining the 2':cve expressions as:

g.(8,8) = 222 cos 6 [1 - |R(e,4)]2] (2.7-5)

A2

Now if 2 one db mutual coupling gain loss is allowed
(g = 5.95 db) and assuming 6 = 15°, then the raximum permissible
value of |R| is .44. This implies the connecting transmission
lines may be mismatched to the dipoles with a VSR of about
2.6:1 before there is a significant mutual coupling gain loss.
In the above example it appears that mutual coupling
does have a determental effect on the gain of the proposed
large antenna. On the othe¢r hand these effects are of
manageable proportions and do not impose a fundamental limit
on array operation. Array performance cdepends not so much
on one parametei, but the compromises between many conflicting
design considerations. This point may be illustrated by
considering the selection of the dipole spacing which rerre-

sents a compromise between low mutual coupling and grating

lobe free operation. This final selection of .63\ echelon
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dipole spacing was made on tle bhasis of experience with the
38 Kz solar radar which has heen confirmed by additional
laboratory and field experiments.

For a large uniformly excited array, in which all
elements are individually phased, the maxirnum anqie O max t°

which the beam may be scanned </ithout grating lobe\zﬁtaxggrence

is related to the element spacing /A hy:

1
D/A = v (207-6)
1 + s81in O max
For a spacing of 0.63)A, 6 is limited to 36°. It should be

max
noted that Equation (2.7-6) is only approximately valid for

the Double-Tee configuration since all the elemerts of the
Double~Tee are not individually phased. In addition, grating
lobes may he enhanced or reduced according to the electronic
system organization and for precise results these effetts should
be taken into account. FHowever, Lquation (2.7-6) does give

a first order estimate of the region of qgrating lobe frece
operation. In general, recduced grating lolies require a high
element density per unit arcea whereas low mutu2l coupling for
non-—-directive elements, reguires a low element density. The
.63) spacing was selected as a compromise value hased upon
equivalent electrical area. From this point of view the gain
of single dipole above a grouné plane is 7.48 db. This
corresponds to an equivalent effective area of (.671x)2. then

the spacing is reduced to .63)A, the net gain »er dipole is
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reduced to 6.95 dhr. This gain penalty is in addition to the
mismatch loss outlined above and represerts another system
loss due to mutual coupling considerations. Conversely the
griting lohe problem has been reducecd somewhat. The region

of grating lotre free operation has l'een increased from 30° for
.67) spacing to 3¢° for the .63) spac ng.

Several experinients were conducted, using the .63) spacing,
to determine the extent of the mismatch loss. A series of
measurements were made at the Fl Campo, Teras field site using
a small aperture (16 element array). Input V7'IR was measured
on all elements as a functiocn of scan angle from 0° to 60°.

The testz were repeatecd for various dipole lengt™s and it was
determined that a 62 inch dipole (.43)) yiclded the lowest
r.m.s. value of the voltage standinc vave ratio. The highest
VSUR was 3.94 and the lowest 'vas 1.7% with the r.m.s. value

of all elements for all scc angles heing 1.76. As expected
the center elemen’s displayed a hiacher VSR than the periphiral
elementss.

An independent estimate of the exnected VSWR was made by
the waveguide simulation method7. In these measurements the
active input impedance of an infinite array of half wavelength
crossed dipoles spaced a cuarter of a wavelength above a ground
plane was measured using an L band waveguide simulator. The
results of these measurements are shown in Figure 2.7~1. [Il'ere
a maximum VSWP of 2.3 was ohserved +'ien beam scanning was

limited to the grating lohe free region. As the heam scan

angle was increased to include grating lobe affects the olserved
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Figure 2.7-1 Dipole Feed Line Voltage Standing Wave Ratio vs
Array Scan Angle

For an infinite .63) echelon array of ,/2 dipoles,
A/4 above ground plane
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VSVWIP. increased to 2.8:1. I!ewever, in th:is mode of operation,
the simulator studies are only approximate. In the grating
lobe free region good correlation was obtainec between the
finite array and the sinulator studies. It is expected that
the desion experience gained from evaluating mutual couplirg
in the pilot array will be directly applicable tc hoth the

expanded (47" dk) array and the 5¢ dr array.

2.8 Noise Consicerations

2.8.1 1Moise Model

This section will define some of the factors which
contribute to the total systen noise. In the final array,
each 14 db elenent will heve its cown amplifier. Ilowever,
for noise analysis purposes it is sufficient to consider the
entire array as one antenna followed by a single amplifier as
shown in the array system noise meciel of Figure 2.%5.1-1. Moise
may enter thc system or he generated »y each of the comronents,
the antenna, connecting calkles, and receiver. The major contri-
butions to the system noise are as follows:

1) Background sky noise characterized by the brightness
temperaturé‘TB. The intensity of this quantity is
primarily a function of the system operating frequency,
and thie directicn of heam peointing. For the Sunblazer

ground array an average value of 1800°K is characteristic.

2) Noise due to antenna side lores and grating lohes
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3)

4)

5)
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pointing at galactic hot spots. (TG) mhe average
value of this quantity has heen estimated asg 250°K.
Over short periods of time, when system grating lohes
and galactic hot spots are favorahly aligned the peak

value of T. will be much higher than 250°K. Under

G
certain rare conditions a total system black-out may
occur. Fstimates of the ctfect of side lobes are

given in Section 2.5. The peak value of T is very
much cdependent upon the pattern and system organization
and will vary over a wicde range.

Noise due to antenna element losses, cable losses,
impedance mismatches, mutual coupling, etc. The

major componen* in this class of losses is mutual
coupling. An allowance of 1 d» or 75°X% has bheen

made for these effects, as outlined in Section 2.7.
Frcnt-end amplifier ncise. Tor the design under
consideration a value of 3 dr or 290°K is typical.
Section 5.2 discusses the noise properties of the
front~-end amplifier.

Second stage noise contribution. Due to the insertion
loss of the tine delay networks the noise generated

by the second and later stages of the receiver will
contribute to overall system temperature. In Section

2.8.2, a detailed analysis of the second stage noise

contribution is given. The second stage adds approxi-

mately 107° to the receiver termperature.




¢) Spurious man-made noise entering the antenna at or
near the desired signal frequencies. Additional noise
may be added by intermodulation and cross riodulation
products due to high level signals entering the
amplifier. The exact specification of iitermodulation
anc. cross modulatien derends upon leccal conditions
but as an example; for competing TV signals of the
order of 5Ny veolts intermodulation and cross modulation
products should ke cdown hy 80 } for good system per-
formance. These specifications and I:igh system dynamic
ranges are related and both are required for & highly
linear system, Soction 5.2 discusses intermocdulation
in more detail.
Neglecting the intermcdulation noise, the total receiver
temperature is 665°. Therefore, the total equivalent system
noise temperature is Tn + T, = 275000 = P

s

2.8.1.1 Antenna Calibration Usinrg T'xztraterrestrial Radio Sources

Although discrete sky scurces (hot spots) may contribhute
to total system noise, they are useful in a practical way for
antenna calibration purposes. In the 50 4l array, the near
field of the antenna (3%3)extends to an altitude of approxi-
mately 100 kilometers ahove the surface of the earth. This
distance is so large that only a system utilizing a satellite

could be expected to perform conventional far field pattern

measurements. llovever, a racdio star such as Cassiopeia A,




provides a solution for this measurement problem. The mcasure-
ment is performed by directinc¢ the beam of the array toward a
source of known intensity and spectral distrihution. As the
beam is allowed to pass through the source, the output of the
array is a measure cof the gain of the antenna elenents, the
electronics and the beamwidth cf the antenna. This test is
also an indication of the accuracy +7ith which the heam may be
steered. A similar methed was used to test the narrow band

75 MHz 128 dipole experimental receiving array which was con-
structed at Fl Campo in connection with this study (Appendix

7.2).

2.8.2 Second Stage Noise Cortribution

In the R.T. signal comhining system the received energy
is coherently combined hy a series of time delay networks.
The design dGetails of these circuits are given in Section 5.3.
The sertion loss of these networks contribhutes to cverall
system noise temperature by an amount which depends not only
upon the overall system gain, but upon the placement of the
various stages of amplification and the amount of insertion
loss between these stages.

There are four cases to he considered. These are shcown
in simplified form in Figure 2.8.2-1, and correspond to
variations in the placement of the second level of amplifi-

cation. In Case I, this second amplifier is placed bhetween

the “y" and "z" time delay circuits. In Case II, the amplifier
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is between the "x" and "y* time celay circuits. 1In Case III,
the amplifier is between the “w" and "x" networks ard finally
Case IV is for a two-stage input amplifier. liote that in each
case the receiver is composed of five stages an it is merely
the boundary of the stages that changes from case to case.

The active devices are characterized by power gains Gl'

G3, and G. and noise factors rFl, NFZ, I'Fe . The combination

5
of device and pad losses is equivalent to the net circuit
gain. The pads and time delay networlks are characterized by
power loss factors LPl’ LPZ' Ll' Lz, L3. Lé, LS‘ The noise
factor of a passive lossy network is 1/L where L is power loss
factor of the network. Table 2.8.2-1 gives the gains and
noise factors of each stage for Cases I through 1V. By
applying the cascade formula for a five-stage receiver the

system noise factor, NF is ohbtained in tzrms of the component

sl
stage power gains Gl' Gz, G3, G4, and noise factors NFl, NFz,

HF3, NF4, NFS as:

NF, = 1 nr, -1 MR, - 1 I‘fF5 -1

2 3 4 .
NF_ = NF, + —% + PR, NS —
s 1 G, GG, G,6,G, * §,6,65G,

Direct substitution of the values from Table 2.3.2-1 yields the

following expressions for system noise factor in each case:

Case I
1 1 1
NF_, = NF, + m[e-=——e—— - 1] + — ., - 1] +
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Case 11
1 1 | 1 X
NF . = WP, 4 sbfom—te— = 1] + = — (1, ~ 1] +
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; 1 )
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' case III
§
’ 1, 1 1
NF . = NF, + st = 1] 4 st [P, - 1] +
| s3 R Gl e G gLy 3
| 1 1
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Case IV
. 1
NI = |} + ._..[.._... - 1] + [n[‘ - ]_] +
s4 1 &' Hy .
1 1
L ... { - 1) +
G1C3Llpy Lpalyloligl b
tEET Ll T U Fg 1]
163lpylpolyLglalylsg

In Figure 2.8.2-2 these four equations have neen plotted as

functions of the amplificr noise figure using the ascsumed values:

In Figure 2.8.2-3 systen excess noise tenperature has
been plrntted as a function of amplifier noise figure using
Case 1V as a standard. In other words, Ficure 2.8.2-3 repre-
sents the differencz in °K between Cases 1V and IIT, IV and 1I,
and finally IV and I.

rxamination of these sets of curves show that either
Case II, III or 1V is s~ tisfactory from the system noise

point of view. lowever, Case II is utilized because it is

considerahbly less complex.
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2.3.3 Site WNoise Considerations

Because the backgrourd noise temperature TB is relatively
large compared to the receiver noise temperature Ty improve-
ments in receiver noise performance will have only a second
order effect on the overall system noise temperature. However
even when TB>TR, '1‘R has a large effect on the effective noise
of band comparison experiments. System noise performance can
be improved by car=sful site selection and seriously degraded
by a high interference environment. Loral RFI conditions are
of primary importance and the final site selected for the 50 db
array should be shielded from unwanted frequency interference
or be located in a remcte area free of man-made noise. Section
7.1 gives the details of recent surveys of potential sites.

I'l Campo, Texas is over 125 miles from the nearest co-
channel TV station. At this distance and l'ecause dipole
elements are close to the ground, little interference difficulty
is to be expected. Indeed, experience with the existing
dipole antenna (128 dipole 75 !'Hz narrow band system) con-
firms this conclusion because to date no interferring signals
near 75 MHz have been observed with this system. However,
with a directive yagi antenna which has heen used to conduct
an RFI survey several weak signals near 75 MHz have been
observed. In deneral, average man-macde noise is low due to
the remcteness of the site.

The existing 38 MHz array has experienced RFI interference

caused by ionospheric bounce on certain occasions when solar




activity was very high. At 75 MHz this effect will not occur
because the ionosphere is not highly reflective in this frequency
range. The 38 !'Hz array. vhen transmitting, is also a source
of potential interference. 1In a recent test of the 75 MHz
narrow bhand dipole array, the cnly observahle ecffect due to the
38 MHz transmissions was an increase of akout 1/2 dh in over-
all system noise. This is surprisincly small considering the
close proximity of the 500 ¥'! transmitter operating near the
first sul,~harmonic of the 75 /1liz array. During the critical
periods of the Sunblazer tracking oncrations the solar

radar will not transmit and therefore 1o interference from

the existing 38 1'7Iz systen is expected.
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CHAPTER 3

3.0 REALIZATION OF THE 50 db ARRAY

The governing design philosophy for the 50 db array
is to: (1) design and construct a pilot array, (2)
thoroughly test this pilot array, and (3) based on these
tests finalize the design and construct a large array
by joining these self-contained pilot units together
to obtain the desired system gain. The array electronic
system concept has been presented in Section 2.3.4.
In this Chapter, we will detail the signal combining
system in regard to types of cables and components,
the number of circuits for each of the three arrays,
pilot, expanded and 50 db system. The detail circuit
description, i.e. component and transistor types, used

in laboratory experimeats is given in Section 5.

3.1 Pilot Array

3.1.1 Pilot Array General Consideration

The radio energy incident upon the dipoles of the

double tee element is combined by means of a cable and

mercury switch phasing system. As shown in Figure 2.2-1,




the cables whicii connect the dipoles to summing points
a and b and the 75 ohm phasing cables are of the R.G.
11 A/U type. The three-quarter wavelength matching
transformers and the output cables are of the RG

8 A/U cable type. The 100 ohm phasing cable is cur-
rently constructed of RG 62 A/U (Zo = 93 ohm), but a
larger cable, similar to G 133 should be used in the
final array. The output of the double tee element is
supplied to a low noise broadband amplifier.

The outputs from the field amplifiers are returned
to a central electronics enclosure via a direct burial
aluminum sheathed cable. This cable, Foamflcx, is manu-
factured by Phelps oodge Corp. and the recommended type
is FXA-38-50H. The phase-temperature stability is
25 ppm/°C and the attenuation is 0.7 db per 100 feet at
75 Milz. The cost of Foamflex is $257/1000 feet and
connectors are available at approximately $7 each. The
final system uses only a limited numier of connectors
because most field interconnections are hard wired.
Therefore, the relatively lhigh cost connectors for Foam-
flex are not expected to add significantly to overall
system cost. Trenching is required to insure relatively
constant operating temperature and resulting phase
stability for all buried cables.

The Foamflex cable returns the R.F. signals to a

-7~

central electronics enclosure which houses all the R.F. and
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control circuiis required to coherently sum the received
signals. In Table 3.l.1-1 these circuits are listed
according to type and number required for the pilot array.
A brief statement of the major circuit specifications

is also given in the table. Table 3.1.1-2 summarizes

the number of circuits required for each array. Table

3.1.1-3 gives a summary of the various system components.
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Quantities for Il Campo System

PILOT EXPANDED PILOT 50 db
Field RF Amplificr 64 1024 8960
Time Delay 1W 16 256 2240
Time Delay 2X g 128 1120
Time belay 3Y (plus amp.) 4 64 560
Time Delay 42 4 64 560
Time Delay 5T 2 32 280
, Power Supply 1 16 140
; Logic Digital Control Circuit 1 16 140

i TABLE 3.1.1-2

"
1
i
i




TABLE 3.1.1-3

Number of Number of Number of Number of
System ‘lype Dual Double Mercury Field Central
Tee Elements Switches Amplificr Enclosures
Pilot 32 448 64 1
. Expanded 512 7163 1024 lé6
i 40 db
50 db 4480 61720 8960 140

JEERETS
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3.1.2 Testing Considerations

The primary reason for the construction of a pilot
array is to obtain engincering datz on design and perform-
ance problems such as amplifier and phasc¢ shifter uniformity,
mutual coupling cffects prucisc antenna gain, logses, etc.
that cannot be preciscly calculated. An exact determination
of such effects will be made as the array is constructed
and tested. The theorctical performance including gain
and effect of grating lobes nnd mutual coupling will
be experimentally verified. The reliability of the fir d
electronics will be determined under a-tual weather and
working conditions.

After the array is constructed an overall evaluation
will be made by using known celestial sou-ces. Cassiopeia,
Cygnus, and the Sun may be used for the pilot array,
and Virgo, Taurus, and several others including pulsating

sources nay be used to test the 40 db array.

3.2 Expanded Array

3.2.1 General Comments

Since the pilot array is completely self-contained,
i.e. it is designed as a "modulea", an increase in array
effective aperture may be obtained by adding pilot array

modules to realize the desired gain. Two pilot modules
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will yield a gain improvement of 3 db, four modules will
result in 6 db improvement, etc. For the Sunblazer
engine2ring payload, the required minimum receiving

system gain which will providc satisfactory telemetry and
tracking data is about 40 &b which can be realized by
expanding or adding 15 pilot arrays as indicated in

Figurz 3.2.1-1. A summary of the antenna system character-
istics for the expanded array is given in Table 2.3.3-1.

A breakdown of system components is given in Table 3.1-3.

3.2.2 Expanded 40 &b Array Electronics

Each of the pilot array outputs are returned to a
central building. The electronic circuits for each of
the 16 pilot arrays are identical to the system described
above, but additional ele~tronics to shift tne phase
of the R.F. signal from each pilot and sum the results
must be constructed.

Figure 3.2.2-1 shows a block diagram of the electronic
system to shift the phase and sum the signals. As for
the pilot, the signal energy from adjacent segments is
summed in pairs, then the two pairs are suimed and finally
the columns are treed together to form one output per
polarization.

The time delay networks W', X;, Y', and 2' are identical

in design to those of the pilot array (W, X, ¥, and 2)

except that extra stages of cahle loops are added to
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accemmodate increased delay resulting from the fact that
the signals come from phase centers which are more widely

separated in physical distance.

3.2.3 Testing

Each segment of the expanded array will be tested
individually @s an antenna in a similar manner as the
original pilot section, and then the resulting sum will
be characterized for gain, noise figure, beamwidth,
bandwidth, etc. The central building (control center) for
the array will contain the necessary equipment to
operate; i.e. steer, receive, record signals, etc. from
the Sunblazer =ngineering shot. System noise performance
will be evaluated and necessary changes .in the electronic
system organizatinsn will be made at this time, if required
(see Section 2.5.3 for a discussion of the system trade-

offs).

3.3 50 db System

The =xperience gained in the electronic system design,
element design, mutual coupling effects, constructicn
and test of both the expanded array and pilot system
would provide an excellent foundation for the realization
of the 50 db array. Design difficulties encountered in

expanding the 40 db system into a 50 db array should be minimal.
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The orderly growth and expansion procedure will minimize
the likelihood of any fundamental problem remaining
unsolved prior to the construction of the final system
and therefore the cost of realizing the final 50 db system
would largely be in materials and services. These items
will be purchased to specifications, which are currently
ir preliminary form, Lut which are to be finalizezd
during the construction and test of the pilot and expanded
array systems.

The 50 db array concept and layocut is shown in
Figure 2.3.3-2. It consists of 140 pilot systems arrayed
in a physically squarez 14 x 10 matrix. The outputs of
each of the pilot array is returned to central building
which houses all tine higher level phasing circuits, nono-
pulsing, receiving and centrol sulsystems, the 140 field
enclosures and amplifiers located at each double tee
will be similar to the circuits describad in this report.
The final designs will be modifizd ky thc experience
gained in the 40 db system constructicn, especially in
regard to.site hardening, environmental ccasiderations, and
installation procedures.

The delay and summation circuits for the higher
level signal combining system have not as yet been designed.

Additional study is required here to optimize the signal

combining system to reduce the effect of phasing errors, at

the higher levels, on side lobe and grating lobe pattern

structure.




3.4 Site Installation and Testing

3.4.1 Installation Requirements

After the site has been selected and preliminary
surveying done, the first task in constructing the array
is to level the land. When the ground is used as a
reflecting screen, its flatness and roughness affect the
antenna characteristics. The rms deviation of ground
level should be no more than six inches over the entire
plot, except for a few well placed drainage ditches.

The use of an artificial ground screen may change this
requirement.

Ground excavation is expensive and care should be
taken in selecting the site so that a minimum amount of
excavation is required. A l6-acre plot was excavated
at El Campo with a bulldozer and maintainer so that the
plot is now flat with an rms deviation of about 0.2
foot about a plane with a slope of zcro in the east-west
direction and a slope of 1/1000 toward the south.
Initially, the plot was flat except for a 9 inch ridge
along the center. This excavation work cost u: a
little less than $2,000 which is a reminder that ground

flattening is expensive even for rockless, relatively flat,

ground.
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Other vitems of .ground preparation may include a
road and perhaps a fence around the plot. Also some thought
must be given to the type of ground cover that is to be
used. A ground cover is needed to prevent mud, dust,
and erosion. Gravel, shell, or crushed rock would be
satisfactory but is expensive. Most grasses would require
some type of mowing either by a mechanical mower or by
animals such as sheep. The antenna will not be usable
when a gasoline driven mower is nowing in the field. A
mower with an electric induction motor might Le sat-
isfactory provided its silhouette is low enough so that
it can mow under the dipoles. Another problem with the
grass is the fire hazard during the wintertime. However,
the danger of fire can be reduced if proper precautions
are taken. A type of grass called Ophiopogon Japonica
is evergreen and requires no mowing. It has been used
in some arecas at the El Campo site. IHowever this grass
is probably too expensive at 5¢/ft?. The ground-cover
solution will probably be a native grass which is controlled
with mowing and with herbicides. UHerkicidcs exist and
have been used in El Campo that do such things as kill
the weeds without killing the grass, slow the growth of
all plants, and prevent seeds from germinating.

The next task in the construction of the array is
the installation of the posts that support the dipoles.
These posts may either be aluminum or treated wood.

Treated wood posts are easier to work with and are cheaper,
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and have lifetimes of at least 20 years.

Over 1C00 creosoted fir posts have been in use for
2 years at wl Campo and none have failed. About 500
pentachlorophenal treated yellow pine posts have been in
service for 6 vears and nonec of them have failed. The
pentacholorophencl preservative is more pleasant than the
creosote to work with. The posts should be pressure
treated by the supplier, but the buyer should have samples
tested to be sure the proper amount of preservative was
added. A U.S. Forest Service test on 90 pertachlorophenal
yellow pine posts showed only one failure due to decay
after 22 years of service. (See "Couparison of Wood
Preservatives in iMississippi Post Study, 1961 Progress
Report," January, 1261, lo. 1757, U.5. Department of
Agriculture, Forest Service.)

An accurate surveying job is required for the inlacement
of the posts. No posts should be placed more than six
inches from its ideal location. f7Trencies for the under-
ground cables also should be accurately dug and records
kept of their location. Posts can be easily and quickly
installed by having a tractor with an auger dig a post
hole about threce feet deep. The post is then inserted
and the hole backfilled with sand. These suqgested
procedures have been used at El1 Campo.

The first cables installed should be for the 110

volt power outlets which szhould be distributed well over




AR

Ly

R

B Y

it ]

GV

Ll

g‘.hus.ass...i

-99-

the entire plot. These cables should be followed by the
installation of the control cables, the R.F. cables,

and the aluminum power cables for the transmitting
devices. Communication lines should also be installed
in the same trenches. The phase length of each R.F.
cable szhould be accurately measured, preferably with an
admittance bridge. A time-domain reflcctometer can be
used provided a standard cable is used as a pattern and
frequent checks are made with the standard cable. After
all lines are installed the trenches should be covered, the
ground surface smoothed, and grass planted.

The R.F. amplifier will likely be supplied with
the flexible harness attached. If so, these should
be installed after the other cables.

The next task to perform is the installation of
electronics which includes the central amplifiers and
the pihase shifters. This task will require electronic
technicians whereas much of the installation requires
unskilled labor. The receiving amplifiers should be
placed under the ground, but the power amplifiers should
e placed above the ground for ventilation.

Finally, the dipoles are installed on the posts and
lead cables attached to the dipoles. Any ground screen
cables should be installed just before the dipoles.

Over a period of five years various experimental

dipoles and mounts have been time and weather tested at
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El Campo. A very strong yet lightweight dipole is a
section of 1 1/2" x 0.050" wall tubing. This can be
fully supported by a wooden dowel which has been impregnated
with paraffin, and which attaches directly to the post.
These wooden mounts have excellent weathering properties
and have resistances no lower than one megohm even during
a rain. Many have been in service at El Campo for
several years. A tool has been designed and used for
quickly inserting the dipoles onto the mount. liost
plastic mounts deteriorate in the sun, and are more
expensive.

A balun is not needed for a half-wave dipole. This
is especially true when the dipole is one-fourth wave-
length above ground. None of the several El Campo
arrays have baluns. Two forme:r arravs did, but the
performance was no vetter due to the baluns. An extensive
series of impedance measurements were made at 75 MHz
on a dipole with and without & balun. For this series
of tests, various length feed lines were used. The
feed lines were better matched to the dipoles without
baluns. The reason for this was the self inductance
of the short length of wire used to connect the balun
to the dipole. The reason no halun is needed for the
half-wave dipole is illustrated in Figure 3.4.1-1.

The impedance of a single long line is several hundred

ohms, and the impedance of a line that is partially shorted
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at one-‘Tuarter wavelength is much larger, vhereas the
iimpedance of one-half the dipole is 37 ohms.

The two cross-polarized dipoles may be mounted on
the same post, one or two inches above the other. Uith this
arrangement the measured coupling between the two dipoles

is about 25 db down, which is very good.

3.4.2 Site Testinag

The testing of esach amplifier shculd be done as the
amplifier is installed and hefore the lead-in cables are
attached to the dipoles. During this phase of testing,
the gain and phase shift of each amplifier is checked.
After the installation is completed, checking consists of
determining only whether or not each amplifier is func-
tioning at all. This ié easily done by radiating a
small signal from a generator in the vicinity of each
dipole and observing the outputs at some central location.

In the pilot array at Il Campo, weak amplifiers and
faulty cables werse easily aad quickly found by exciting
each dipole with a small hand-held transmitter. The
response was heard on a receiver at the array output.
ith a little experience the technician scon becanme
proficient with this procedure. There were several

variations in this general method that worked equally

well. A more precise method of checking the gain and
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phase shift of each field unit in the pilo* array involved
the sending of a reference signal into the field over

a standard cable. A sample of the input signal triggered
an oscilloscope at the control center that also monitored
the array output. The relative gain and phase shift

were then dire. tly on the oscilloscope. This procedure
works well, but is time consuming and hopefully will not
be needed in the final array.

The testing and calibration of the complete array will
be done using standard celestial radio sources. The
sources Cassiopeia A, Cygnua A, Virgo A, and Tamus A will
be used for the 192 element pilot array. For the 50 db
array., there exist more than 500 sources that may be
used for checking the gain and beam position without
integration. About 25 sources will be of sufficient 3
intensity for the 40 db array. Cassiopeia and Cygnus
were extensively used in testing the narrow-band pilot
array. The 50 db array will be divided into 140 separate
“bays"” each of which may be controlled separately from
the central building so that the gain and beam pointing
characteristics ¢ each bay can be periodically monitored
using Cassiopeia and Cygnus. This monitoring may be done
automatically by a computer upon command.

The gain and positional accuracy of the 1024 element,
38.2 MHz array at El Campo is periodically checked
using celestial radio sources. This has proven to be

much better than a signal source flown by a high-altitude
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aircraft, which was used on several occasions. The cosmic
noise from this array is continually recorded on a continuously
moving paper chart to keep a check on gain, line losses,

etc. The galactic maximum which appears daily around

1800 local sidereal time is especially useful for this

purpose, and no doubt will be also for the 50 db array.

(See Figures 7.2-6 and 7.2-7.)

When the 1024 dipole, 38.2 !i{z array was constructed
at El Campo, it had not been preceded by a pilot array.
This was a mistake because many details of design and
construction had to be worked out after thc 1024 elements
were in place. This was a much more difficult task than
it would have been had only 128 or 256 elements been used
initially as a pilot system. It is this experience that
leads us to say, unequivocally, that it is wise "to first
construct a pilot system for any antenna array for which
an identical model has not previously been constructed.

In addition to receiving, the 38.2 'illz array also
transmits 500KW of power. When one of the 1024 elements
arcs under poweir, it incapacitates the entire array for
protection purposes. 1Within the first year after the
array was constructed, such an arc was usually found
within five minutes in spite of the fact that the array
consists of eight bays. The trouble-shooting success
with this array is due largely to three things: (1)

knowing the probability of various failure modes,
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(2) experience with various fault-finding procedures
for the particular antenna, and (3) using the power-of-two
elimination rule.

Experience with the narrowband antenna at El Campo
has convinced us that the testing and trouble-shooting
features will not be as great as were expected initially.
The best insurance against trouble is the proper design
and installation of the antenna in the beginning, and the

solving of practical problems in the pilot array stage.

3.4.3 Expansion for Transmitter Capability

The addition of a transmitting facility can be added
for less cost if plans are made for it in the beginning.
The best procedure is to install both the receiving and
transmitting features simultaneously. Illowever, a satifactory
procedure would be to install only part of the transmitting
feature as the receiving system is installed. TFor
example, the installation of the secondary voltage busses
for the transmitter should be installed with the other
cables because all the trenches should be dug during a
given phase of construction. A complete description of the

proposed transmitter facility is given in Section 7.6.

3.5 References

l. R.H. Baker, J.V. Harrington, W.T. Higgins,
J.C. James, "History and Design Summary of Sun-
blazer Phased I.xray, C5R, Septemker 1748,
(Internal Memorandum).
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CLIAPTER 4

4.0 BEAM POINTING AilD CONTROL CONSIDLRATIONS

In this section the method by which main beam scanning
is accomplished is presented. Ancillary data relating to
tracking requirements and thesrefore the array control is also

presented.

4.1 General System Requirements and Constraints

Beam positioning (tracking) is but one function of a
much larger, but as yet not completely defined computer
operated system. The major functions of this system are:

1) Generation and distribution of phase angle control
signals to the sub-array modules (i.e., the 140 pilot
systems in the 50 db array).

2) Station keeping such as array test, fault isolation,
local time dignal generation, etc.

3) Correlation receiver control including frequency
and time estimation.

4) Adaptive pattern analysis including side lobe

reduction.

5) Spacecraft acquisition.
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6) Other computations such as data reduction which are

accomplished during "off peak hours".

This sectionis primarily concerned with items (1) and
(5). The correlation receiver, item (3), is briefly described
in the Sunblazer Documentation (January 1969) and items (2),
(4) and (6) are currently being studied.

For discussion the general tracking requirement is a
two hour per day viewing time at El Campo. This corresponds
to an east-west scan of about +15° daily, and a declination
scan angle range of 6° to 52° annually. Last-west scanning
and the higher level declination scanning is obtained by the
time delay system. At the element level, the declination
scan is obtained witih manual mercury switches located at
each element.

An important item is the rate at which the tracking
angles change. During the daily tracking of the spacecraft,
the approximate rate of change of the east-west view angle
is 15° per hour. Since the array beam width is .5°, the
target moves through the beam in ahout 1/30 of an hour.
Therefore, rephasing of the array should occur about once
every 15 seconds. A minimum of six digital numbers are
required to steer the array. This corresponds to a relatively
slow computation for the computer and is well within the
capability of the smallest commercially available computer.

The problem of repositioning (daily acquisition) has

not been fully investigated, but the mid-day angular position
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of the spacecraft changes very slowly from day to day. This
point is illustrated in encounter profiles given in Figqures
4.1-1 through 4.1-6 which snow the differential declination-
right ascension angles for the Sunblazer spacecraft in a 3/4
year orbit as a function launch data. The circular points
indicated on the profile path are 10 days apart. These
curves show that during the period of superior conjunction
the rate of change of both the differential right ascension
and declination change about 0.1° per day.

If all other launch parameters are assumed constant,
then the spacecraft-sun encounter profile is a function of the
launch date. It is pointed out in Section 2.8 that peak
solar noise entering the system via the antenna side lobes
and grating lobes may cause system blackout. The amount of
peak solar noise will be a function of launch date, since the
array Side lobe structure will, in general, be different
for each encounter profile. lHowever, the side lobe structure
of the array pattern which determines the amount of peak
noise, is a function of array organization and control. Ad-
ditional study of the relationships between the encounter
profile and noise characteristics of the array system is

required.

4.2 Phased Angle Generation and Distribution

The amount of time delay required at cach 14 db element

depends upon the beam pointing position and the array geometry.
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Depending on the system organization, "Christmas trec feed"
or "parallel" feed as outlined in Section 3, combining is
initially accomplished by delaying signals from adjacent 14 db
elements and then summing conerently. In the regularly
spaced, echelon, array considered here, the time delay is

a function of the spacing between the adjacent 14 db elements,
and the beam pointing angle. Therefore, the time delay at

all the first level combining points (i.e. the "w" networks)
are the same, and one four-bit number per polarization will
control all of thwse 2240 first level time delay circuits.

The "Xx" networks combine the outputs from adjacent pairs
cf sources. For a given beam angle, the required time delay
in the "x" networks is twice that of the"w" networks because
the signal here comes from pliase centers that are twice the

separation of the individual 14 db elements. The "x" net- »

works thercefore require a five fit control signal or an extra
bit over that of tue "w" networks. Iowever, the first four
Lits of the "x" network control is identical to that of the

"w* network. By continuing the symmetry argument, it can

be shown that subsequent (higher level) control numbers are
related to the "w" and "x" network control numbers and con-
sequently only three numbers are required to unambiguously
control the array. Essentially one number controls declination,
one number controls east-west scanning of the array, and the

third number accounts for the .445) dispiacement between adjacent

columns. The Twin~Tee to Twin-Tee phasing is described in
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Section 2.4.1. When the array is utilized in a sub-divided
mode, i.e. into four separate independent quadrants for
closed loop tracking (monopulsing), then each of these sub-
arrays must be independently controlled. In this case, a
dual polarized array requires 24 control numbers.

Some aspects of array control are being further studied
because an analysis of the “tree" organization (see Section
2.5.3) indicates a more nearly optimum lobe structure for
solar noise rejcction may be attained with parallel phasing

(see Section 2.4.2), for wihich the distribution of control

signals would be somewhat modified.
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CHAPTLR 5

5.0 PILOT ARRAY ELECTRONICS SUBSYSTE.]

In this section design details, including schematic
diagrams of representative electronic circuits will
be given. We will start witih a Jescription of the
mercury switch, located at each Jouble Tee, and proceed
through the amplifier, time delay, logic and power supply
circuits. Operating data along with circuit specifications
is presented. Section 7.3 gives a master list of all
circuit drawings and hardware used in the electronic

systemn.

5.1 (lercury Switch

5.1.1 Design Approach

The resultant pattern of the 14 db element is more
directive than the individual component dipoles and
therefore the individual dipole elements must be phased
to accommodate chan jes in declination. For this reason,
mercury switches are used to insert or remove phasing
cables in the signal path within the bouble Tee configuration.

Physicolly, in the Double Tee element, one 3/8Ao and one
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7/8Ao delay circuit may be located near point a,

(Figure 2.2-1) while one 3/8A0 delay circuit may be

located near point b.

A schematic diagram of the 7/8A0 phasing network,

: which includcs a double pole double throw switching

network is shown in Figure 5.1.1-1. The double pole

double throw switcih permits eclement scanning in both

the northerly and southerly directions. The mercury

switches shown here, S1 to S are hermetically sealed

11
: in glass tubes having sealed-in electrodes and containing

a quantity of mercury which makes or breaks contact when
the switch is tilted through a small angle. The tubes

are filled with an inert gas which acts as an arc suppressor

sty

in high current applicatiorns.

The operation of the phasing system is as follows:

]

When switches Sl and 52 are in position ADE input A is

delayed with respect to input b, and when switches S1

and S, are in position BDA input B is delsyed with

respect to input A. Time delay increments are obtained

)

by the setting of switches S3 and S11 and depending on

the state (on or off) of t =se switches any time delay
from 0 to 7/8\ may be obtained. Lach group of three

S S.; and S S S control

6’ °7' “g’ Y9’ “10’ "11
the delay sections in a binary manner. For -xample,

switches 83, 84, SS; S

: when S4 iy open switches S3 and S5 are closed, a time

delay corresponding to A/3 is obtained. 1Ir. the proposed

5
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large array, the switching function may »c avtomated by

the usc of mercury relays.

5.1.2 Performance Characteristics

The measured variatiors in VEUR -ith delay time for

1.

the phasing circuit is shown in Table 5.1,2

TABLLE 5.1.2-1

Time Delay VSR
A/8 1.25
A4 1.22
3 \/8 1.1

/2 1.25
5 2\/8 1.30
3 a4 1.19
7 A/8 1.15

Phasing accuracies better than 5° are readily obtained.

: The small excess phase due to the mercury swicch is
compensated for by the foreshortening of the length

of the delay cables. The switch shunt capacity is about
.6 pf which corresponds to an isolation oi 37 db. The

actual measured isolation for a typical single pole switch

, is 34 db.

|
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Insertion loss was measured at high (40 watts) and
low (microwatt) power levels and in both cases the measured
insertion loss per switch was much less than .J) db (it is
very difficult to accurately measure very low losses).
The switch performance at high power levels is important
because the addition of the transmitting function to
the array will reguire high power switching at the dipole
level and the mercury switch appears to be a good choice

to perform this function.

5.2 R.F. Amplifier Design

5.2.1 Design Approach

For a dual polarization 50 db antenna system,
approximately ten thousand R.F. amplifiers are reguired.
In production quantities, amplifier cost is a prime
consideration. Also amplifier perfcrmance such as gain
and phase stability, noise figure, packaging and reliability
impose requirements which increase cost. The following
sections describe an amplifier developed by the Center
for Space Research specifically for use in this array
because an acceptable low cost amplifier is not available
as an "off-the-shelf" item.

The R.F. amplifier provides (1) signal gain at each }

elemen: to maintain antenna noise figure below 5 db and
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(2) band liniting over the'70 Iliiz to 80 iz freguency
range, Cable losses between the antenna element and
amplifier degrade the system noise performance. In
order to minimize these losses the amplifier should be
located as close to the element as possible. Additional
system noise considerations arc presented in Section 2.8.
The amplifier is located close to the antenna element,
accordingly packaging and power distribution is a problemn.
For example, if the amplifier is located above the ground,
it will be subj’ cted to wider temperature variations,
than if it is buried. However, a buried amplifier is
subject to water immersion which complicates the amplifier
packaging. As a practical matter, the advantage of
moderate temperature variations has been judged to be
worth the added packacing complexity.
The amplifier requires a regulated 15 volt D.C.
source, which is supplied to the field amplifiers via
the center conductor of the amplifier R.F. output cable.
A filter network at the amplifier output separates the
R.F. and D.C. voltages. The power fuse ic- located in
the central electronics enclosure so it is easy cto replace.
This power distribution system aids in installation and
trouble shooting since every amplifier in each pilot
array may be tested from a central point.

A block diagram of the amplifier showing the input

matching network, transistor, wideband output transformer,
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biasing networks and three section Butterworth bandpass
filter buffered by a T pad is given in Figure 5.2.1-1.
In this circuit, a Germanium transistor is used in the
common emitter configuration. This !iotorola type :1'15000
device was selected because of its dasirable character-
istics namely, low noise, high gain and low cost. The
maximum allowable operating temperature (100°C) is well
above the estimated maximum operating temperature (40°C)
for the amplifier environment.

Another scheme that was evaluated utilized a
Butterworth filter at the amplifier input. Input
filtering is desirable because the high level, out of
band, signals are attenuated before they mix in the
transistor base emitter junction and because of this
attenuation, the level of the spurious in-band signals
is reduced. However, the filter insertion loss will
increase system noise figure by about 1 db. This approach
has been discarded in favor of thie one shown in Figure
5.2.1-1 where the filter is in the amplifier output circuit.
This approach is satisfactory because the expected site

RFI environment is low (see Section 2.8.3).

5.2.2 Amplifier Performance

A variety of measurements have been made with the

circuit of Figure 5.2.2-1, the results of which are
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summarized in Table 5.2.2-1. 1In general, noise figure
and gain have not been a problem. Typical mcasurements
show that a noise figure of less than 3 db is easily
obtained. The inherent gain of the transistor is
23 db while net circuit gain is approximately 17 ab,
Figure 5.2.2-2 shows the normalized gain versus frequency
function of several representative amplifiers. The shape
of this curve (band limiting) is priuarily determined
by thes:Butterworth. filter. The measured ga’n is flat

i to within +1/2 db over the 70 to 80 .1Hz frequency band.

Differences in gain, phase, and tine delay between

amplifiers will degrade array performance. To minimnize

these differences gain and phase trimuming adjustments

§ wsnnieg

are provided (Figure 5.2.2-1). Capacitor Cg controls
] the amplifier gain over a 4 db 1ange, and capacit:or C,
provides for a phase adjustment up to 20° in the amplifier.
i Figure 5.2.2-3 shows the phase-frequency characteristic
of an amplifier for several settings of the phase adjust-
ment. wNote that the slope of al)l three curves is approximately
i the same which is an important consideration in the measure-

ment characterization of circuit time delay.

%]

] In order that a network reproduce nonsinusoidal

signals without distortion all the signal frequency components

et

raust be equally delayed. Since time delay of a network is

the derivative (with respect to frequency) of the phase-frequency

NEEINGI N

function, a linear phase-frequency curve is required for

NPT
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@ 75 MHz 1{ db min

2.7 db max 2.5 db typical

Frequency Input VEWR

70 1Hz 1.7 max
75 [1Hz2 l.3 max
89 Miiz 1.5 max

-20 db'i for 1 db gain compres-
sion and 413° phase shift

+15 v @ 4 ma

Frequency A¢Shift
70 1liz 7°
75 iz 0°
80 iz 10°

38 NS + 5 S

TABLE 5.2.2-1 Measured Amplifier Characteristics
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distortionless transmission. The amplifier circuit given

in Figure 5.2.2-1 has a linear phase function over the
frequency bands of interest. Time delay weasurements were
made by graphically differentiating the curves given in
5.2.2.3. These results are summarized in Table 5.2.2-2.

As shown, the maximum observed time delay variation is 9
nanoseconds which is small compared vo the allowed limits

of 200 nanoseconds set for the system. This limit is chosen
to be small compared to the bit lengti of transmitted pulse.l
Nominal time delay is 38 nanoseconds. Approximately 22

nanoseconds of this is due to the Butterworth filter, while

the remainder is due to device and other component delays.

5.2.3 M.I.T. Phased Array Amplifier Specifications

Signal Frequencies: 69.7200 MHz + 500 KHz ’
74.7000 iz ¥ 500 KHz
79.6800 :1Hz ¥ 500 Kiiz

Gain:» 18 db + 1/2 db @ 74.7000 MHz with no operator adjust-
ment required.

Band Pass: The gain between 69.2200 #Hz and 80.1800 MHz
shall be within + 1/2 db of the gain at 74.7000 i1Hz.
The gain at 60.08 iiliz and 89.72 iz shall be at
least -3 db with respect to the gain at 74.7000
MHz. For frequencies less than 60.08 !iilz and
greater than 89.72 MHz the gain shall monotonically
decrease and the ratio between the 60 db bandwidth
and the 3 db bandwidth shall be not greater than
6:1.

Noise Figure: < 3 db

Gain Compression: The minimum input signal level for 1 db
gain compression shall be =-16 dbl.
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Input Impedance: NNominal 5002 VSWR < 1.3:1

Output Impedance: Nominal 500 VSWR < 1.3:1

Phase Shift Spread: The phase spread between amplifiers

shall not exceed 22° wlen measured

at any input signal fregquency (listed
above). This specification is il-
lustrated in Figure 5.2.3-1(A) for
further clarity. <[he measurement setup
is shown in Figure 5.2.3-1(B).

Time Delay Spread: The time delay spread between amplifiers

should satisfy the requirements outlined

in the following table. These specs are

illustrated in Figure 5.2.3-2 for further
clarification. 7The measurement setup is

shown in Fidgure 5.2.3-1(B).

Frequency (lMHz) Tine Delay (nancaeconds)
69.7200+500 KHz t;; + 100 nanosec
74.70004500 Kiiz ty. + 10C nanosec

79.6800+500 KHz

ty3 = 100 nanosec

Cross Modulation: Cross modulation shall be measured using

the techniques described in References 1
and 2. The desired signal is 75 MHz at

a level of -40 dbli (2.2 mv). The spurious
signal is 70 iz and is 30% amplitude
modulated witih 490 cps. The spurious
signal level for 1% cross nodulation shall
be greater than ~30 dl!l (7 mv).

Long Term Effects: All specifications licted above must be

Packaging:

maintained for at least two years withouv
adjustment under field conditions.

Approximate physical dimensions 2" x 3" x 5",
Enclosure suitable for direct earth burial

with a temperature range extending from 0°F to
140°F and maximum humidity of 100%. The input
signal connector must be compatible with RG8A/U
coaxial cable and the output connector must be
compatible with Phelps Dodge semi-rigid coaxial
cable type FXA-38-50H. The required +15 V shall
be supplied through the center conductor of this
semi-rigid coaxial cable.
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Temperature Range: Q°F to 140°F
supply Voltage: +15 V
Cross MModulation 1) L.F. YcKeon; "Cross ifodulation
References: Effects in Single-Gate ané Dual-
Cate ios Field-Cffect Transistors"”,
RCA Application llote AMN=-3435
2) 1. Akgun; "Cross Modulation and
'lon Linear Distortion in RF
Transistor Amplifiers", IRE

Transactions on Electron Devices
(October, 1959) pp 457-467

5.2.4 Packaging

The basis packaging objective is to provide the amplifier
with a waterproof environment. In addition the packaging
design must be relatively inexpensive and easily implemented
on a production basis. The system outlined below satisfies
all these requirements.

In the design shown in Figure 5.2.4-1, the amplifier
printed cigcuit board is constructed with all components on
one side and the opposite side of t..e printed circuit board
is a ground plane. After the components have been assembled
onto the board, a plastic cover approximately 2 x 3 x 1/2
inches is cemented to the board to enclose all of the components
except a short section of printed circuit line and several
lugs which are provided for input and output cable intercon-
nection. The printed circuit board and cover assembly is then

inserted into an aluminum electrical outlet box, as shown in

Figure 5.2.4-1. This non-corrosive enclosure is inexpensive,
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and provides good R.F. shielding and mechanical support for

l the input and output cables.

After the printed circuit board and cover are inserted

into the box, the input and output cables are hard soldered

to the printed circuit board lugs. ‘!lechanical support for the

cables is maintained by a cable clamp and rubber grommet

i assembly. Next STYCAST V-B encapsulant (manufactured by
Emerson Cummings) is poured into the box in orlder to water-
proof the entire assembly. The rubber grommets are used with

i the cable clamps to prevent the encapsulant from leaking

oo e os

before it cures. The completed unit is shown in Figure

i

5.2.4~2 along with the cable clamps. uote that the clamp used

has a split ring which is compressed around the aluminum

jacketed cable by mcans of set screws which insures good

»

electrical contact between the cable and the enclosure. This

i §

technique is used because soldering or welding aluminum is not
practical. Finally inside the box a ground strap connects
the amplifier ground to the enclosure,.

Since the electronic components are inside the plastic
. case, the effect of the encapsulating material on the amplifier
performance is minimum. The heat gernerated during the curing
process has caused some deformation of the plastic cover,
however, a plastic exhibiting a higher melting temperature
should alleviate this condition. We are continuing to investigate

y encapsulants having the properties of low exotherm and rapid

curing time. Material curing properties are especially important
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since the final assembly (i.e. the packaging operations)
must be accomplished at the site in a production type of
operation. At the present writing the STYCAST V-B is the nost

promising material.

5.3 Time Delay Circuits

5.3.1 Design Approach

As indicated in Figure 2.3.4-1, there are five types
of time delay circuits which are used to coherently combine
the signals from the Double-Tee elements within a pilot array.
For purposes of analyzing time delay requirements, the aperture
may be considered an array of point sources and the element type
need not be specified. The spacing of the point sources and
the desired scan angle from the zenith determine the length
of the various delay lines. For reduction of undesirable grating
lobes the array elements have been spaced such that the physical
area occupied by each dipole is approximately equal to the
dipole electrical area.

In the system outlined in Section 2.3.4, the spacing
between the phase centers of the Double Tee elenients is
1.780Ax. For a scan angle of 52° from the zenith, the
maximum time delay between these phase centers would be
(1.780) sin 52°) or 1.40)x. If the time delay increments

are acdjustable in 2/8 steps, then a four-bit network of

the 1W type, having a maximum delay of 1 7/8)X is used which
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permits scanning almost to the horizon.

The inherent periodicity of the array geometry not only
simplifies the control of time delay circuits because all of
the W networks require the same time delay setting as a
function of beam scanning angle, but also simplifies ti;: design
of the time delay network. All of the time delay and summation
networks are basically the same. The only differences being
between the range of the time cdelay. For example, networks
W and Y have 1 7/8) maximum delay, wbile networks X and 2
have 3 7/8) maximua delay. Network T has a 7 7/8) maximum

available delay.

5.3.2 Performance Details

The design of the W circuit shown in Figure 5.3.2-1 is
typical of all the time delay circuits. Basically, it consists
of a double-pole, double ~throw R.I'. switcih, a switched delay
line and a summation network. Tle function of the double-pole,
double -throw switch is to permit eitner of the inputs to be
delayed with respect to the other input. This is a necessuary
function because if the array is pointed in a southerly
direction then input B must be delayed with respect to.input A
and for a northerly direction then input A must be delayed
with respect to input B.

The time delay is obtained in the switched delay line
sections. Circuit type W consists of four cables with

electrical lengths X, /2, A/4 and A/8. These cables are
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switched in and out of the signal path as a function of the
desired array look angle. Schematic diagram 104-400023

shows two complete time delay and summation networks. Refering
to this diagvam, if it is desired to have input A delayed with
respect to B (southern pointing array) and a signal delay of
A/2, the dc inputs BDA, L

out, L4 ir., L., out, and L. out

5 3 2
are made positive GV with respect to ground. All other control
inpufs are held at ground potential. The R.F. sijynal from
input A, is switched directly into a fixed delay line and
goes to the coherent power corbiner TOHJ-302H. The R.F. signal
from input B, is connected to the delay line section where
diodes D4, DG' D8’ DlO’ and D13 have been made to conduct by
the above selection Jf dc input voltages. When De¢ and Dg are
conducting, a delay of 1/2 is given to the signal arriving
from input B. This signal is cohercntly combined in the power
combiner with the signal from input A. The signals from inputs
A, and 82 are summed in the same manner.

Typical performance curves for type "W" networks are
shown in Figures 5.3.2-2, 5.3.2-3 and 5.3.2-4. There are
four delay line sections in circuit 1%, anu therefore, the
delay from 0 to 1.75) occurs in 16 increments. The delay in
degrees as a function of the step number has been plotted in
Figure 5.3.2~2 closely approximate a straight line. The phase

error as a function of step number is plotted in 5.3.2-3 for

both halves of the network. Iiote that the maximum error is

about 7°. Finally Figure 5.3.2-4 shows the variation of signal
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amplitude for eacn half, of the circuit asz a function of step
nunnber. Yere the nominal insertion loss is 5 <L and each
section has been compensatcd with a resistive pad to equaiize

the amplitude response. Typical total variation in amplitude

is less than 1 db.

5.3.3 Packaging

The central electronics enclosure for a pilot array,
contains five time delay circuit board types: 1V; éx; 3Y;
4Z and 5%1. There are a total of 17 time deley circuits for
each polarization which are distributed accofding to the

following table:

Circuit Board Type Hhumber
1w 8
2X 4
3y 2
47 2
5T 1

The 1W, 2X and 3Y boards have two complete sets of time

delay circuits while the 4Z and 5T each have one set. The

3Y board includes a stage of R.F. amplification to make up

for the insertion luss of time delay circuits 1W and 2X.

The 42 and 5T boards have only one time delay network due

to the increased volume <required by the relatively long lengths

of cable attached to these boards.
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All of the time delay networks are packaged in “he same
wvay. Single sided circuitry is usead throughout. All com-
ponents, except the long delay and interconnecting cables
are mounted on one side of the board. 7The entire reverse
side of the board is utilized as a ground plane except for
small regions opposite to the component land areas. The boards
are rectangualar (9 inches x 10 inches) with a small (5 1/2
inches x 3 inches) cut out centered along the top edge.
Turret terminals are locatzd near this cutout, which provides
a channel for the D.C. and control wires. The R.F. cabling
and interconnection is accomplished by hard soldering the
center conductor of the coaxial cable to a land area and
soldering the outer braid to two turret terminals. No
connectors are used in the R.F. cabling system. The R.F.
cables which are coiled and tied on the ground plane side
of the board are held in place by an aluminum back plate
which is located about one inch from the ground plane. The
back plate is held in position by four stand offs. A
photograph showing this packaging arrangement is given in
Figure 5.3.3-1.

Electrically the layout is simple. All resistance,
inductance and capacitance values are standard preferred
values the only exception being the coherent power combiner
whiclk is manufactured by Olektron Corporation of Dudley,
itassachusetts. The land areas to which component solder

cornnections are made have hgeen located on a rectangular grid
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1/4 inch x 1/2 inch. This type of layout has been designed

to aid in circuit assembly. The circuits will function properly
when assembled to & hign guality “commercial practice" speci-
fication. There are no special or critical areas where higher
grade assembly practice is required. After the components
and cables have been mounted, hut before the aluminum back
plate is added, the entire circuit is dipped in a radio
frequency lacquer (Qmax A-27) manufactured by the Q-max
Corporation of ilarlboro, New Jersey. This substance protects
against oxidation and corrosion and has excellent R.F.
properties. More details of the physical properties of QOmax

are given in Section 6.

5.3.4 Diode Switched Tine Celay Circuit Specifications

Network Type
IW and 3Y 2X and 4z 5T
Maximum Relative Delay 1l 7/8 A 3 7/8 A 7 7/8 A
Number of Delay Increments 16 32 64
1 Insertion Loss 4db +1/2 db| 5 db + 1/2 dY 8 db
) + 1/2 db
1

For all circuit types:

pizesiind

Operating Frequency: 69.72 iz 500 Kliz
74.70 Miz 500 KHz
79.68 HMilz 5C0 Kliz

+i4
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Time Delay Increments: 1.67 nsec + .42 nsec
Input Output Impedances: 50 ohms nominal V.S.W.R. = 1.3:1

Electrical Configuration: Two equal amplitude signals,
delayed up to the maximum relative
delay specified above, coherently
combined into one output. A
double-pole, double throw switch
(diode) must be included at the
input circuit as shown in
Figure 5.3.2-1.

control Voltages: 6V @ 30 ma per delay line section plus
6V @ 50 ma for each double throw switch-
zrcad cype 1lW to be designed to permit
15 Vv @ 8 ma to be supplied to the field
amplifiers.

5.4 Logic System Circuits

5.4.1 General Comments

In Section 4, it was shown how three digital numbers,
properly truncated, control each array polarization. 1In
this phased array design, the control numbers will be
transmitted from a central corntrol building to the field
electronics via multi-conductor telephone cable as was done
for the presently existing narrow band 128 dipole pilot system.
Laboratory experiments using the 400 foot telephone cable

(Phelps Dodge catalogue no. EB025) have been used to simulate

the phase control link. The 50 db array would have 140 such
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control links which sends the command signals to the central
electronic enclosure where they are translated into time delays
for the various R.F. signals. The source of these commands
is not critical. They may originate from a small on-site
computer, like the PDP-8, or a special purpose control system.
In either case, the processing circuits at the pilot array level
will remain the same.

In the following two sections short descriptions are
given of (1) a manually operated array control system which
has proved to be useful in the test and debugging of the
various logic circuits and (2) the logic circuits which are
used at the pilot array level to control the field time delay

circuits.

5.4.2 Manual Receiver Control

At the pilot array level, the three numbers required to
control the array are pulse sequences of variable length.
The manual control which generates the pulse sequences is
documented by drawings 104-800C15, 104-400038, and 104-400037.
The overall systems block diagram shown in Figure 104-800015
indicates the various circuit functions that must be performed
in the control building, i.e. B+ control, repetition rate control,
beam directions, number selection, etc. The control function

essentially consists of generating 3 pulse sequences, the first

of which may be 0 to 15 pulses long, the second 0 to 31 pulses
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long and the third 0 to 63 pulses. These sequences are sent
t.o the central electronic enclosure where they control the various ~
time delay circuits.

The logic diagram for the generation of these sequences
is shown in Figure 104-400038, It consists of a clock, count-
down chain, six stage vounter, along with six gates and six

: line driver circuits. The count-down chain provides the
basic repetition rate ~ontrol. The circuit is designed to
permit selection of three different rates at which the

i central pulses are generated. The clock pulses also “-ive
the six stage counter and the gates. The outputs from the

counter and clock are logically cocmbined in the gate circuits

to yield six output signals. These signals are the pulse

o

sequences 2" where n = 0,1,2,3,4,5. The manual receiver
control output numbers are obtained by combining the desired )
numbexr of output pulses from these six lines by means of
switches.
This basic control system, only slightly modified,
has been used to control both the electronic time delay
circuits described in Section 5.3 and the phase shift
circuits used in the 127 elereni tarrew band dipole array

(Section 7.2). 1In bc:h cases the necessary circuits were

constructed from commercially availahlc integrated circuits.
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5.4.3 Digital Control Circuits

The pulses generated by the central control system
are transmitted over a buried telephone cable to the central
electronics enclosure. lHere they are processed and used
to drive the R.F. time delay circuits. A block diagram of
this control circuit is shown in Figure 5.4.3-1. It consists
of a differentiator, power amplifiers, (drivers) counters,
driver gates, SCR drivers and an SCR power control circuit.
Three signals are required to convert the pulse sequence
into a uﬂique time delay. The format of these signals is
shown in Figure 5.4.3-1. The control cycle begins when a
clear pulse arrives which activates the SCR power control.
The function of this pulse is to momentarily remove the B+
voltage supply from the 3CR and thereby render all SCR's
non-conducting. Follcwing the clear pulse the control
numbers (a sequence of n pu.ses defining a unique time delay)
are supplied to the differen:iator. After amplification the
resultant series of pulses is supplied serially to the counter.
In this circuit, 4,5 and 6 bit counters (corresponding to
the length of pulse sequence)} are used. Lach counter has
a unique state for each pulse seguence, which is transferred
to the SCR drivers and hence the time delay circuits remain
in a given state until the next clear pulse arrives and

starts the cycle over again. The rate at which the array

is controlled is determined by the length of time interval
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between clear pulses which may be varied by a control clock
at the central building.

Thr: gates. ragister element and amplifiers are all
designed with standard commercial quality integrated circuits.
There are no special requirements with regard to speed or
power considerations imposed on these devices. However,
because of the large number of time delay circuits in
parallel, the SCR drivers must handle currents of the order
of an ampere. An SCR was selected precisely because of its
ability to switch high currents at relatively low device
cost. The complete circuit diagram of the digital control

circuit is given in 104-400036.

5.5 Power Supply

Power supply requirements are, of course, dependent
upon the size of the installation under consideration. 1In
Table 5.5-1 the power requirements are listed for a dual
polarization pilct array (32 Double-Tee elements per
polarization). After consideration of the power levels
involved and the reliability that is required, we concluded
that the power supply could be a purchased unit.

Discussions with potential suppliers permitted us to
draw definite conclusions regarding size, cost and design
features available as options. Figure 5.5-) shows the

installation scheme for the power supply. The main power

switch is located in the operators building. This switch
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Power Supply Requirements for a Dual Polarization

Pilot Array Installation (32 Antenna T Elements per Polarization)

Power Requirements

Application

+15V @ 2 1/2 Amps

RF amplifiers and
SCR clear pulse amplifiers

+9vV @ 15 Amps

SCR clear pulse amplifiers

+3.6V @ 1 Amp

Integrated circuit logic
modules
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places A.C. excitation across the three power supplies.

They are externally mounted onto the field electronic
enclosure. This eliminates any thermal problems that might
arise from having the units enclosed with the phase shifters,
etc. It also alicviates a severe space restriction that is
caused by locating the power supplies within the central
enclosure. The containers must be designed to withstand
outside weather conditions. Investigation has shown that
the size to be expectsd for suitable "off-the-shelf"”

power nnits will be about 10" x 5" x 5" each. Commercial
units having suitable voltage and current capabilities

and voltage tolerances less than +1% with respect to line
and load variations are readily available. Other features
such as automatic current limiting and transient suppression
networks are also available and a suitable combination of
options will be purchased to specification. This is very
important since all of the digital logic modules for example
could be destroyed quickly under certain power supply
transient conditions. For each pilot array there are 64
R.F. amplifiers each of which are buried in the ground and
requires +15 V. To insure that a possible short circuit in
one amplifier will not short the entire +15 V supply, thereby
shut<ing down the system. ~ach line that feeds individual

ampli.fiers is separately fused. Thus, if one amplifier

fails the rest of the system will continue to function.
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CHAPTIR 6

6.0 (I0CLACICAL AND LoVIROW LUTAL CONSINLRATIN.S

6.1 Cyster. vrackaging

he prinary obhjective in packaging is to protect tae
system fror. the environnent at a reasonale cost. 4Yhe .osign
concepts presented in tuis section are the results of a lengthy
study of all t.e various aspects of the array fro perforiance
tiiroug.. reliakility. Additionally, thie concepts 2re cvaseu on
tne eight years of field experience wilh cae existing 1 lanpo

facilities.

6.1.1 Protecting .iaterial

Printed circuit »soards must be protected from moisture

anu corrosicn, without interfering witlh: the electrical properties

of the coniponents on the board. A low loss factor and nigh
uwielectric strengtn are iuportant characteristics of the
material usecd,

The boards witinin the central enclosure are unencapsulated
Lbut are coated with (C-.:ax A27 Radio Frequancy Lacguer. .unis

material possesses gcod dielectric strengtu (165 volts per

mil average) anu repels wmeisture. Also tzsts of prolonged
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exposure to auni .ity siov that the lor: tar stahility is
¢good. In an aabioent of 9C°F and . I3 relative hucidity, tae
surface resistance is greater tuen 1.73 x 1ol oms., 7he
volur.e resistivity is high 7..2 x 12!% ovms. 1ie loss factor
at 30 ‘iz anc aigher is .002. and tne Q- iax lacquar is fungi-
resisting.

The aipole aaplifiers: which are .uried; anc t.ereforg nust
e waterproof .aust also pe protected in a naterial that will
not alter tlieir electrical perfor. ance.

she encapsulant used for <iie a plifiers (8.YCAST V-L,
Linerson and Cuwming, Inc.) is a modifizc epoxi:'» casting resin
whicn has been specifically formulated for encapsulated
electrical circuitry. It e:xhilits gool flow rroperties and
rapiu cure at roonn taniperature, low sihrinxagc, ard is coa-

venient to work rsiti. sadditional properties aro:

STYCASY Type V-J

Haruness, shore D 70
Volume Resistivity ohm-cm 1013
Dielectric Strengtii volts/mil 83J

Lielectric Constant, 60 cycles 0.5%

vissipation Factor, 60 cycles 0.316C
Surface resistivity, ohms 1y13
Flaamability Celf-extinguishing
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6.1.2 cCentral ..lectronics oncelogure

The central clactronics onclesure st Le vateroroof,
austproof, yet accessivle. In order to avoiu uxcescive
tenperatures, the cnclosure must be saaded and raise.. alove
the ground by at lecast six inches., A siacle roof attached :
to four posts accomplisiaes this anu allows air convection.
e electronic noards are assemnlew into the enclosure from
the top into gui.les .ounted c¢.» a rack. ‘.a¢ cahles cnter at
the side of tue cnclosure tliroud. raer grommcts and are
soldered directly to tac circuit ooards. (Ffigures €.1.2-1

and 6.102-2)0

6.1.3 iccnanical Specifications

‘ne purpose of an cnclosure is to protect the »nclosed
elements from the environment; particularly -reather, dust,
animals, and insects. Direct burial anmplifier enclosure
that appears to be satisfactory is constructed from 1Z gauge
steel whicih is either painted with a ..ard enarcl or hot-

dipped galvanizec.

G.2 vipole z2nc wouble-Tze Elerent Assently Lesign anc fest

The nasic element that nas been proposed for tue array
is a group of six dipoles in a "Twin-iee arrangement vhich

is shown in Figure 2.2~1. Phasing within the 1win-liee is dJdone

manually Ly iuserting or rewmoving calle lengths at appropriate
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points.

 aeed . e

The oeawvicta of the wwin-uo0 will liuit the viewing
1 tirme for a given source to about twe hours eaca .ay, and will
require manual phasing anout six viwes per vear as tne sun

| cnang®es in ucclination.

w“he Jwin-Tee element is a corpromisa in the interest of
economy. 7“he antenna perfornance would pe improveu if a sepa-
rate amplifier and automatic phase saifter wore used with ecacn
Gipole,

0.2.) Lipole laterials

A1l 1/2" uiameter x 0.050 wall aluiinw tune was selected
for the dipoles on the basis of past experiencs with bDoth 1*

and 1 1/2° thin-walled tubing. .Mis tuoing is light in weight

which reuuces the cost and alleviates the mounting prohlem.
Lxperience with the 1’ tuling in a narrow-..anz 75 idz pilot

array .as saown that occasionally a dipole is broken Ly a

Y Ly

worker in the fielu. 1 1/2° tubing is nucan stronger.

] The tubing is tightly fitted to a pine Jowel impregnated
with paraffin. <Tiis woouen mount is cheap, easy to mount, and

1

i has high clectrical resistance. Such wooden mounts that have

been in service for over two years snow no signs of deteriora-
tion.

The posts are 4 x 4" Penta treatec pine. Jhey are

§ o I3 fat el

inserted into a 3 foot hole in the ground and backfilled with

sang.

%
1
l
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ve2.2 dincle _ipole vironsion: au. Cilaracteristics

A nominal dipole neigat a..ove ground of i/4 wavelength

: was chosen to provide bLroad aangular coverage, nio: gain, and
rzsistive adnittance. The actual a2igiit abhove tas physical
surface with no grounc screen is not critical, and this should
uecrease the requircient of ground flatness for the final
array. ~The optimnum heignt is slightly above the 74.7 'luz,

? 1/42 level. Some of tli2ze experimental results are tasulated

in 1abie 6.2.2-1.

A dincle lenytin of 63 tip-to-tip was c.osen a3z the best
compromise for lengtlh on tre lasis of admittarncce. 'ais lendth
consists of two 3z alumninum tuces plus t. o 4 Jooi2n spacer.
Some of the wasured aci-ittances as a function of length are

[y

shown in iable 6.2.2~2.

1 ihe dipole admittancoes with and without a ralun were
measure. for a large nux.er of feed casle lengths. The smith-
chart plot of thesz rssults shows that & ipalun i5 not needed.
The pattern of points for the dipolce witi.out the Lalun is
actually closer to the chart center. “he reason for this is
the unavoicable inductance introduced by t':: kalun ccanecting
leads.

The best feeu geometry was determined experirentally to

be tlhiat which minimizes tne inductance cf tlie feed wires.

1uis implies short, thick leaus. A satisfactory arrangement

using only a braid and center ccnducteor of the °G~1ll A/U cable

|
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TA]SLE: 60202"1

JJeasured admittances of a single 1 1/2" x ¢4" tip=-to-
tip <dipole aiove Ll Caupo 80oil in October, 1,64, fed witn
RG-11 cable having no balun and saort conductors at the feed
point. The nominal freguencies of 70, 75, and 80 refer to
actual frequencies of $69.72 Hluz, 7<.7 luz, and 79.68 ilz,

respectively. The height L is t:e 1/4X point and is 3' x 5/16"

lieight ALbove

Ground Fre-mneucy Admittance ( 7.n0s)
79 16 + 37
L + 12 75 17 + 352
30 12 - j3
70 17 + j6
L+ 6" 75 16 + j1
g 11 - 33
7 16 + j6
L 75 16 - joO
89 10 - j4
75 19 + j6
L - 6" 75 17 - j2
€y 10 - j5
70 22 + 33
L - 12 75 20 - j4
80 10 - 37
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TASLE 602.2-2

Jipole admittance as a function of tip-to-tip length for

al l/2" dipole with a 4" woouen naount, no halun, and short

RG -11 feed conductors. The dipole heigi't was 1/4x at 75 .lLiz,

Lengti Frecuency Admittance (nmaos)
790 18 + 35
69"’ 75 14 - j§2
89 5 o= 33
79 18 + j7
63 75 15 - j0
a9 19 - 33
70 16 + j¢&
67" 75 16 + jl
59 11 - j3

:%“W%J%.ﬁnmvw. T i

M e e e
'
i
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was worked out. A sketch of t.u: feed is shown in Pigure 6.2.2-1.

Fijure €(.2.2-2 shovws cailc mountiny details.

Rt |

€.2.3 Cawvle ..arness

AR

A ciagram of the Twin-.ce layout with the harness details
is shown in Figure 2.2-1. .. total effective misniatch and
attenuation loss of this harness is 0.5 d. ia1is was ceter-
mined experimentally Ly connecting two harnessces together
back-to-bach and .ieasuring the loss througn otl.

Cable interconnections were nade as suwoun in Figure
6.2.3-1 and tnen potted in epoxy. This potted connection was
tested unuer water and may %2 directly buried under the ground.

It was used in all uvin-iee tests renorted lLere.

6.2.4 'Twin-iee Tesi Xkange

A transmitting dipole was attacned to the top of our 250

foot towver, and it was excited by a signal generator in tae

S~

site building. The 6-element iwin-iee array was installed
! south of the tower at a distance to require a Twin-T"ee phas-

ing of 28° north to see the tower top. The tower top is in

SRR "y

the far field of the uwwin-Tee.
A reference dipole to monitor ths field strength from
the tower dipole was installed about two wavelengths away

from the near point of the Twin-Tee.
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6.2.5 iwin-Lee »duittances

The neasured auaittances of the 6-eleont iwin-“Yee antenna
under various phnasing coauitions are listac in vanle 6.2.5-1,
The iacal admittance nere shoulu he 20U nilliihos.

These admnittances are guite acceptable, and ruch Lhetter

than expecteu.

6.2.6 Pattern Fro:: Tower Dipole

rhe tower dipole produces a coryplex gain and pnase pattern
in the vicinity of the i(vin-Teae., The rms variation in power
level anong tiae six dipoles was 25% or 1 4o, and tue rms
phase variation among the six aipoles was 75°. ihis is
attributed to tower reflections, and not to "mtual iy wdances
of t..2 dipoles, because cach dJdijole cexcept t.c one under

test was disconnected,

06.2.7 7Twin-tee Antenna Gain

In spite of the non-ideal tower pattern the [win-Tee
gain measurcments look very good. The ideal gain at 30° !
is 7.5 db relative to a single dipole, and this is about what
was measured. The gain mreasurements are given in 7Table 6.2.7-1.
These measureients are for a single Twin-Tee,

The gains listea in vable $6.2.7-1 are actually larger
than expectau especially since the harness loss is 0.6 db.

This means that the largest gain that should be expected would
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'l‘f' l‘LJ‘J J.2-5"1

LHdmittance of the Jvin-vee Antenna

Phase Jagle I'requency Aumittance (mmnos)

79 23 + 32

30°N 75 23 + 32

90 4 + 33

7 23 + j4

60°.1 75 2 - 35

30 24 + j1

7) 24 - j2

30°k 75 20 - 33

: 34 21 + 35
70 23 ~ 30

63°. 75 19 + j4

£0 17 - j1

79 28 + j0

30° S 75 20 - jO

Jrop——
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ue 7.5 db at 28° L. the only exwmlanation is experi-ental

error.,

u—-.--

. Greater nortn-south sky coverade can o¢ had from the
ncrtan--soutn dipoles ny bending tuen as shown in Figure ¢.2.7-1.
1 “his improved horizon gain is lhad at the cost of less gain

near the zenitih direction. If the array is installed near the
E equator, the bent dipole of Figure 6.2.7-1 will not Le necessary.
That a Lent dipole is desirable £9r northern latitudes can bhe
understood by cousideriny tue following ~quation for the power

gain pattern of a single dipole one quarter wavelength above

a perfect ground reflector.

2 "y > : I
C Y “ > S .‘\. s /l 13 -
p oG08 [n/s coc & 8in 2] yn(n cos z)  (5.2.7-1)

l - cos® A sin® o r
-
§
l (5ee santennas’ Ly hraus, p. 303) '

where P = relative power gain,
’g o [
A = aziiruth angle measureu fron axis
of dipole

2 = zenitin angle.

. . . . saho .
h_= height of dipole ahove grouni = _TL in radians.

As an example, note that the gain loss 3s avout 2 db for a

e u,
i k1

zenitih angle of 30° and azimuth of 0°. At a ienith angle of

50° tie gain loss can be as much as 5 4l frown that at the

zenith., PFigure 6.2.7-1 shows tne pattern, in two planes, of

a half wave dipole one quarter wavelength abowe a good ground

screen.,
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ok, 0.2.7-1

3ain measurenents of the Twin-ee antenna on ‘ovenber

f% 7, 1963. Location of transnitting Gipole is fixed at 28°d.
] Phase Angle Gain Relative to
. of 3ingle Yipole 1/4)
5 Twin-‘lece Frequency Above Ground (db)
70 7.3
] 28°.. 75 7.3
f‘ 70 "4.'3
| 300k 75 ~13.6
I 70 -14,1
i 60°L 75 -5.5
80 -17.3

%, 70 -3.8

30°SW 75 -9.1
- £J -12.1
] ;
- 70 1.9

60°swW 75 0.3
: (grating lobe &0 1.9
. condition)
3 7 70 "2.6
i* 60°1 75 -4.4

[ -~ ]

el L i
. Y 1

. ]
| 3
i k

¥
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6.2.83 "Ywin-lee Pattern wasts wit:. .lelicopter

Scveral pattern and gain measureinients of a Twin-iee
array were wade at Ll Campe on February 12, 1969, using a
helicopter to fly tihe raciating sources. Tihe measured
patterns when the array was vhased to th: zenitii angle of
zero degrees are suown in Iigures o0.2.0-1 and ¢.2.8-2. A
single dipole one-quarter wavelength above ground was used
as the calibrating element. The a»solute gain of the Twin-
Tee above that of the siagle dipole vwras alovt 6.5 &b at all
tiiree frequencies compared to a theoretical value of 7.78 db

for a zenith-looking array.

6.3 Lnviromaental Conditions

Tne city of El Campo is locatec in the soutu-central
rexas Coastal Plain about 80 milas soutli~west of ilousten.

humi.l subtropical, is

[44]

Tne clinate, althoug!li classified a
pleasant because of the prevailing sea breeze (avout 10 mph)
from the nearby Gulf of .lexico. ‘leather .ureau records show
there are aoout 120 days per year that the naximum temperature
exceeds 90°. The average maximum temperature in July is

83°. There are on the average only 1ll days per year when

the temperature arops ozlow 32° and it is very rare that

below freezing temperatures extend into the afternoon. The
annual rainfall averages 40 inches and because the ground is

extremely flat, occasionally temporary flooding of one to
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two inches in depth lonce or twice per year) does occur in the
low lying areas after ncavy raunder storms. lurricanes and
tornadoes are rare in this arca. “he last hurricane was in
1961 when the eye of lurricane Carla passec witinin 39 rniles
of the station; lLowever, it di.. no damage to tiie 1007 dipole-
38 .:.i{z array.

Operational experience of the past several years at @l
Campo with the large 3¢ 1Ulz arrays shows thut carles and
electronics should he huried In tae ground to proviuc a
stavble tempereoture eavironment. che soil at 1 Campo is a
nomogeneous mixture of loan, clay, and sand and there are
no rocks. Consequently, trench Jijyging is inexpensive.
T™he solil temperature and fluctuation level iz dependent upon
soil depth and groun! surface conditions; t.z greatest
fluctuations occurring with bare uncultivated soil and the
least with grass covered soil. sascd upon soil temperature
uata of Figure ¢.3-1 an: Ta»les 6.3-1 and 5.3~2, we recommend

that cables and preamps he Duried at a depth of two feet.
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Whdlh .-

Jiean solil temperaturc .y r.onthis for 1©54-~165¢C

1 Jeptia 6%, Uemple, Tenas, Texas A& ! Universitcy
__laximum liinimum 7 Average
| donth 1757 ;
January 51.8 49.1 47.8 44.3 49.6 46.3
' February 52.8 53.3 43.5 43.2 50.5 50.3
.jJarch 53.6 62.8 66.6 45.¢ 56,86 53.06 5l.3 653.6 60.1
l april 65.4 70.7 75.7 67.4 G2.5 €2.0 62.3 (6.5 68.9
viay 76.3 7%.2 31.3 62.8 71l.0 71.5 G8.3 7h.6 77.7
l June 1.7 32.% 921.2 73.3 73.9 7., 77.3 T8.2 B4.,5
' July 91.4 @d.0 1062.7 80.0 79.5 4, 85.1 33.4 93.0
August £€6.0 83.1 129.3 75,7 77.¢ 4 vl.0 80,4 82.5

L
<
»

74.¢ 78.1 32.5
64.7 67.3 72.5
40.2 56.6 55.4
46,6 49.0 51.1

September 70.2 09.3 351l.4 71.0 75..
vctober 6.0 71.5 76.5 61.3 43.7
ilovember 53.0 61.5 58.7 47.7 51.7
Deceianzr 49.1 52.z 53.3 “4.5 46.7

C
o
.

o
.
WL W ke W O

[~ SR
~N N
. )

Yearly
average 6.8 €9.7 75.0 62.7 63.y G4.6 65.0 66.2 §9.¢
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‘ TADL. G.3-2
Soil Thermograph Data for 1956
l vepta & , ‘lemple, wexkas. Teras A& University
l Egcymbcr August
Day of Jax- (in- aver- viax- in~  Aver-
I doneh o odawe, dawn adge o dnwa  dmum  age
1 56.0 46,5 51,2 105.0 45,0 95,5
' 2 56,0 47.0 51,3 102.0 86.0  .3.5
3 58,0 50,0 54,0 104.5 u3.0 93,5
l 4 60.0 56.0 58,0 107.0  85.7  $6.0
5 52.5 58.5  60.5 106.0 86.0 96,9
9 G 64.C Gl.0 62,5 104.0 €5.0  96.0
; 7 65.0 60.5 G2.7 108.7 87.0 97.5
\ 8 61.5 54.0 57,2 108.2 87.9 97,5
{ 9 54,0 49.5 51,7 109.0 37,0  9&.0
10 53.5 46.0 49,7 1)2.0 88.0  93.5
g‘ 11 57.0  50.0  53.5 102.5 €7.¢  97.5
" 12 58.0 51.0 54.°F 103.0 87.0  97.5%
{ 13 56.0 50.0 53.0 109.5 52,0 99.0
! 14 54.3  48.0 51.0 112.5 89.5 100.5
f 15 53.5 8.0 50.7 112, 90.0 131.5
t 16 54,0 46.0 50.0 110.0 90.0 160.90
: 17 60.0 3.0 56.5 10..0 87.0 93,5
1% 56.0 44.0 50.0 109.0 ©91.9 35,5
19 46.5 44.¢ 45,2 101.0 95.0  95.5
20 50.5 45.0  47.7 0.0 65.0  87.5
21 52.0 46.0 49,0 58.6 7¢€.0  83.0
22 57.0 50.C 53.5 .91.0 76.0 83.5
23 53.0 46.0 49.5 93.0 77.0 85.0
T 24 48.0 42,0 45.0 94,0 72.0 86.5
25 47.3  40.0  43.5 ‘91.0 79.0 85.0
: 26 48.0 40.9 44,0 68.0 232.3 85,0
% 27 43.5 41,0 44.7 90.5 81.0 85,5
* S 48.0  41.0 44.5 93.0 83.0 83,0
i 29 50.0 42.0 46.0 94.0 35.C 89.5
30 52.0 43.9  47.5 .95.0 86.0 90.5
i 31 53.0 44.0  48.5 95.0 §G.U  80.5
150.2 85.1 ¢z

Average 53.9 47.8 51.1

.9
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CHAPTER 7

7.0 APPENDICES

7.1 Sitc_Survey Report

7.1.1 A Discussion of Desirable Site Characteristics

On June 9, 1965, a meeting of radio and radar astronomers
from all over the country was l&ield at the University of
Maryland to discuss problem3 associated with the selection
of sites for large astronomical arrays. The 20 participants

were asked to vote on the reletive importance of nine site

P sl S SN PEEE G W e e

characteristics. The results of ¢his poll placed the nine

[

characteristics in the following order:

Topology (flatness)

iiabedd

Interference

1 Latitude

Climate

Local Accommodations
Access

Longitude

Geology

Oowners

The twenty participants consisted largely of technical

people who would be responsible in some way for the performance
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of the antenna. Had all the participants been people who
were intending to live at the site, "local accommodations”,
including schools, would undoubtedly have been placed high.
llad the participants had in mind a dipole array, "latitude"
would probably liave been placed second, because low latitude
is more desirable for a dipole array than for other types
of arrays. Furthermore, radio interference is not as serious
for the dipole array because of its low silhouette to the
ground. Had the participants been people who were to be ’
responsible for the procurcment of the land, "owners® would
undcubtedly have been placed higher in the list. Had the
participants been people who were intercsted in the array,
but not directly responsible for the technical performance
of the antenna, "climate", "local accommodations", and
"access" would probably have heen placed higher in the list. ¥
“Longitude" indicates proximity to the home office and is
relatively unimportant. "Owners" refers to the cost and
availability of the land. "Geology" determines the ease of
post-hole digging and trench digging, and the dielectric
constant of the ground reflector, and affects flooding
possibilities. "Topology" is important because of the expense
of excavating land.

"Radio interference” is important when low signal strengths
are to be received, and is not likely to be as important at
75 MHz as it would be at lower frequencies. When mountains

surround the site at an elevation of 5° or more, radio f
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interference is not a serious problem. The site should not
be near a large city because of industrial and amateur radio
interference. To avoid ignition noise, the site should be
at least one or two miles from a busy highway.

"Latitude” is important for several reasons, especially
for a dipole array. The sun and planets are all near the
ecliptic, and this means that arrays nearer the equator scan
to smaller zenith angles. An array that is required to scan
to a smaller zenith angle has the following advantages:

(1) The antenna characteristics are more uniform over the
entire scanning region. (2) Frequency sensitivity is not

as great a problem. (3) Mutual coupling among dipole elements
is not as serious. (4) The projected aperture is larger for
a given amcunt of real estate. (5) The single dipole pattern
is more uniform over the scanning region. (6) The array gain
is greater when the zenith anale is small. (7) For a given
dipole spacing, grating lobes are much less likely to exist.
(2) Radio interference is less likely tou be a problem.

"Climate" is important for several reasons. (1) In a
good climate more outside work can be done per year. (2) Snow
and ice are not problems for southern latitudes. (3) Corrosion
of metal and leakage across insulators is not a problem for
dry climates. (4) Changes in ground conductivity is not a
problem for dry climates. (5) In a tropical climate or in

a very dry climate the fire hazard is not a problem.
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"Locnl accommiodations' are important for the people who
must work at the site and especially for those who must live
at the site and send their children to sclicol. There should
be facilities in the area for housing occasional visitors,
but if necessary these can be constructed on the site. Of
nore importance are local services and supply sources such as
electriciars, plumbers, air conditioning technicians, mechanics,

and railroad and trxuck lines.

7.1.2 Site Surveys

In February 1966, several possible sites for the Sunblazer
array in West Texas, New ilexico and Arizona were visited. The
report of this field trip is given in Section 7.1.3. None
of these sites were at a lower latitude than El1 Campo, but
they were in a much drier climate. The sites of this group
that appear ketter are Sierra Madera, Nine Point Mesa,
santiago Peak, Alkali Flats, Bohe Spring, Rcad Forks, and
possibly Xitt Peak although the Kitt Peak site is likely not
flat enough.

In August 1967, about 30 sites were visited in Puerto
Rico. The report is the field trip is given in Section 7.1l.4.
The principal advantage of these sites is the low latitude,
and for this reason they should be considered. Several sites

are sufficiently flat but lit4ile is known at present about

ground reflectivity, radio interference, and iand availability
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and cost. Known disadvantages of Puerto Rico are quality of
labor, cost and availability of supplies, and schools. Access
and climate would not be problems.

Other possible sites that have been visited are Goldstone,
South Texas, and St. Croix in the Virgin Islands. NASA's
Goldstone site ranks very high as far as "owners" and "climate"
are concerned, hut low for “latitude” and "topology". The
35° latitude should eliminate it from consideration.

Several sufficiently flat sites west and south of Corpus
Christi, Texas, were visited. Compared to the El Campo site
these have advantaces of somewhat drier climate and a two-to-
three decree less latitude. Otherwise they are very similar
to El1 Campo. fIhether or not a two degree gain in latitude
is worth the unknowns of a new site and a moving operation is
questionable.

A possible site on St. Croix was visited. This site is
very attractive as far as latitude is concerned, and would be
better than Puerto Rico as far as schools and the language
barrier are concerned, but flatness and availability require
more investigatiomn. | {/

Other possible sites that have not been visited are the
Florida Everglades and one of the Hawaiian Islands. These have
latitudes of 25° and 20° respectively.

One problem that may be encountered in a remote site is

the availability of sufficient power for the transmitter. A

peak power of 2 MW should be available.
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7.1.3 Report of Field Trip to Locate Possible Sites for
Future VHF Phased Arrays (C.F. Kaye, J.C. James,
February 1-4, 1966)

The main criteria used to determine suitable sites were:

Flatness of ground ~ r an area of at least one
mile in diameter.

Absence of large rocks so that post ho es could
be easily dug.

Low average humidity.

Low latitude but within boundaries of the United
States.

Presence of surrounding mountains that would
serve to shield unwanted radio interference and
to shield our site from known radio astronomy
stations; and to a lesser extent.
Accessibility.

Cost of land.

A total of twelve sites were at least partially .nvestigated.

ir Of these twelve there are five that appear to be more desirable.

These five,

1)

(discussed in the order they were visited) along

with a general description and other notes are as follows:

Sierra Madera, Texas. This site is located in the
north-central part of Sierra Madera topograhic
map about 15 - 20 miles south of Fort Stockton,
Texas, in a valley just east of Madera Mountain.

There are several possible sites in the general area.
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2)

3)

4)
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The land is used for cattle grazing except for

one cultivated plot wherc gravity-flow irrigation
was used. The ground condition was generally

good but some eareas may be rocky.

iine-point Mesa, Teras. This site is on the
north-central or north-east part of +iie Nine-
point ilesa topographic map about 50 miles south

of Marathon, Texas. This site is almost completely
surrounded by mountains which rise to three or
four degrees above the horizon. The land is

owned by Mr. John !!, Moss, Box 515, IMarathon,

and can prokvably be purchased for $20 per acre.
The fla* area may be less than one mile in
diameter. There are a few small rocks near the
surface.

Santiago.Peak, Texas. This site is on the central
and east-central part of the Santiago Peak
topographic map and is located about 27 miles
south of Marathon. Seems to be very flat and
large in extent. ifountains rise about three
degrees on the west, about two degrees toward

the south and east and about one degree to the
north. The land consists of compacted abode mud
and is not rocky. This land is owned by Mr.

Pope and can probably be purchased for $20 an acre.
Alkali Flats, New Mexico. This site is about 10

miles east of Tucson. Water covered some of the
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area due to recent rains. An area could probably
be found near the mountains so that a very effective
screen would be provided on the west. The mount-
ains on the' east rise about one or two degrees.
The site is located four miles north-east of

Road Forks, New Mexico, and most is government
land.

Kitt Peak, Arizona. This site is in the northern
part of the Alambre Valley just east of the

Kitt Peak Observatory, and was not thoroughly
investigated. It appears to be flat when viewed
from the mountain and it may be rocky. The
shielding by mountains is very good on all sides.
There could be power line interference from

Kitt Peak. The site is on the Papago Indian
reservation about 50 miles south east of Tucson.
The Kitt Peak observatory probably has a lease

in perpetuity from the Papago's that includes

this site.

Three 0f the sites were judged to be a little less desirable

than the five listed previouvly. They are, (in the order they

were visited) as follows:

6)

Bone Spring, Texas. This site is located at
the left center of the Bone Spring topographic
map and is about 40 miles south of Marathon,

Texas. It is at least one~half mile by one-half
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mile in extent’'and'is not rocky. ' ‘. T e
The mountains rise to the south about five
degrees and to the north about two degrees. The
land can probably be purchased for $20 per acre
and is ownad by Mr. Houston liart, !Matrax Land
Company, Box 2171, San Antonio, Texas.

Cochise Playa, Arizona. This site is very flat
over an area about ten miles in diameter. Water
covered the site to perhaps a depth of one or
two feet due to recent rains which began in November
1965. Water had covered the site for two months
but this is unusual. Normally thexe may be some
water during July or August for a few days. The
site is 80 miles east of Tucson and five miles
from Wilcox. The mountain ranges are about

two degrees toward the east and west.

Road Forks, New Mexico. This site is south and
east of Road Forks which is 140 miles east of
Tucson. The land appears to be very flat and
not rocky. The mountains to the east and west

are perhaps two degrees in elevation. The

northern part of this area is part of the alkali

flats bu% the southern part is farm land which

was reported to cost between 350 and $800 per

acre, however, some of the land is government owned.
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The following four sites were judged to be less desirable
than the previous eignt sites.

9) China Lake, N.E. Texas. On the north-ecast
corner ¢f ;he China Lake map. The land was
rough and rocky with rno mountain protection.

10) Playas Valley, New Mexico. Located 1l miles
east of Aminas on Route 9. Water was in the
playa which was about one mile wide and 14 miles
long. Iifountain coverage was about two degrees
to east and west. This site is very remote.

11) Ryan airport area about 15 miles west of Tucson.
The land appears to be generally level but

probably quite valuable. The land is not

L — pauiomonl oo

rocky and the mountain elevations to the east

/ S

and west are between one and two degrees,
- 12) Pitoikam site on the Papago Indian Reservation.
This site is 71 miles west of Tucson and is very

i rocky. The mountain protection was only good

toward the east.

The cost of the land for the Texas sites is probably
about $20 per acre, and probably more for those in Arizona and
New Mexico unless they are government lands. The latitudes
of the Texas sites vary between 29° and 31°, and the latitudes

of the Arizona and New ilexico sites are near 32°, The average

humidity of all sites investigated was sufficiently low.
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There are other sites that should be investigated. Some
of these are: (1) Dry Salt Lake about 75 miles east of El Paso,
(2) Yuma desert area in southwest Arizona, and (3) the White

Sands area.

7.1.4 Report of Preliminary Investigation for Possible Antenna
Site Locations on the Island of Puerto Rico, (August 1967)

There are several possible sites in Puerto Rico that are

sufficiently flat. Radio interference could be serious and a

o

radio interference monitor at the possible sites in Puerto

| —

Rico has not yet been made. The prohability of interference
is made smaller because of the separation of Puerto Rico from

the U.S. mainland, but is made larger because of proximity to

Lo e i ! v !

areas over which our government has less control. Any site

within 10 miles of a large city such as San Juan may be bothered

pie

with industrial radio noise. The presence of mountains near

a site should decrease the probability of interference as long

i

as a relay station is not on top of it. To be of much benefit

A the mountains should be higher than four or five degrees when
viewed from the site. At some of the Puerto Rico sites,
mountains will be an advantage but some ignition noise should
be expected at all sites investigated. Low latitude is an

advantage because this decreases the range of zenith angles

more uniform antenna characteristics over the scanning range.

The Puerto Rico sites are very good in this respect because the

l over Which the array must be phased. This in turn leads to
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entire island is between 13° and 18 1/2° north latitude.

The living accommodations, schools, quality of local labor,
and shipping time from supply sources are not as good as in
the United States. The climate and access of most of the
Puerto Rico sites are very good. The humidity is satisfactory
for the coaxial-line construction that we are proposing.
Electric power will likely not be a major problem at any of
the proposed sites. The ground consistency seems to be good
for digging post holes and burying cables at all sites investi-
gated; however, weeds and grass will likely be a prob.em.

Some of the sites may be swampy at times, and the cost of

the land has not been investigated. !ost of the possible
sites were covered with sugar cane.

The site search was started by screening all the 7 1/2
minute series topographic maps of Puerto Rico and the Virgin -
Islands. All flat areas of 1/2 mile or larger in diameter
were marked as possibilities. There were more than 30 such
possibilities in Puerto Rico.

On August 28, 29, and 30, 1967, twenty possible sites
were visited by C.F. Kaye and J.C. James. Comments on each
site are listed as follows along with the name of the quadrangle
on which the site is located. The sites are listed in the
order in which they were visited.

1) carolina. Has power line nearby. Partly in
sugar cane and partly cow pasture. Ground not

rocky nor marshy. North of the hamlet of Hoyo

Mulas. Several likely plots. Flat. About 5 miles
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east of San Juan city limits;

Rio Grande. Scveral small plots near Highway 187.
About 10 miles from city limits of San Juan.
Largest possible plot is about 1/2 mile in
diameter.

Punta Puerca. On Roosevelt Roads ilaval Reservation.
Too hilly, rocky, and bushy. 7The site of interest
as selected from t'.e map is now the llaval Lase
garbage dwap.

Naguaho. East of intersection of Highways 3 and 31.
Small. Elevation changes about four feet in 1/2
mile. Southern part of this plot is more flat

and more swampy. :(ear town of Daguao.

Naguakbo. North of Punta Santiago. Just inland
from a cocorut grove. Route 3 is between a nice
beach and the coconut grove. Flat, sandy soil
covered with sugar cane. According to map the
Blanco River may limit the plet size to about

3/4 mile in diameter. 'There are mountains to

the west and north in the direction of San Juan.
Aumacao. West and north of Punta Santiago.
Similar to site 5. We only viewed the site from
Route 925 (a back road). According to the map

it is at least one mile in diameter and very flat.
Covered with sugar cane. One or twc degree

mountains in direction of San Juan should provide
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some shielding. This site is about 25 air-

line miles from San Juan.

Humacao. A reas.nably flat site scuitheast

of town of Rio Abajo. Coverecd with sugar cane.
Near site No. 6. IMountains to west and north.
santa Isabel. On south side of island where
there is less rainfall. Two and one-half hours
from down town San Juan by Route 1. Several
fairly-flat areas all around town of Santa
Isabel. These sites are not as flat as others.
All possible sites covered with sugar cane.
Sabana Grande. Large, very flat area in Lajas
valley. Covered with sugar cane. Soil okay.
There may also be other less flat sites in Valle
do Lajas on quadrangles San German and Guanica.
lountains on all sides except west. Looks good.
San German. Fairly flat sites west northwest of
town along Route 2. Covered with sugar cane.
Aguadilla. Flat, sandy area on coast about two
miles southwest of Aguadilla. On U.S. Naval
Reservation. A tall tower is being constructed
for Naval communications. May be marshy at times.
Aguadilla. On Ramsey Air Force Base. We did
not ¢o con base but guard said that the entire

area that we were interested in is now covered

with buildings.
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Bayande. Ten miles west of San Juan along coast.
Large, flat areas some of which are swampy. U.S.
Navy has antennas in one area. Best plot may

be about one mile directly west of Naval instal-
lation. Dorado ililton Hotel is nearby.

Vega Alta. Nortneast of borado. llas power line
through center of swall plot and has many fences.
ljot much sugar cane. Some pasture. Does not look
very good.

Vega Alta. Large, level plot northwest of town
of Ceiba. Soil okay. Sugar cane. ‘Along Rio
Cibuco.

Barceloneta. South and Southwest of tcwn of
lManita. Flat and covered with sugar cane. Too
near Route 2. The Manita River bisects site.
Soil okay.

Barceloneta. Northwest of town »f Manita.

Route 2 is too close.

Barceloneta. Just east of !Manita River near
town of Barceloneta. Not flat enough, too near
Route 2, and a new proposed highway will bisect it.
Barceloneta and aArecibo. Large, flat area seven
miles long and one and one-half miles wide

between highways 681 and 682. Covered with sugar

cane. Soil okay.
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20) Arecibo. One co: two possible sites along Arecibo
River., Covevred with sugar cane. The largest
site is three miles south of town of Arecibo,
which is too near town. Another site is two
miles farther up the river is oniy 1/2 mile
wide but is protected by mountains. Automobile
ignition from Route 10 may be a problem. This
site is only about four or five airline miles
from the Arecibo dish.
Conclusion: The best site is probably 6, 9, or 13 and
possibly 15, 19 or 20. The next step is tc decide whether
or not any Puerto Rico site is desirable from the point of
view of living accommodations, labor supply, and equipment
supply time, and if so, investigate the availability, and cost
of several likely plots. Then, a more careful investigation
of size, flatness, radio frequency interference, ignition

noise, and seasonal flooding should be made.

7.2 128 Dipole Narrow Band Pilot Array (75 Milz) Experience
Summary

The narrow-band 75 !MHz pilot array antenna consists of
128 dipoles which is just sufficient to see the strong sources
of Cygnus and Cassiopeia. The sun also is strong enough to

be used but it often is variable and so is not reliable as a

test source.
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In this pilot antenna, the large line problem was solved
% by placing amplifiers in the field close to the dipole elements.
| The phasing prcocblem was solved by providing an automatic phase-
é shift network at each dipole in the field. The outputs of all
i anplifier and phase shift circuits then were combined properly
and brought back to the main receiving building. Schematically,
j the circuit arrangement was in the following order: antenna

element, amplifier, phase shifter, and power comhiner as shown

. mmeen

[

in Figure 7.2-1.

The pilot antenna was first completely installed last®
February and March (1968). The dipoles had been installed
during the previous summer. The ground had been prepared and
surveying done prior to that. Just after the installation last
March, the recordin¢ system was worked out so that signals
could be recorded on a calibrated chart. One problem that was
immediately apparent was that the amplifiers in the field had
too much gain. This produced a high level output and required
a special system for calibrating the receiving building. The
calibrating system included a PRD noise generator followed by
a power amplifier of known noise figure and gain. After the
recording system was installed and the calibration system worked
out, the source Cygnus was immediately seen. This source
appeared at the proper time and with the approximate correct
B amplitude. The problem of determining the correct amplitude

required a knowledge of the line losses, the average gain of

the receivers in the field, and the allotted gain of the antenna
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array itseli. A system was worked out whereby the line losses
could be accurately measured. This system used a cable of the
1/2 inch Foamflex type which appeared to nave stable gain

and phase characteristics so that a signal could be transmitted
from the receiving shack along this cahle to a particular
point in the field. After the line losses were measured and
properly accounted for, and the gain of the anplifiers was
taken into account, the entire array had the expected gain.
The first step in verifying this result was to measure the
gain and phase of all amplifiers in the field. This job was
completed on May 3, 1968. After measuring the gains and phase
shifts they were then adjusted to be a constant value within
limits.

Subsequent tests showed that the gain of the array was
still approximately as expected, and perhaps 1/2 db higher
when looking near the zenith. However, on some occasions
when looking at the zenith angle of 25 degrees or more,
the gain dropped more than should have been expected.

In midsummer 1968 another problem became apparent. This
was the corroding of the circuit boards in the field due to
condensation during the nighttime, and to leakage of rain
through the plastic covers which by this time were becoming
somewhat frayed. Plastic waste cans were installed in place
of the plastic covers to stop the leakage and condensation.

However, the gain and phase shifts of all the circuits had to
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be adjusted again. This job was completed in the fall of 1968.
Also during this time, the phase length of all the buried
cables were again checked and found to be approximately the
same lengths as when they were installed. Small adjustments
however, were made in the line lengths so that for long runs
the phase length tolerance was within +5°.

The degradation of gain with large zenith angle was not
solved until December 1968. Apparently the problem was due to
different output impedances of the combiner board amplifiers.
This resulted in different outputs from the various bays of
the antenna when the power supply voltage was removed from
all bays except one. The output of a particular bay would depen&
upon which bay was being looked at. Frr example, the output
of bay No. 1l might be considerably higher than bay No. 2 when
the antenna wags phased to lcok at the zenith. In December,
the combiner networks, which sum the outputs of four receiving
boxes, were changed to resistive combining networks. These
resistive combiner circuits had losses, and served to equalize
the impedances of all bay outputs. After this modification was
introduced and sources Cygnus and Cassiopeia were again looked
at, the problem of degradation of ga2in with zenith angle was
not apparent. For some as yet unexplained reason these reactive
combining networks apparently cause a loss of gain when the
antenna was phased to a large zenith angle.

When proper account is now taken of the gains of the field

units and the line losses, the gain of the antenna array is
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slightly higher than expected. It is difficult to believe

that the efficiency of the antenna is 100 percent which is

what the results show. However, all the measurements have

been checked carefully and it is not believed that this final

result is in error by more than one db. Figures 7.2-2,

7.2-3, 7.2-6¢, and 7.2-7 give typical performance data of pilot

array and Tables 7.2-1 and 7.2-2 give typical system caliculations.
vuring the winter and eariy spring of 1967, a 16 acre

square area was chosen for a final 75 Mz array. The pilot

array was to be a partially filled sti.p through the center

of the final array. The area was chosen well away from the

puplic road in order to aveid ignition noise. The entire 16

acre plot was leveled at a cost just under $2,000. 7This

leveling consisted of removing about 6" of dirt along a high

ridge through the center of the plot and depositing the removed

dirt along each side of the plot. A dirt road and une wooden

bridge was constructed to the site area. Power lines at 440 V,

€0 cps, were buried in a trench from the main site building

to the 16 acre plot, and this power line had ocutlets distributed

over the region of the pilot array. A sheep~proof fence was

constructed around the plot, a well was dug, and Bermuda grass

3 was planted to prevent mud.

An 8' by 8' receiving and control shack was constructed

N

at the center of the pilot array. The shack nad heating and

¢

air conditioning and was well insulated. The floor was 1 1/2 fset

1
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above the ground level so that cahles could he fed through the
floor. The four corners of the shack were anchored in concrete
in case of a hurricane. The location of the shack with respect
to the 8 bays of the pilot array is shown in Figure 7.2-4.

The east-west alignment of the array was determined by
Polaris sightings. The locations of the bays and dipoles were
accurately surveyed on the basis of a dipole spacing of 0.6300
wavelengths at 75.000 MHz. Trenches for cables were also
accurately placed. The physical layout of a typical bay is
given in Figure 7.2-5.

Power lines were first installed and next the 4" x 4"
wooden posts. The posts were placed ahout 3 feet in the earth
and backfilled with sand. Control and R.F. cables were then
placed in 2 foot trenches. Afterwards, dipoles were installed,
and finally the receiver and phase shifters.

The control cabhles were 25 pair and 6 pair, 22 AVYIG copper
coriductors with 5 mil shields. This cahle has a pulse rise
time degradation of 0.1 microsecond for the first 900 feet, and
has a characteristic impedance of 120 ohms. The R.F. cables
were RG-8 A/U, RG-11 A/U and 1/2" Foamflex.

There were 128 crossed dipoles and 32 receiving hoxes.

Fach box contained 4 receivers, 4 phase shifters, and one
combiner board with amplifiers.

Junction boxes for the control cables were outdoor,

telephone type enclosures. They were quite satisfactory.

Junction covers for the Foamflex cables were heavily 'galvanized.
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steel buckets mounted on steel rods driven in the ground.

Pnasing of the array consisted of setting four toggle
switches for each of the 128 elements. Computer computations
for this phasing were made at Wharton Junior College and
M.I.T.

The main pilot array beam was 1° x 20°, Separated east
and west of this main beam were two side lobes of half intensity.
The long axis of the beams were north-south.

The antenna gain amounts to about 6 to 7 db per dipole
for near zenith sources, but léss for off-zenith sources.
This is near the maximum possible gain and amounts to approximately
90 percent efficiency. The pointing accuracy was good. Some
improvement in design, packaging, and placement of the field
electronics packages is required.

This pilot array has demonstrated that the basic idea is
sound. The gain and pointing accuracy exceeded the expectations.
The separation of the dipoles appears to be near optimum

and the details of dipole construction and mounting are good.
This has been demonstrated by the antenna performance and

the lack of mechanical problems during the past 1 1/2 years.
The wooden, pentachlorophennl treated, posts and the wax
impregnated wooden mounts show no signs of deterioration. The
coaxial cables with foam dielectric are inexpensive, havé low
loss, have good phasing stability, and are free from mechanical

damage and the deterioration caused by weather when buried

under ground. i
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Experience with the operation of the array has shown that
what might be called a simple modification to one unit turns
out to be a job of major proportions for 128 units. It is
especially important to completely work out all the desired

details of the electronics for the large array in the pilot

e B T R~ Q-

array stage.

-

The enclosure or "box" for the field electronics has not

o

been completely satisfactory. It was physically too large, it

leaked water during rain, it corroded, and it had no ventilation.

Snails, opossums, dirt dobbers and other insects and animals

i

shorted the connector terminals on top of the box. The plastic

and fibric bags that covered the box initially had a lifetime

S s

N of about six months. 1In fact, it is likely that our ¢reatest

i problem with the electronics began when these bags began leaking.

T The solid plastic trash cans that now cover the hoxes perform .
i much better. For the next phase of testing, the circuit boards

will be covered directly with moisture-proof paint.

The combination of wind, rain, sunshine, heat and mechanical
motion is a much stronger weathering agent than is water alone.
Consequently, it is normally better to have the electronics,
cables, etc. under the ground. On one occasion the gain of the
pilot array dropped several decibels within a few minutes time
when a cold norther blew in. iost of this drop was due to a
loose connection in one of the boxes. The wind aggravated
the connection but the combiner board is also temperature

sensitive. Normally, however, weather conditions do not

{
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strongly afiect the gain; that is, rainfall does not short
out the dipoles, nor does it cause any effect on the gain
of the amplifiers except through box leakage.

The field electronics require some modification for a
large array. The front-end R.F. amplifier on each circuit
board caused no particular problems, but it had more gain
than was necessary. The pinase shifting network and the combiner
amplifie> did require maintenance. On three occasions during
the first year all the electronic boxes were brought to the
work bench, checked, repaired and adjusted. Part of the
probiem was corrosion of the circuit boards and other components.
The field electronics were not packaged for ease of servicing.

Future field electronics should be rugged, reliable, and
stable with changes in temperature, supply voltage and time.
They should be completely water proof. The noise figures
should be less than three db and the output impedances should
be constant and stable. They must have a very low failure
rate. The amplifier and phase shifter should not be a sophis-
ticated laboratory device. During design much attention
should be paid to practical problems that may arise in the
field. This can be done by maintaining very close contact
with experienced field personnel or by having the design work
done at the field statiaa.

The phasing board and circuits in the control shack

were quite satisfactory. ‘[he noise figure of the Nems-Clarke
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Receiver would have been too high had the field receiver gains
not been excessive. The 1/16 wavelength phasing increment

is not necessary. It would have been somewhat more convenient
to have had a selected number of pre-wired boards for phasing
to certain angles, and for futvre arrays, of course, the
phasing must be automatic.

The control of the B+ voltage of each bay from the controi
shack was a definite advantage in trouble shooting.

It was found through experimentation that each dipole and
its amplifier could be quickly checked for failure by radiating
an R.F. signal near each dipole. The problem of keeping check
on field units in the large array is not believed to be ag
great a problem as some would expect.

All designs should proceed with a proper consideration of
the entire system and not just the particular part being
designed. For example, a better impedance match might be had
between the dipole and input amplifier, if the dipole were not
one-quarter wavelength above ground. If the dipole were lower
to the ground there would also be better sky coverage. Other
possibilities are that feed cables could become part of the
matching network, or the amplifier may match directly to the
parallel combination of several dipoles. This principle of
paying attention to the performance of the final overall system
as each part is designed will be especially important if a

transnmitting feature is to be added later.
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Perhaps an inverted V-shaped dipole should also be tested
in search of an antenna element with greater sky coverage.
Such a dipole having each arm bent downward 30° should provide

a 2 db improvement in the flatness of coverage.

Tablu 7.2-1
COMPUTATIONS OF ANTENNA GAIN USING THE CYGNUS SOURCE
From "List of Constants” the Cygnus level
at a zenith angle of zexoshouldbe . . «. « « ¢« « « « « 11.8 @
Correction for dipole pattern . . . « ¢« ¢ ¢ ¢ o « o o o= o3
Average field receiver box gain . . . . . + + ¢« ¢« o . o 39.8
Line and transforming section 1losses. .« « « « o ¢ o « o~ 4.1

Resj-stive Combiner 1088 e o o o o e o e o6 o 6 & ° o @ 0-110‘51
Expected levelo ¢ e o o e o o ° 6 © 6 6 e o o o 6 e o » 35.7 db

Actual recorded level corrected for background
nOise level ‘12/20/68) [ [ ] [ ] L [ L] ® [ ] L] ® [ ] L ] L ] [ ] L] [ ] [ 36.0 db

COIPUTATIONS OF ANTENNA GAIN USING THE CASSIOPEIA A SOURCE

; From the "List of Constants”" the Cassiopeia
level at a zenith angle of zero should be . . . . . . . 13.5 db

Correction for dipole pattern . . . « ¢ ¢ ¢ ¢« o« « o« » o= 1.8
Average field receiver box gain . . . « ¢« .+ ¢« ¢« .+ + . . 39.8
Line and transforming section losses. « « « + ¢ ¢« o « o= 4,1

Resj-stive Combiner 1088 ® o o o o e o e ® e o o e o o ."'11.5
Expectedlevel.....................35.9db

Actual recorded level corrected for background
nOise level (12/23/68) [ ] » [ [ [ ] [ ] [ [ [ ] L ] * [ ] [ ] [ ] [ ] [ ] [ ] 36. o db
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TADLE 7 0.2-2
LIST OF CONSTANTS FOR 75 MHz PILOT ARRAY

Simple half-wave dipole one-quarter wavelength above perfect
ground.
Gain 7.2 db (at zenith)
Effactive area 0.4212
Actual area allotted each dipole spaced on a 0.63) x 0.63\ grid.
Actual area 0.4012
#.63X at 75 Mliz = 8§.2619 feet
A at 75 MHz = 13.1142 ft. = 3,99721 meters
Actual area of 128 element pilot array is 128 x (0.63 x 3.99721)2 =
811.72 m?
One U.S. yard = 3600/3937 Meters (by act of Congress)
k = Boltzman's constant = 1.38024 x 10~ ? watt sec/deq.
Loss in 1/2 inch Foamflex, 0.7 db/100'
L.oss in RG 8A and RG 1llA, 1.7 db/100°
Temperature phase change of RG 8A, -200 ppm/oC

Temperature phase change of Foamflex, 25 ppm/oC

FLUX DENSITIEE AT 735 MHz

Cassiopeia A , 2.2 x 10"2%w/m2/cps
Cygnus A 1.5 x 10”22u/n2/cps
Taurus A 1.9 x 10" 22w/m2/cps
Virgo A 2.4 x 10722w/m2/cps




-180-

TOTAL POWER INCIDENT ON AN 812 SQ. METER APERTURE AT NORMAL
INCIDENCE FROM FOLLOWING SOURCES. T IS THE EFFECTIVE TEMPERATURE
OF 1/2 THIS POWER EXPRESSED IN db ABOVE 290°

 — s _— O

Source Power (10~20y) T (db/290°)
1 Cassiopeia A 18 13.5
’ Cygnus A 12 11.8
j Taurus A 1.5 2.7
vVirgo A 2.0 4.0

foiisheal

POWER GAIN OF A HORIZONTAL HALF-WAVE DIPOLE IN FREE SPACE
RELATIVE TO ITS MAXIMUN GAIN (which is 2.15 db over isotropic)
IS GIYEN BY

;; P = cos? [7/2 cos A sin 2]

(Kraus, Antennas,-p._.308)
fs 1 - cos?A sin?z

where
| A = azimuth angle measured from axis of dipole, and

Z = zenith angle

POWER GAIN OF A HORIZONTAL HALF-WAVE DIPOLE SPACED A HEIGHT
h RADIANS ABOVE A PERFECTLY REFLECTING GROUND IS

- ]
P = Pfs sin¢ (h cos 2)

£ o]
¥ 1

This gain P is relative to the maximum gain of 7.2 db over isotropic

l
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7.4 Financial Analysis

-

The following cost estimates were proposed by the Center
f for Space Research, Laboratory for Space Experiments. They
have been carefully analyzed in the light of our collective
t experience with the phased arrav over the past three years.
The figures represented in our estimates were predicted
on actual cost data wherever practicable and we have every
reason to believe they depict the enti;e cost picture. But
they are still estimates, and as such, are subject to revision
as future costs become actual. Notwitbsténding this, we

submit the following statements for your consideration and

evaluation.

R bR e e s
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El, CAIMPO SITE OPERATION
l (10/1/68 - 3/31/70)
l I. Salaries & Wages
A. 1 Proj. Engineer (25%)
i B. 1 Proj. Technician
C. 1/2 Secretary
D. Mgt. & Support
E. Overhead (25%)
l F. Benefits
] TOTAL Salaries, Wages, Expenses, etc. $ 42,220*
II. Materials & Services
iA A. Maintan. of @ 5,300 95,400
Facility
B. Outside, @ 1,500 27,000
Misc. Purch.
TOTAL Materials & Services 122,400
III. Travel e 500 9,000
TOTAL SITE OPERATION $ 173,620

{
{
{
I
1
|
|
|
|

* Total salaries, wages, including overhead and benefits, will
increase by 73K; total will then be 246.6K if array does
not support some of site perscnnel.
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DETAILED SUMHMARY
] PILOT ARRAY
7 (10/1/68 - 6/30/69)
i
] I. Salaries, Wages & Management
1 A. Salaries
I
4 1. 1 Proj. Eng.
2. 1 Site Eng. (75%)
.7! 3. 1 E. Eng.
§ 4. 1 E. Eng.
: 5. 1 Mech. kng. (50%)
6. 1 Programmer (508%)
B. Wages
2. 1 A Tech
3. 1 B Tech
4. 1 C Tech
5. 1 Machinist (50%)
6. 1 Draftsman
TOTAL Salaries & Wages Site $ 24,614
MIT 65,025
[ C. lanagemnent
1. 7Tech. & Admin. Mgt.
2. Gen. & Admin. Support
TOTAL Salaries - Indirect 13,500
D. Overhead @ 50.5% (MIT) 39,655
25% (Site) 6,154
E. Benefits @ 14.2% 14,646
TOTAL Labor & Overhead $ 163,594.00

ii
1 ;
i %
|
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PILOT ARRAY

II. Materials & Services

A. Hardware & Digging for
l4db element

=185~

1., Post hardware & hole $72/14db
digging (6 posts & element
associated hardware
@ $l1l2/dipole)
2. Mercury switches 49/14db
#14 @ 3.50 element
3. Cable 16X @ 3.85/2x 61.60/14db
element
4., Trenches 5.25)2 @ 3.39/x 17.33/14db
element
Sub-Total $199.93/144db
element
5. Installation Labor 28/144db
element
6. 2 Amplifiers @ 38.47 76.%4/144db
element
Sub-Total Hardware & Labor 304.87
l4dh Element
'OTAL Hardware & Digging Cost for
Elements: [318.30/14db Element
X 32 elements] $ 9,775.84
B. Cost from 1l4db Element to Pilot Center
1. Cable 740X @ 3.85/) .2,849.00
2. Trenches 88\ @ 3.30/) 290.40
Sub-Total 3,139.40
3. Central Electronics Box 4,599.00
Sub~Total Element to Pilot Center 7,738.40
TOTAL Material Cost - Elements $17,514.24
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C. Site Preparation
' l. Power ‘i, 0 18,500
2. Gravel Road ‘ 3,000
3. Surveying 500
' 4. Construction of suitable 10,000
facility (complete with
l water, air conditioning)
TOTAL Site Preparation 32,000
l III. Capital Equipment
] A. MIT/LSE
Power Amplifier Receiver §$1,400
RF vcltmeter 700
l Vector Impedance Meter 2,700
IF Strip 1,000
Time Domain Reflecto-
1 meter 1,500
, Standing Wave Indicator 1,300
Probes 800
J TOTAL MIT/LSE Capital Equip. 9,400
T B. Site Capital Equipment
1 (Included part of C/E required
in 40db Array) 25,000
1 TOTAL Capital Equipment $34,400
1 IV. Travel
20 man trips (MIT) to site @500/trip
10,000
i TOTAL Travel 10,000
l V. Maintain & Continue Operation of 128/dipole
Narrowband Array 3,000
' VI. Documentation (including final report) 28,000
l VII. Previous Support, not funded (as of
9/30/68) 104,000
‘ TOTAL Materials & Services 288,914.24
TOTAL PILOT ARRAY (Labor, Materials & Travel) $392,508,.24
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EXPANDi:D 40db ARRAY
(5/1/69 - 4/30/70)

% I. Salaries, Wages & lanagement

A. Salaries & Wages

l. 1 Proj. Eng. (HIT)
2. 1 Proj. Eng. (Site, 75%)
3. 1 E. Eng. (1IT)
i 4. 1 E. Eng. (Site)
5. 1 E/M Eng. (Site)
1 6. 1 Mech. Eng. (50%)
| 7. 1 E.A. (Site)
8. 1 Programmer (508)
9. 2 Proj. Tech. (Site)
10. 1 C Tech .
11. 1 A 7Tech
12. 2 B Tech (Site)
13. 1 A Tech
14. 1 B8 Terh
15. 1 Draftsman
16. 1 Machinist (50%)
2 TOTAL Wages site §$ 104,328
nIT 74,100
B. Management
l. Lab Tech & Admin. ligt.
2. Gen. & Admin. Support
TOTAL Management Salaries 26,400
TOTAL Salaries & Wages $ 204,828.00
V C. Overhead (50.5%) MIT 50,752.00
B Site 26,082.00
D. Benefits (14.2%) 29,086.00
TOTAL Expenses & Salaries, etc. $ 310,748.00

[
|
|
i
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; II. ..aterials & Ucrvices
; A. Lardwvare & vigging for

14db Llement

1. Post naruware & hole $§108/14c

digging (b lLo3ts & elenent
associated hardwar:)

2. .lercury switcihes 26/144L
{ $14 ¢ $2 element

3. Cable 16 v 3,27/ 52.32/14dn
1 . elenent
i 4. Trenches 5.25\ @ 3.30/%  17.33/14db
: elenent
Sub-total $205.65/14dn

element

.-

5. 2 Anplifiers & 27.37 54.74/1éun

clenent
- ‘
" 6. Installatior. Labhor 24/14dh
- elenent
i Sub-total iardware « Lavor 254,39/14db
1 element
©OTAL Hardware & Ligging kxpense
[{$284.39/14db element x 32 (9,100.48/pilot
unit) x 15} $136,507.20

e
H u

B. Cost from l4udb Element to Pilot Center

l. Cable $2349 % 15 - less 15% 36,324.75
discount (2421.65 x 15)

2. '“renches $290 x 15 plus 4,350
aaditional trenching 562 @ 184
3.30/)

Sub-total Ilrenches 4,534.00

|
1
I
l
|




"'i‘

I
!

-189-
3. Central Zlectronic vox 90,149,80
¢ 3343.32 » 15
Sub-total to Llement Central
fllectronics 91,003.55
TOTAL Hardware & Digging Cost Ixpanded Array $227,515,75¢%

III. Site Preparation

Grading & surveying of expaanded array area $3,000

IV. Capital Equipnent
A, 1IT/LSk

IiPp 608 Signal Generator $2,900
2 & $1450
“ektronix Samplina Scope
661 lain Fra; 2 @ 1200 2,400
373 Tiwming Unit 2 @ 850 1,700
451 Sampling Unit 2z @
1475 2,950
Automatic .letwork Test
cquipment
viiltron 31462 Indicator 3,485
Jiltron 311 V2) Resolver 2,950
HUiltron Sweep Generator

61233 Frame 1,450
0105 Pluvg in 1,650
Sub-total uIT/LSL Capital kquip. 19,785
B. Site
Computer 30,0C0
Tape Recorders 35,000
Tine 7 Frequency Stand. 7,502
Gen. Test Equipment 15,000
Facilities Improvemt. 15,000
Sub~-total Site Capital Equip. 102,500

* This cost is exclusive of control cable cost at the expanded
array level estimated at $3,300.




i
C, .074aL capital Lquipnent 122,205.00
V. wC Power vistrivation for :F Jfrans.ditar 29,000,900
1 VI. <oIxtra .aintanence 15,000,00U
i PITAL AT RIALS & CLRVICLS 387,800.75
VII. <fravel
: 40 anan trir venior ¢ 150 6,090
. < rian trip .iIT to site @
] 506/trip 4,900
TOTAL iraval 10,008.00
TOYAL BXPANLLL APPAY COGYL $ 700,548,710

|
{
i
I
|
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(6/1/70 - 12/31/71)

Salaries, Vlages & ianagenent

A. Salaries & ‘Jages

1. 1 Proj. Eng. (iIY)

2. 1 Proj. Lng. (Site, 75%
3. 1. ing. (iIV)

4., 1 L. ing. (3ite)

5. 1 L/ kEng. (€ite)

6. 1 lech. ing. (50%)

7. 1l &.a. (Site)

8. 2 Proj. vech. (Site)

9. 1 Prograuer (50¢%)

19, 1 ¢ Teca
11. 1 A vech

12. 1 o secn (5ite)
13. 1 A Yecu (Site)

l4, 1 L Tech (Sitce)

16. 1 praftsman

17. 1 caciainist (50%)

TOTAL Wages cite $174,876

AIT 115,723
bB. .ianagenent

1. Lab fTecih. & Adnin. -gt.
2. Gen. & Admin. Support

TOTAL llanagement Salaries 44,440

C. Overhead (50.5%) I 80,892
Site 43,712

D. Benefits (14.2%) 47,578

TOTAL Expenses & talaries, etc.

> 462,788
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II. .laterials services
A.  Haraware & viyging Costs
l. Post hardware & uigging vl0u/14dn
(6 posts & associateu elerent
liardware, installed)
2. .ercury Jswitches 21/1 ...
itld @ 1.50 el~ ant
3. Carle 1o 2 2.35/ £43,20/1al,
elonent
4., Jlrencnes 5,252 ) 2.97/A 15.35/14dnh
clenent
Sub -total 1355.39/14%3db
clenrent
5. haplifiexrs .; 17.75 35.50/14aL
clemant
6. Labor of wiring 20/1430
elenent
Sab-total harvwvare & Labor 240.89/1438b
' elcment
TOYAL Lardware & Ligging Uxpens:
(240.89/14dL el:ment x 32 (7,706.42 pilot $955,851.52
unit) x 124}
B. From Liement to Central .lectronics
1., Cable (42849 less 30%)
194,30 »x 124 247,293.29
Additional calle §2,000.00
309,293,20
2. Trenches $2¢C1 x 124 32,364.00
*Aadditional trenches 3,000.30
35,364.00
3. Central Elcctronics
& 52601 x 124 322,524.00
TOTAL AVLRIAL COSTS~Llements $1,623,032.72

* Trenches to Pilot shack.




!

III. Power Listrisution for ‘Y'ransiiitter 130,000.00
} IV. wxoad (completelv encircling array)’ 35,000.00
. V. Capital Lguipment 100,000.00
} TOLAL iAVLRIALS & SLRVICES 1,938,032.72
i vi. “ravel 12,200,00
1

TOWYAL 50de AlrAY 4
VII. Autouwatic .iercury Switching at ilement Level 400,000,000
VIII. ‘Transmitter 500K 1,3J50,000,00

$4,112,320,72

[
l
g
|
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l SUMMARY
l Methods of Construction - Cost Comparison
I. vuilding array .y Oteps
i A. 'Total Cost Pilot array 35 392,508.24
. B. 'Total Cost 40ch Expanued 708,543.75
1 Array
C. Total Cost 50db Array 2,413,820 .72
j GRaD TOTAL to Puild Array by $ 3,511,677.71
Steps
|
5 II. ouilding 50w Array /9
Intermediate Steps
.(."c .1 & S 1.,-;':';"3/0(}.;.")
C. Lxtra Canle 64,000,000
\ V. Capital iquip. 299,009,360
L. Power Busses 209,303.00
F. fravel .30,000.00
TOYAL 3,169,100.00

N.B. Therefore, difference between huilding Array by (1.I.T.
by eight intermecdiate steps or in one effort is approxi-
mately $323,000.

Step lethod Jlo/Steps

Adding Transaitter:

$3,511,877.71 Transuitter 53,150,000.00
1,300,000.093 in 1972) 1,360,000.00

54,811,877.71 4,490,000.00

1,509,0UC,.900
4,630,900,00

i Transmnitter 1979 3,19¢,000.00
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7.5 owescription of the Cunblazer Progran

7.5.1 ilission Considerations

7.5.1.1 Scientific iission njectives

The prinary owujective of tae Sunblazer procran is to
measure the electron density profile ith good accuracy over
the 5 to 100 solar radii distance from tne sun where it has
only been inferred with consicderable ambiguity from radio
star occultation .wasuremcnts. 4 sccondary oujective is to
measure unamiiguously the scale of turulence in ti:e inner
corona and the outvardy roving velocity of tie inhomogeneities
in the inner corona. Aduitional oLjectives include observations
of Faraday rotation or pulse splitting to infer sone qualitative
information about the existence of a general solar magnetic
field, and to carry a variety of particles and fields e:xperiments
to the .52 A.U. region of interplanctary space.

In addition to experiments irvolving the spacecraft, quite
significant racio and radar astronouy experinents may bhe per-
formed with the antenna alone. GSonme of these possibilities are

discussed in section 1.4.

7.5.1.2 OGther On-Board Lxperiments

The present spacecraft weight is approxinately 28 pounds 1

exclusive of any on-board experiments. The 5-stage Scout is {
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capanle of placing a paylcaud of L5 pounus into a .65 A.U. orbit.
The word “payload” in this case applies to all :reigit appended

to the fiftn-stage roclet casing. Theres are at least 10 to

[ S Y

15 pounds of engineering telanetry which has Leen put aboard

B BB

the S-stage Scout vechicle for merformance-testing which presumably

could he removed on later laviiches. e woulw expect that tliis

i

[

additional weigut could be use«: for additional science on
sunblazer. A large aumber of suggestions for guite meritorious
experinents have heen proposed, relating mostly to particles
and fields experinents in the .52 and .65 A.U. region that
Suni:lazer will traverse.

All of ti:e proposeu experiacits are typically those that
count events over say a onec-day period and require the contents
of a counter to e transmitted back once a day or so for the
experiment to ve accomplisihed; these are guite suitable for

the low data rate transmission system that Sunzlazer will have,

7.5.2. Description of tue Sunblazer Smacecraft

4

7.5.2.1 ‘ine Launch Vehicle and Opacecraft Orbit

In the interests of ecocnonmy for this series the standard

s
' b

four-stage Scout launch venhicle modified by an awditional

“velocity package" fifth-stage will ke utilized to provide

!“" . i

the solar orbital injection velocity for tne Sunblazer space-

craft. The five-staged Scout performance is given in Figure 7.5.2.1~

1
|
|
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and indicates that approximately a 57 pound payload may b2 put
into a 0.65 A.U. perihelion solar orbit. This orbit wasz
selecteu because it incluucd taree superior conjunctions which
are generated Ly the relative motions of tac spacecraft and
the earth as siaown in Figure 7.5.2.1-2. 'the selected orvit
permits tane spacz2craft to apparently remain witiiin a su:tended
angle of 3 deyrees from the sua for a period ygreatar than

6 montag.

7.5.2.2 boue sasic Spacecraft Design Requirements

\iithin tae size and weight linitations of the spacccraft
the following requinenents were iaposed:
1) 4sherwal survival of tiie apparatus at 1.0 A.U. and
2.65 A.U.
2) The generation of 2 kilowatts of transuitted R.F.
power,
3) An earth pointing antenna Heam pattern for the
Jdelay experiment at superior conjunction.
These three basic requirements are satisfied ry designing
a spacecraft which is aligned with a projectev solar radius
throughout the entire orpit.
Thermally, one side of tihie spacecraft always faces the
sun and is cooled by the opposite side which acts as a heat

sink and radiator to cold space.

With solar cells spaced on the sun facing side of the
spacecraft, the available power to solar cell weight ratio is

optimized since all cells are constantly illuminated.
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during superior conjunction tuich is the priwmary regyion
of scientific interest, tae spacecraft antenna beam pattern

is automatically aligned with t.e eartii.

7.5.2.3 The Spacecraft Configuration

Shown in Figure 7.5.2.3-~1 is tiue main bHody of tii: Suntlazer
spacecraft, it consists of a solar cecll :ounting platform and,
attached to its rear portion, a cylinurical radiiator which
also houses the cruciform structurced electronics subasscnbly.

Orientation of the platform-radiator assenwly to the sun
is maintained Ly the use of four triangular shaped, rear
canted solar sails which have an aujustable pitch angls in
their longitudinal axis. Control of the sail pitch angle is
maintaineu wy a solar aspect and spin rate dctector mountecd in
the spacecraft's spin axis on the soclar cell platform. Logic
and amplifier circuits associated with the aspect sensor pro-
vide tine controsl signals to pitch the sails,

Solar przssure on the sails wiiich are Lehind the center of
mass, generates tic requirec torgques to erect the spacecraft's
spin axis into alignment with the sun.

The spacecraft's main radiating antanna is a quarter wave
dipole configuration mounted at the rear edge of the platform.
bue to tne volune constraints and the forces involved during
spin up and despin, Loti the sails and antenna are designed
as deployable members whicin are activatel after injection

when the spacecraft has been Jdaspun to a slover rate.

B ) e
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4
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7.5.2.4 Spacecraft Power

‘the solar cell array is maie up cf sixteen paralleled
series strings of forty 1 x 2 centimeter cells, wvhich will
supply about 1§ watts of power at 1.0 A.uU. and about 30 watts
at 0.65 A.U. Tails changing power profile is tracked by a
special v.C. to u.C. converter to provide near maximun con-
tinuous power to a capacitive energy storage system. Present
capacitor tecianoloyy provides avout 30 Joules of energy storage
per pound. Approximately 15 percent of the Sunblazer's weight
has been allocated to tiie main transaitter's encergy storage
system which has been designed to provide subsystem redundancy.

& DLattery operated, 50 watt beacon transmitter is also
included on board tihe c¢racecraft to provide ianitial tracking
and telemetry data. The signals frowm the beacon transmitter

are raciateu from the solar sails.

7.5.3 Propagation ana Communication Considerations

7.5.3.1 The rropagation Experirient

.lany studies have been made of the extent to which the
turbulent coronal plasma should be expected to distort a
pulse. 7This occurs by means of frequency broadening which
would arise from the motion of the turisulent refractive in-

homogeneities or, correspondingly, from the delay distortion

which would occur in the time domain through the dispersive
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nature of the medium or through multipath. e have concluded,
on the basis of ota theorctical studies anu the examination
cf the data provided by radio star occultaﬁion ani by the
dariner 4 frequency broadening measureitents that a 3 milli-
second pulse at 75 iz has an excellent probability of being
detected in as close as 5 solar radii, and further that this
pulse can e corposed of 25 nicrosecond elementary pulses
distinguisneu hy phase reversal modulation. In effect, then,
we would have 25 microsecond resolation and should be able
to identify any multipatin contributions as well as to identify
contributions arriving on different mmagnztdionic propagation
modes. ue large advantage tihat tiis pulsed group~delay
method has over the kind of sinusoidal modulation employed
in the Pioneer propagation experiment is that the periodicity
of the modulation precluces the possibility of identifying
rnultipath and other perhaps unanticipated propagation moces,
and i« %es difficult if not risky the interpretation of the
delay data.

ihe other, in our vievw, great deficiency of the Pioneer
experiment is that the uelay ::easurements ar: made on the up-
link for matters of engineering convenience, but the inter-
pretation rmust .e¢ then done by a relatively inept machine
and not by the scientific observer who is available if down-
link transmissions can be made adequate, as we believe they
are in Sunblazer. In Pioneer, for example, all possibility

of scintillation measurements, frequency broadening measurements,
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Faraday rotation neasureiiznts are excluded unless an extrenely
complicated receiver on the spacecraft is postulated. 'le are
convinced from an engineering viewpoint taat the 1.I.T. propa-

gation measurement has been proved feasible.

7.5.3.2 Communication Systen

This section of the report is concerned primarily with
tile communication systei: constraints and performance require-
ments that are germane to the design spuwcification of tahe
receives complex and pnased array antenha. 7o proviue per-
spective for this discussion we start by reviewing briefly
the major systeir constraints that are discussed in detail in
other sections of tiis report anu in tihe conpanion repnrting

specific to tue Sunblazer spacecraft. Lixe most system

s g s S — _———— R [ —— ———

designg, the final configuration is reached Ly a series of
comproiiises between these various constraints and is ained
towvard the achievenent of an optirial balance between maximum
performance and ninimum total system cost.

A fundamental criteria is that the Sunblazer experiment
nust be conuucted econerically both to minimize the cost/
effectiveness ratio for the immeuiate propagation experiment
and to facilitate a continuing program of deep space exploration
experiments at the university level. Thies requirament leads
imnediately to tie choice of a relatively low cost launch

vehicle and the accepta.ce of a consequent modest lifting

|
|
l
|
I
!
|
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i

) capability. 'the resultant restriction of spacecraft size

$ and weight is manifested principally by restrictions on the

; spacecraft complexity and tihe availakle spaccecraft power.

| +hese limitations, in turn, restrict the choice of communication
strategy.

=S %]

Other important constraints are Jictated by the nature of

the trans:ission mediunm that is to be investigated and the

(S )

scientific data sought in the propagation experiment. A regine

[IREE L)

of maxi:inum interest. will occur when the spacecraft approaches
superior conjunction. At tais tiae tie nelium will introduce

appreciaivle distortions and perturiations in the coimaunication

S ig i

path that will affect the received signal adversely. Indeed,

tiie signal uesign is chosen deliuerately to accentuate the

[ - w‘!x

effect of the nediwa so that the magnitude of the perturkations

can be nieasured with tolerable accuracy. ¥,

|

These various constraints combine to require the transmission

from the spacecraft of relatively short pulses with high, but

Liskashioy “3

restricted, peali power an: the accurate measurement of the tine
of receipt of these pulsesr .n the face of perturlrations induced

by the medium and a very long communication range. In turn,

54 i g
& » %

these factors combine to dictate a minimum regquirad system

-

signal-to-noise ratio and hence to establish the required gain
of the phased array antenna.
7.5.3.2.1 Spacecraft Constraints

The average power available in the spacecraft is limited

by the size of the solar cell array that can be carried. As
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shown in the comrganion report concerned with the Junonlazer
spacecraft, the availanle power in tlie reuvion of superior
conjunction will be about 1ls watts. Soie part of this is lost
py inefficiencies in the power conversion processes, and in

the Jfixea power drains imposed by the spacecraft tining anda
control circuits. Consaquently, the average powver available

at each of the two carrier frejuencies used in the priue
propagation experirent is limited to about 6 watts. 7This, of
course, is a significant constraint on tihe corwmnication system
strategy and performance.

The peak power of each transritted pulse is limited both
by the average power constraint and by the availabhility of
suitable lightweigat, reliable, spaceworthy transuitter
components. Availavle transistors permit a single cutput
stage to generate acout 70 watts of R.F. power. A larger
total peak power is secured by corbininy tne outputs of many
suchh stag=s .a parallel. 1In prin€iple, any uesiraed nuaver of
stages could be used to acnieve any arbitrary peak power level.
Practically, however, difficulties in properly phasing the
individual outputs over the required frequency band restrict
the total numier of paralleled stages to ahout 30 to 40 with
a consequent total peak power output of the order of 2 or 3
kilowatts. This restricted peak power combined witih the long
transmissicn range as the spacecraft approaches supcrior con-

junction precludes the use of incoherent envelope retection and




-204-~

makes necessary the use of a coherant Cetection technique. :lith

b gmn

this tecnnijue the prorer criteria for systai: capahility is not

| IS S

the average pover or jeak power wut is tii. energy contained in
5 each received pulse.
The traus.iitted pulse energy is constrained by two

icportant considerations: the pulse repetition rate required by

RO

the propasation experiuent, aad the nature of the energy storage
Jdevic:a in the spacecraft power conversion sub-system. ‘i'o obtain
a data sauple rate acequate for tie experiasent it is necessary
to use a pulse repetition rate of tiie order of one pulse per
second. Since tie available average power, per carrier, is

6 watts, this implies a maxiawa transuitto! pulsg ernergy of

the oruer of 6 Joules. ais is within tue range of capauility

, of a capacitor energy storace sub-system, a desirable quali-

fication since it avoius tihe usc ¢f an active temperature control

mechanis:n tiaat would be requirel if cheniical batteries were usea

[ STy

i as the main energy reservoir. usoth considerations, therefore,

_,

point to the same: optinal transmitted pulse energy of 6 Joules.

Unfortunateliy, this energy has to be radiated in a nearly

- omni-directional pattern. A truly high gain spacecraft antenna

i ecluded because it is not feasinle to carry star sightin
1s prec Y g g

S
* ¥

and pointing mechanisms in a small inexpensive spacacraft. A

small improvement is achieved by emphasizing the radiation

—

pattern toward the front of the spacecraft which is nornally

pointed toward the sun. This causes a reduction in received

|
|
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emuy

signal enerygy when tne spacccraft is near tiec earth and viewed

boisiez..

from the rear; however, in this tiwe region tiwe range is velatively

short so tnis reduction is an acceptable price to pay for the

Wbl

inprovemeat obtainel wuen the spacecraft is necar superior

% conjunction anu pointing sinultareously toward the sun and toward
earth. ‘1o avoid unacceptable penalties in critical portions

: of the spacecraft or.it, .iovever, the dircctioneal gain has

to be linitert to anout 3 d.o.

LREIC e S E |

g 7.5.3.2.2 Comwunication Constraints Imposeu by the iedium

i" A paraneter of i.mediate significance here is the cormunica-
tion channel coherence time. This :dzscribes the maxinmum tine

duration for whicii tae channel may be cxpectel to maintain

"
u

phase stability. 7Tuat is, it Jefines the naxi.w- pulse duration

13

B g

- that may be used if the recceiver is to take full advantage of

the detection irprovecinent possible witn coherent integration

o
+ 3

of the total received signal energy.

[ =)

The companion Sunhlazer spacecraft report characterizes

the expected parameters of the communication channel in terns

17t
a

2

of the probable behavior of the transmission medium. It is

shown that the channel cohercnce time may e as little as 3

—

milliseconds wien the spacecraft approaches superior conjunction.
Coubining this time wita the allotted 7 Joules per pulse, we
see that the required transmitted pulse peak power is 2 kilowatts.

This is within tree range of capability of the transmitter and

G CEMI U eI

B,

is, therefore, an acceptable requirement.

i
|
i
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7.5.3.2.3 leceiver Constraints

i at

In order to extract tihe signal frow the noise background

it is necessary to use a correlation tcchnigque in whicu tne

|

receiveu signal is coripared with a multiplicity of locally

NI

generated postulated signals to determine the presence and
tine of arrival of the received pulse. “The efficacy of this
procedure is related in a non-linear manner to thc signal-to-
noise eneruy 1ation. Several systen perforamance parameters
degrade rather rapidly wien this ratio hecomes lass than about
¢ db. This, therefore, represents a uininum threslhold energy
{ ratio that nust vbe achieved to ensure acceptable detection
accuracy.

The design value of the signal-to-noise eneryy ratio must
be greater t.an the tiaresnolu value Ly an amount sufficient
t to offset a variety of probable (etection inefficiencies. 7hese
include possible degradation in the spacecraft transmitter,
reduction in the receiving antenna gain causeC by beam distortion

wvhen the antenna is pointed avay from the zenith, slight losses

caused by less than perfect pointing of the receiving antenna

§ o}
13 3

at the very distant spacecraft, a less than perfect Knowledge
of the instantaneous received frequency, fading and multipath
interference induced Ly the ‘'aedium, and localized increases in
the galactic background noise. Proper allowance for these
disturbing factors requires the systen to be designed to yield

a noninal signal-to-noise energy ratio of the order of 16 db.

I
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K 7.5.3.2.4 GSigynal-to-.uise iatio

PP

For the type of communication system involved here tlie

: parameter of prime interest in determining system performance
g is the sic¢nal-to-noise ener¢gy ratic; that is, the ratio of the
energy in each rcceivel pulse to the background noise spectral
density, or noise powzr per unit Lvandwidti:i, This ratio may

be slhown as:

E G
(& - tothe
o PETEIN
energy
or, substituting:
2~
A = A br
e 4
y
s LG %6,
3 ° Tnn) 2kT
where Et is the energy of the transmnitted pulse, in Joules
Gt is the directional gain of the transmitting antenna
) Ae is the effective area of the receiving antenna, in necers®
; R 1is the cormunication range, in neters
. k is Boltzmanns constant, in Joules per degree ielvin
( T is the total equivalent noise teriperature of the

observed background and the receiver front ond, in
degrees nelvin

A is the wavelengtih of the R.F. carrier, ia meters

G. is the directional gain of the receiving antenna

r

i
|
;;|
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“earranging this, ve can stivulate a require” cesign value for
tnie ground antenna gain is;

(%) (47..) 2h%

>
- 4
r LthA

wow, it iias veen shown that the energy of the transritted pulse
is 6 Joules, that tue udirectional gain of the trananitting
antenna is limiteu to 3 u:, and tuat the received sigral-to-

noise energy ratio is requirau to lo 16 .. It is shown else-
where taat the maximur range is £ A.U., or 3 X lull neters, and
tnat the ciwosen froguency is 75 .egaliwertz with a consequent
wovelength of 4 .eters. The average galactic Lackgrounl noise
temperature at 75 .legaiertz is 1loH0 deyrees Kelvin and the
erjuivalent noise tenperature of the receiver front end is 665
wegrees kKelvin.

Supstituting these values:

, 43(s 3 x 10'1)2(1.36 x 10723) (2,52 x 103)
r - (6) (2) (4°)

Q0

2

1.035 x 105 = 50 b

As we nave seen in otlier sections of this report, performance

of this order can e achieved at reasonah»le cost. It has also
been shown that the resultant antenna facility offers numerous

fringe benefits in the form of additiornal unique scientific
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oservations that can ¢ mrade, thus, in effaect, prorating this
cost among several investigative prograis. .le therefore close
the systei cesiyn loop justifying tue original choice of

a mouaest cost launch vchicle, with tie conseuent restriction
of spacecraft complexity, in a total systen corfiguration that
is practical to implencnt anu that is near optimal on both

an econoiic and scientific vasis.

7.5.4 7Tracking requirenents

4 Tracking and comaunications are not vro. lciis even if the

normal (”.8A tracking nets are not used. The angle and Doppler
g p

St §

information we get on Sunhblazer from the pnased array will be

P

sufficiently accurate to astablish the orbit with enough pre-
cizion for the progagation experinent. For tie propagation
3 experiment, the only important parameter is tne displacement

of the ray path from the solar center and the actual locations

of the teruminals, assuming that »oth are well outside of the

region of greatest electron aensity, are u.ainportant. Even

ik

so, from the angle and Loppler measuremnents e 2:sect to be

&Mﬁ

able to locate tne spacecraft within 10,000 kn?® with nigh
reliability.

There is no up-link contemplated in tie Sunblazer mission,
and the modest amount of telemetry indicated will be multiplexed

on the same 75 :lhz carrier emanating from the zpacecraft.

|
I
|
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7.6 Transmitter Considerations

7.6.1 General System Constraints

An antenna is required to receive signals transmitted
from the Sunblazer satellite. An antenna array that is
operable over the range 70 to 80 MHz has been proposed for this
purpose. It will consist of 27,006 crossed dipole elements,
will be electronically steerable, aud will have a total gain
of 50 db over isotropic. As previously proposed, the Sun-
blazer antenna will only be able to receive. A proposal has
been made for a transmitting function to be incorporated as
the antenna is first constructed. The simultaneous construction
of the basic receiving array and the trahsmitting feature will
save much time and expense in the long run.

The Sunblazer program is designed to learn more of the
physics of the sdlar corona and interplanetary space by
transmaitting a series of contrelled radio signals through
the corona and space. The transmitters will be on the Sun-
blazer satellité,whose orbit will place it in position behind
the sun. With the¢ proposed transmitting function the Sunblazer
antenna can also be used to study the backscattering properties
of the solar corona and of all planets within'the orhit of
Saturn.

In the receiving configuration the received signal from
each group of six dipoles is amplified, fed through an electronic

phase shifter, and then added to similar phase-shifted outputs
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of other elements and fed to the main receiver. In the trans-

R o L]

mitting configuration a signal of proper frequency and modulation

is fed to the vicinity of each six-dipole element through the

Bt ©

same lines and phase shifters, and then before being fed to

the radiating elements is amplified by a solid-state power

[ R—— )

amplifier. This design requires 4,480 power amplifiers,

switches to remove or insert the proper amplifier, a wire

RS ]

line from the control room to control the switching functions,
and a primary-power distribution system. As a basis for
analysis a system that will radiate one million RF watts is
assumed. This requires a 250-watt amplifier at each of the

4,480 gsix-dipole elements.
7.6.2 Solar Radar Studies

7.6.2.1 lMNeed for llew Solar Radar Invastigations

The sun is fairly well understood as far as atomic and

ioniCc processes are concerned, hut many macroscopic phenoimena

are not understood at all. The present theories of ionized

——

plasma have been unable to explain the solar corona. The

behavior of a hot ionized plasma in the presence of a magnetic

g

field is very complicated. The phenomena of the appearance

and development of sunspots, plage regions, flares, prominencés
and surges have been well observed and documented optically,
but have not been explained. Prior to the El Campo sclar

radar studies there were many theories as to why the coronal :

1
l
|
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temperature was two million degrees, even thougii the photo-

f i’ gt

spheric temperature was only six thousand degrees and the

energy came from nuclear processes at the center of the sun.

| £ N

Radar studies have shown that wave motions that could heat
the corona are always present in the corona out to about
1.6 solar radii, where Brandt (1967) has shown that the

] deposition of energy must cease.

To help untangle the complicated problem of plasma

[RRREET S N

behavior in the sun, more radar ohservations are needed.

Plasma motions can be observed by radar much better than

[ SRS

they can by optical or radio emission. Radar, undouhtedly,
has a future in explaining the solar corona, but only prelim-
inary radar studies have yet been made. The only significant
scientific studies that have been made were those at 38 !MHz

A by MIT at El ﬁampo, Texan., In 1959, a group at Stanford

University demonstrated on three occasions that solar echoes

could be received at 26 MHz, but have not been able to do

so since, in spite of numerous attempts and an enlargecd

o
+ %

antenna. No other successful experiments have been reported,

although it is known from private sources that attempts were

¥ ¥

made at 49 MHz in Peru and at 40 MHz in Puerto Rico.

Solar radar experiments are badly needed over the

p—

frequency range from 20 MHz to 200 MHz. !More system sensitivity
and more angular resolution, than the present I'l Campo system
has, would help considerably in the interoretation of the data.

Experiments at 75 [MHz weuld oermit coronal levels as near the

e A T i m A T T R e com i
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sun's center as 1,15 solar radii to be studied. The deepest
penetration of the 38 MHz signal is about 1.35 solar radii,
which is 2.3 times as far from the photosphere as the 1.15
level.

Radar studies at 75 MHz could lead to a determination of
the coronal absorption and mean temperature to the 1.15 solar
radii level. Of more importance would be the variation in
temperature and energy deposition as a function of events in
the chromosphere. The velocities of plasma waves at the
1.15 level should help considerably in deciding what type
of waves heat the corona. 1In general such experiments should

teach us more about both the sun and plasma physics.

7.6.2.2 Solar Radar Results to Date

Solar radar experiments have Leen performed at 3% iz
near Fl Campo, Texas, since 1961l. During this time much
has been learned about how to use radar to explore the sun
in addition to learning new facts of solar physics. For
example, it has been found that the frequency sensitivity
of the antenna causes a decrezse in the quality of the
integration process, especially when certain types of solar
noise bursts are present.

The echo intensity, or radar cross section, is variable
on both a long time basis of scveral years and a short time

basis of several days. The echo signal is fairly constant

over a lé-minute interval except for a very small amount of
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fading at times with a period of five to ten minutes. The
crcis section is usually appreciahly stronger when active
regions are on the disk. A large amount of Doppler spreading
is always present whether the sun is active or not. The
Doppler kandwidth between the hal’” _ower points is 30 to 40
KHz, and this is much larger than the 1 KHz that mitht be
explained by the rotation rate of the sun. More energy is
received at rositive Doppler shifts than at negative shifts.
Some echo components have only small amounts of Doppler shift
and spreading. The echo appears to have equal energies in
both linear and circular polarizations.

The main part of thé echo is reflected from some sort of
wave motion in the corona. These wave motions could he, and
very likely are, the mechanism by which the corona is heated.
The waves are moving in @ predominately radial direction with

velocities between 100 and 200 ¥m/s. Because of multiple

reflections, and possibly some wave motions in the dir-
ection of the photosphere, there are negative Doppler com-
ponents in the larger-delayed part of the main echo. The
intensity of the main echo changes lrecause of changes in the
coronal temperature, changes in the intensity and number
of shock waves, changes in the size and shape of the corona,
and changes in interplanetary plasma that focuses the radar
energy.

The solar radar cross section tends to be considerably

larger during the decreasing portion ol the sun-spot cycle

for some unexplaired reasons.

* ¢
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Some echo components arise from irreqularities in the
high corona out to three or more solar radii frcm the sun's
center. These irrecgularities are moving radially outward at
10 to 20 KM/’s. Their densities change much more slowly with
distance from the sun than does the mean density of the corona.
Echoes from these show up in the early range inteiv.ils and also
in the late range intervals. The late echoes are due to
sigi:als that are first reflected from ti:e shock waves in the
corona, then from a backside of the high corona irreqularities,
and then again from the shock waves. The late echoes have
a large amount of Doppler spreading; whereas, the early echoes
have a very small amount of Doppler sprzading. This should
be exrected hecause the shock waves invnart a large Doppler
spreadirg to the signal. These high~-corona echoesﬂmay be
moving along with the solar wind, and if so, radar provides
& measure of the solar wind velocity in tlie high corona. How-
ever, Dessler (1967) has shown on theoretical grounds that
the sclar wind velocity in the high corona should be super-
sonic, and if so, thé high corona echoes are reflected from
coronal irregqgularities that aré not participating in the

solar wind.

7.6.2.3 Solar Echo Studies at 75 Miiz

Several factors enter into the computation of the expected

signal-to-noise ratio for a solar radar experiment at 75 Miz;

namely, average transmitted power, antenna gain, antenna beamwidth,
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Doppler spreading of the echo, hackground noise level, coronal
absorption, and radar cross section. It is convenient, and
perhaps more significant, to predict the rclative performance
of the proposed 75 MHz system and the known 38 !Hz system
rather than compute the received energy of the 75 MHz system
only. At 38 !Hz the cross section has varied from about
0.2ﬂR§ to ZOnﬁg with 500 Xi! of transmitted power and a 35 db
gain antenna (Re is the radius of the photosphere). The
cross section was typically between 0.5 and 1nng. The signal-
to-noise ratic should he no less than it was for the 38 MHz
system in order for a significant experiment to be performed.
From the radar equation, the relative sensitivity, S,
of the proposed 75 MHz system and the present 38 MHz system

is given by:

: Py 2A’ 5/2
signal,',,signal, = T G'.° “o,A' 3 .
= (folse ) /lnolee ! = plE7 x_ 7 (7.6.2.3-6)

where PT' G, Ao' A, and I are respectively; transmitted power,
antenna.gain, solar radar cross section, wavelength, and back-
ground ncise temperature at 1% rtiz; and where the primes refer
to similar parameters at 75 MHz. The 5/2 power for the wave-
length ratio arises because the effective area of the réceiv-
ing antenna varies as GA2, and because the Doppler bandwidth

is assumed to vary inversely as the wavelength. For a

detection procedure employing signal integration, the signal-

to-noise ratio varies inversely as the square root of the
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bandwidth. For the 32 MHz system N is about equally divided
between galactic and solar noise, and a typical antenna
temperature is 20,000 degrees. At 75 Mliz the photosrliere
should be approximately resolved, and so in the absence of
grating lobhes the antenna temperature would hz about 100,000
degrees. The cross section at 75 MHz is an unknown quantity,
and is dependent among other things on coronal absorption.
For a one-million-degree corona the two-way ahsorption for
the central ray is computed to be 7 dk at 38 ""Hz and 14 db
at 75 Miiz (James, 1968). For rays at the limhs the attenuation
is 1 and 2 db, respectively. The temperature in the viéinity
of the reflection strongly affects the attenuation. For example,
for the central ray at 75 MHz the computed attenﬂatian ig
3 db at 2 million degrees and 36 é&» at 1/2 millio~ degrees.
The solar temperature is likely ahout one million degrees at
the 75 MHz veflecting level. The type of reflecting irregularity
(shock wave, Alfren wave, plasma deﬁsity irrecularity, etc.)
will, of course, 2lsc affect the cross section.

On the basis that both N'/ii and N/A, are 7 db, the value

of relative sensitivity is compr*+ad to be
S =12 ab , (7.6.2.3-2)

for Pé = 1000 X7 and G' = 50 dbh, This value of 2 allows a

margin for error in the prediction of Aé.
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7.6.3 Plar :tary Cuperiments

7.6.3.1 General Discussion of Reasons for Doing

A radar study of planets is another very important
reason for including a transnitting facility in the antenna
design. Planetary studies yield information on orbits, sur-
face features, rotation rates, ionospheres, magnetic fields,
and interplanetary plasma. Vhen the reflection is from the
surface rather than the ionosphere, such as is the case for
the dark side of Venus and for 'iars, something can be learned
ahout surface roughness and coﬁposition. Reflections from
ionospheres could lead togmuch information of scientific
value such as atmospherii*composition and density.

Radar echoes from planets would bhe modified by the inter-
planetary medium thus providing a means of studying inter-~
planetary plasma from an earth-based laboratory. Resulis of
such studies would have application to solar physics and
space communications. The interplanetary effect on the echo
should vary inversely as the squares of the frequency and so
75 MHz should be more sensitive than higher frequencies to
the plasma effect. The integrated electron density between
earth and the planet can be measured directly when “he system
sensitivity is high enough to permit short pulse measurements.
For Venus; xt inferior conjunction, a pulse width of about 20
microseconds and a receiver bandpass of about 300 XHz would

be required to detect an average electron density of 10/cc.
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For a signal-integration detection system the sensitivity
varies inversely as the square root of the receiver handpass
and so, as the bandwidth was increased from 1 Hz to 0.3 MHz

to accommodate the narrow pulse, the sensitivity would decrease
27 db. This means that a sensitive system would be required

to measure weak interplanetary electron densities, but a

50 db gain, 1 !MV-transmitted-power system would be sufficient
to make such measurements using the planet Venus and, perhaps,
Mars.

The transmission properties of the solar corona could be
studied by an earth bound radar system when planets were used
as reflectors. This principle has been used previously, for
example, to study transmission properties of aurora by using
the moon as a reflector. (See James, et al, 1960.) The
planet Mercury would he quite useful for this purpose because
it is in position behind the corona a good perceritage of the
time. This technique, ecause ¢cf the two- 'ay passage through
the corona, would not result in cdata as easily interpreted
as that from the Sunblazer satellite, ‘ut it would have
advantages of repeatability and flexibility. The backscattered
power fron Mercury when behind the corona would only be ahout
n.2 watt for the 1 M7, 50 db radar transmitter, but this is
botn the average and peak power and so could easily Ee receiv-

ed in a relatively narrow pass band.
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7.6.3.2 Conputations of Ucho Pover

‘sie proposed 70 - BC <i'z antenna will have a gain of 50

db over an lisotropic radiator. 1In the computations to follow

it will be assumeu that the total radiated power is 1 !,

which is only iU watts per .ipole ain! a power that caa he
reasonavly ontained. ‘he present il Campo array transiits
a total power of 500 K., whiclhi is alout 500 watts per dipole.

siie radar syste.:. sensitivity for a givoen planetary tar-

At §

get is actermined oy t.i2 ratio of tne received echio povwer to

the vackground noisc fluctuations. Liis ratio should be at

pRRRER

least 5 du in orucr to identify the echo in tae presence of
noisec.

' The background noise is conveniently exorzssed in terms
of noise tenperature, ., or in termns of G with respect of
the standaru room teunperature of 299°. <“he relation between

1 available noice power in watts, P, and .oise temperature is:
P = kil (7.6.3.2~1)

wiere k is 3Joltzwan's constant (1.32 x 10-23 w/n2/cps) and 3

is effective vandpuss in cps. At 75 -iiz the vpackground noise

! for planetary experiments will consist of receiver front-end

noise plus cosmic noise. Yor the proposed antinna tae froat-

—

end noise will be the average noise figure of the receivers

—

in the field, and so the front-end noise temporature will be

about 3 db/290°. 'then the sun or a strong radio star is not
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in the beam, the cosiic noise temperature will vary from a“vout
2 db to 12 u» witi the higher values falling along a narrow
region near the galactic equator (.ilky ‘/ay’). <ue antenna
assumes the mean sky teuperature of the region falling within
the be:n, regardless of obean size. In the computations to
follow, tihe sky temperature was taken to be 3 dL/29%0°, which
leads to a total background tei:perature of (& dby/2°9° when

the receiver noise is included,

“he received echo power is computed by the radar equation,

G,  Ag
PE‘( = t""4"n25504wr€‘!’° (706.302-2)

where P, is received echo power in watts,
Py is transmitted power in watts,

Gry is transmitting antenna yain over an isotropic radiator,

£ is the target ranyge in meters,

A_ is the target cross section in square roters,

A, i8 the effective aperture of thz receiving antenna
in square meters, and

p is the polarization wisalignment factor. For a linearly-

polarized antenna p will iiave an average value of 1/2
for random polarization angles.

The following suistitutions will e made in order to

simplify the radar equation:

P, = 106 watts
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G, = 5, = 50 dl or 10°

i

R= 1,496 V x 101! iseters, where V is range in astronomical
units.

A2 = 15.98 m2 at 7Y .iliz
p = 1/2

ith these substitutions the radar aquaticu vecomes

o

b
- ___o_ ) 432 . -
P = 7% X 3.04 x 10 vatts., (7.6.3.2-3)

The cross section, Ao, is the projected arca of tiue planet

(nr2) times the backscattering reflcciivity. The reflectivity

is a parameter to be measured an: is not accurately known

except in the case of Venus and even here it fluctuates

greatly with time fron near zero to 200%. (See James, Ingalls,
and Rainville, 1967.) 4w“ae reflectivities of the planets

are discussed by Pettengill (1968), and are largely the oases

for the reflectivity assumptions listed in Paule (7.6.3.2-1). The
listed value for Saturn and Ganymede (one of Jupiter's noons)

is no more than a typipal value for planets that Lave been

observea. ‘the reflectivity for Jupiter is probably larger
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TABL!, 7.6.3.2-1

Predicted values of sijgnal-to-noicze ratio for radar
studies at 75 MHZ witi a 5) 4., artenna and 1 o] transmitted
power. Values of estimated reflectivity anu Loppler bhand-
wiith, anu round-trip tiwes are also listed. .lax acZ min
refzr to the larcest and s.allest distances of the Louy fromn
the earth withi:s tne next ten years. L is radar cross

section, and P, is received ecno porzr. 3ackground noise

tenperature is assumed to e ¢ do/230°,

= RCURY VENUS MARS JUPITER GANY:!ioUT SATUR:

Round-wrip N, 10.0 0 4.8 6.1 65.9 63.9 142.1
five (iins) dAX, 23,3 25.3 43,2 108.1  108.1 175.4
reflectivity (%) 6 15 7 8 10 10
A (1012m2) 1,16 18.1 2.54 1290, 1.92 1146.
O

-20 ‘ LTa. 63 20600 1090 33. .05 1.7
Pp (L0770 watts)  oX. 2.3 17.4 0.45 5.7 .009 0.7
sandwidth (cps) 2 2 100 199 2 100
s (dp) O Signal AL, 13 38 8 -7 -18 -29
N Integration MAX. =-1.5 7 -25 14 ~26 -23
£ (dp) With 5 .iins.mIn. 27 52 31 15 -4 4
G Integration iAX. 12 21 -3 8 -12 -1

Time

5 (ab) Signal MIid, 2y 52 31 21 2 10
o Integration nx. 15 43 2 15 -5 7

For Round-
Trip Tire

e e
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than 8% at 75 lLliz.

For the above radar cyste. t.i.e signal-to-noise ratios
for several possivle plunetary targets were coaputed using
Equations (7.6.3.2-1) and (7.6.3.2-3), and are presented in
Table 7.6.3.2-1. The :!All and MIN values refer to the lnown
maximum ana minimum distances c¢f the bodies from the earth.
The listed valuess for rec¢eiver bhanduwidth are based on known
values of Doppler spreading c:.cept for the cases of Jupiter,
Ganymede, and Saturn. For these Lodies the Doppler spreading
was estimated on the Lasis of their size, spin rate, and
expacted roughness.

ihe results of these computations are tnat tae pronosed
radar systemn should he capable of studying ilercury, Venus,
Jupiter, saturn and the interplanectary space hetween these
bodies and earth, at ail points of tiheir orbits. It would .
indeed he a sicnificant esperinent to study these planets
at both superior and inferior conjunction. The radar system
would also be capaile of studying .iars each day except for
a period of 8 months out of eachi 2Y.6 montas; i.e., Mars could
be seen on 70% of the days. Ganymede could not be studied
unless its reflectivity were greater than 20%. The detectability
of Saturn would be dJoubtful, if its reflectivity were less

than 10%.

R

7.6.4 Primary Power System
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7.6.4.1 System Lesign

“he Jesign herc is based on 5000 or rore power amplifiers

i S -

spaced uniformly over tiie array anc¢ supplying a total R.F.

powerz of one megawatt to the antenna elements. The priiary

e

power for these amplifiers is at 25 or more volts DC. The

25 volt distribution will be from a nurl:er of rectifier

Resilniide §

staticns sjaced uniformly cver the array. Zach rectifier

station will e fea by a 3 paase, 60 iz power at 4160/2400

[ CT SN

volts, and will in turn supply 25-volt circuits with 190 to

p——

206 aaperes eaca. waca rectifier station will e housed in
{ an all weataer cubicle and will contain a 3 paase, 107 LA
transforner, a vank of s50lid state rectifiers, 200 ampere
DC circuit breakers, meters, and current transformers.

The 4180 volt power will be supplie. tirough four air
circuit Lrealkers, and may be tripped Ly overload currents in
any of the sucstations. Transidtted power will e monitored
by measuring power at the 4160 volt level and compute:d froau
the known efficiency of the transmitting units. This

efficiency can e checked periodically by actually measuring

. e ey ey

the power output of sample units. At this power-density

level an operator can work in the field with the R.F. powver

-

on. More than the reguired amount of prinarv power is at
present available from the power company at the Ll Campo sub- ¢
station,

In the cost analysis that follows, tl.e efficiency of 1

the power amplifiers has been assuced to be 63%, and that of

3
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the rectifying and secondary power wistrihution system §7%.
The efficiency of the primary power systoar. siould »2 nore
than 25% so that the overall efficiency soould ve 50% or
nore. 7These arc conservative esti..ates. 71 nominal 25 volt
secondary voltage output at each rectifying station will
actually be aiout 29 volts under full load. Tihe total pover
output of the transmitting system can be varied by adjusting
tie level of the 75 iiilz exciter signal fed from the control
rooi: to the power anplifiers in the field.

vhere are several factors to consider when deciding
tire design efficiency of the 25 VDC conductors. +The initial
cost of these conductors will be consideravsle, but this cost
is less when the efficiency is lcw. This cost will be cut
about 40% for example when tne efficiency is 'iropped from
80% to 80%. A lower efficiency means less reserve in case
the R.F. power should be increased in the future. The
lower limit of efficiency will be set Ly the current-carrying
capacity of the conductors. Poor efficiency means poor
voltage regulation at tiie power amplifiers, but this need not
be high. A low efficiency means a larger power bill for a
given R.F. power output. Zacii additional &/ of maximum power
demand will cost about $1.25/month. Each additional Kl
will cost avout cne cent. For a transmitter '"on“ tiwe of
2 hours per day, the additional power ccst duz to a lowered

efficiency would be about J2/month/¥.l, or acout 3480/X9W for

29 years.
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The optimun efficiency can be estinated Ly taking a
specific exauple. Suppos<¢ one aluminum, direct burial, con-
ductor is to supply amplifiers for 59 dipoles witl 11¢ awperas
at 25 volts, and that these anplifiers are 391 feet from
the rectifying station. (Uhis would |2 a realistic exarple
if there were 60 rectifying stations.) Suppose the conductor
consists of n strands of A''G 1 cavle whicii costs $140/1000
feet. Allow $20/i.! for additional transformer an’ rectifier
capacity. Then the total cost for catle, additional rectifiers
and additional powver for 29 years ias

v = 110n + o.s(naz-%?) (7.6.4.1-1)

The resistance of 782 feet of AJG 1 cable is J.15 ohnis, Fron
the equation above, the niniizun value for 7 occurs for n = 3,2,
for which the cable cost is §363 and the cable power loss is
9312 for 2) years. The voltage drop in tlie ceonductors would
be 5.5 volts, and the efficiency of the distribution system
woula be 82%. The design efficiency uséd in the cost analysis

that follows is 07%.

7.6.4.2 Conductors for o .C. Pouver

To uetermine the cost of cable for one station we shall
proceed with the calculation on the basis of 60 stations, and

then scale the result after the optimum number of stations

is aetermined.
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Let tae arza fed Ly eaca station e «divided into nine

equal squares viita a rectifying station at the center as shown

|
I
i
l in Pigure 7.¢.4.2-1l. Wae ezavy solid lines represent large
ala.inun fee .2r ouses each carrying 118 amps to 59 dipoles.
1 The uvotted lines represent copper lines “ranciing from cacn
aluminuii liae., wnere are 3 tvo-wire dotten lines for cach
g of thc eiynt groups anc eight smaller two-wir: copper lines
? for the central group. For purposes of cost estimation we
will assume that the following cahles are nceded:
; 1) § Al :res 270' lony eachi carryirg lls amps
- 2) 5 Al uires 135' long each carryinc 1llo a-ps

3) 144 Cu wires 1C)' long each carrying 15 aups

An overall line cefficiency of 7% is assumed. The :37%

efficiency determines the IR drop in the feeder lines as

. follows

1 . IV v oo L _
0,87 = mm" T Ix -{L T (7.6.4.2~1)

- '1 - 0087 -

i IR = \’—W = 0.149V (7.6.4.2~2)

For V = 25 volts, IR = 3.7 volts.
The Lest division of resistance Letweesn the aluwninun

and copper lines shown in Figure 7.6.4.2~2 nust be determined.

approxi:nately as the resistance per 1000 feet, ¢, raised to

l For both these conductors, the cost per unit length varies
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the -0.7 pover.
Let Pl and P2 se respective prices*per foot »f the
aluminunm and copper lines. uYuen froi kinown prices of #8

Cu cable anu 250 .IC. Al cahnle,

e T R—

0.04u5
P, = =~ (7.6.4.2-3)
0.7
1 pl
i P, = 0.,9745 (7.6.4.2-4)
! 2 p,0.7

R 3

The total cost of carle to feoel the 2 outside groups then

is approxiaately

T = 3200 Pl + 12500 P2 collars (7.6.4.,2-5)

The relation between p, and p, can !¢ ueteriined from tae

87% efficiency.

L (11,2
o 82, (55
00\)3 - (706040206)
11 113
B8R -g-\Z + 2(118)2Rl + 16 8“)232

RL
. . 5
R+ ZRL s 1621

0.07 u“ (7.6.4.2-7)

*$110/1000' for .Jdirect hwurial . cu
$313/1000"' for wirect nurial 2-U .:C.. al.

i
|
I
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Substitute

R = 1674

d; = 0.20,

Ry = 0.192
to get

Py = 1.25 - 1601 (7.6.4.2=-8)
Then

T = 3%%%7 + p:g}Z - pii?? + (1.2%3}71091)0.7 (7.6.4.2-3)
From %%; = 0, the optirui Py is 0.04 oin.3/1000'. An aluninum

concuctor of 450 .4Ci. aas P = «0393, s0 let this Le the o 1

cable. Then

Py = 1.25 - lﬁpl = 0,62

An AWG 3 copper conductor has Py = 0.628, so let this be the

No. 2 cable. From these resistivities then we have the following:
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Pl = 0048 [ (7.6.‘1.2-10)
P2 = 0.11 / (7.6.4.2-11)
T = 31540 + 3141C = 32950 . (7.6.4.2-12)

For the central saction ncar tie rectifiers we require
eight feeder lines each .. liveriay 15 aiperes to a 1.07 onm
load. cor a 3.7 volt arop in a 200 foot line, a cale having
a resistivity of 1.23 ohws/1008' is regquired. Jdils is approxi-
mately an AUG 11l cepper line iich costs about 360/1020' or
about $26 per woay. This waen alded to I yields tiae cest for

all seconcdary conductors feu »Hy eacih station, and is $304¢.

7.6.4.3 Transformers

At each rectifying station a three-phase power trans-
former to convert tihe 4160V to the required secondary voltage
will be required. <he cost of sucih transforners varies
approximately as the 0.65 power of taeir capacity. For 60
rectifying stations a 29 KVA unit will be required, and

its cost will be about £350.90.
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7.6.4.4 lectifiers and Secondary sreakers

A bank of solic statc rectifiers supplying 20 VA at

eacli of 60 stations will cost about $409. .ach such hank

will supply nine 118 ampere ficld circuits through nine fused

S |

switches. This set of switches with fuses should cost about

\

$400. 4ne cost of tae rectificrs and switches for each

- station should vary approximately inversely as the nwcher of

j stations so that the total cost c¢f tiese itemns for the
entire array is constant.

1~ 7.6.4.5 tems with Fixed Cost per Station

; Scine itams will contrilute to a fixed cost per rectify-

L ing station regardless of the awaer of staticvas. Such items

are the concrete mounting pau, the weatierproof enclosure,

i
B s

current transformers, neters and protective cevices. The
i cost of these items is estiiiateu to he about $1500, including

installation.

l. "

{ 7.6.4.6 'fotal Cost and Optimum wJumber of Stations

When .1 is the number of rectifying stations, the total
cost of supplying sufficient power at 25 VUC to each power

amplifier is the swt of the followinyg four terms.

1} 415060 .i. These are fix2d costs per station

2) $95,000. These are fixec costs and include rectifiers, i
DC switches, four 4160V air circuit breakers
at $5,000 eaci, 4160V direct “urizl con- 3
ductors, an. installation costs. 3

sl “ ~ Mz -M"‘
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3) $1470 1065, Cost of pouer transformers

4) $5,570,000 ::=0.85  cCost of .OC power cGistribution
Syst e

Tne value of . opti.um is o'tained by equating tae sum

of the derivative of tliese four torms to zero as follows:

b e

J QL5 i—e35 o kS 76 -1 85 o 2.
1500 + ¢coo Hopt d.33 x 10 “opt Q (7.6.4.6-1)

-

Topt is solved grapihically to he

From tinis equation

NOpt = 75 (7.6.4.6~-2)

w“he acove four cost iterms then wuecome respectively:

1) $112,500
2) 95,000
3) 24,300 |
4) 150,000 f

[ TrEey
] f

for a total of $381,500 to supply 1.59 megawatts of DC power

to the power amplifiers.

¥

7.6.5 Cost of R.F. Power Amplifiers for 50 db Array

l The present cost of high power, conventional tube-type
transmitters in the UHF range is a little less than two dollars

per R.F. watt. It appears that the present cost using transis-

torized units is acout tlie same, but tue exact cost will depend

a i By a e g rara st e B L0 e kel

|
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upon the particular, high power, UHF transistor useu and upon
the date when tihe transistors are purchased. ot present the
cost of higily sclectou units for spacecraft api.lications is

two dollars per “.F. vatt for tl:e transistor alone. Less
espensive units could ;e used for ti:e 1 7! transmitter, but

tie Lest corpromise hetween initial cost and field reliaoility
can only be deternined after wore development and experiinentation.
ne proposcu 29 db, 192 dipole pilot array s':.culd provide a
good opportunity for deciiding the point of this conpromise. The
tenmperature of tne po.=r unit is a factor in ‘eterrining the
saxiaurn gower tnat it can supply, ani tiisz i3 anotii:x reason

for proposing field tests before the final selection is mnade.

7.6.6 Cost of R.F. Foirer laplifiers for Pilot Array

It is proposed that the transaiitting feature be added to
the 192 dipole array. This would require 32 or more power
anplifiers which woulu produce a tctal power of 8 K. This
29 db, & .W system could easily detect th2 moon by radar,
and would provide not only a test plot for the transmitting
feature but would assist materially in the evaluation of the
receiving anten:ia.

For the pilot array the proposad power amplifiers would
be located schematically as shown in the Figure 7.6¢.6-1.
During receive, the power anplifier would be completely re-

moved from the circuit, and during transmit, tiie receiver amplifier

would oe completely rernoved from the circuit and its input
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terminal grounded. ‘i'he power amnlifier would consist of a
driver amplifier follovel by a pover ami.lificr consisting of
several transistors in parallel. ‘“the R=-AT2 switches slhiould
consist of mechanical devices, perhaps mercury switches, on
the antenna side of the amplificrs and diode switches on the
other sice.

The estimated cost of tuese 32 pover anplifiers, switches

ana control cavles is as follous:

32 250!7 anmplifiers $156,000

32 4ercury relays, OPI:” 5390

. 34 Diode switcl.es, SPLY 300

Control V'ires 100

‘ mxciter, S rratct 500
votal 317,400 N

7.6.7 Conclusions

Reasons are given for incorjporating a transmitter feature

in the Sunblazer antenna. .
A cost analysis is .iace that shows thiat for an optimun

primary power system of 75 rectifying stations, tne power

distribution cost is $350 thousand. The remaining cost is

the power amplifiers themselvez and %nis should Le less than

$2 million for a one megavatt radiateu vower system. %
These cost estimates apply for the 59 dbh array of dipoles

regardluss of the nuaber of dipoles grouped together for the
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sasic elenent,

e specific system given here is for a transnitting
feature to be includeu in the 192-dipole pilot array. There
are several benefits to be had fro: tilis pilot-array trans-
mitter, awony which is a more accurate determination of the

cost of the N.F. power amplificr.

The estinated cost of the pilot array transmitter is

$17,400 for the power amplifiers plus $20,000 for an initial

bosmnond

power distribution systen.

postonnsd

7.6.8 Dibliograp..y

drandt, J. C. ladar Ohservations an” the .xtent of
in Coronal lieating, Astro,-aysical Journal, 149, p 447, August
(1967).

. pessler, A. J., Solar 'ind and Interplanctary lagnetic
i Field, Reviews cf Geophysics, 5, p 1-41 (1967).

James, J. 2., et al, "Obscrved Characteristics of an
i UlIF signal Traversing an Auroral .isturwance", Jature,
‘ 185, p 510-512, (1969).

Janes, J. C., Radar Studies of the Sun, Chapter 7 of
hadar Astronomy by Evans and Lagfors, ieoGraw liill (1963).

Janes, J. C., Radar Stixiies of tae Sun at 38 .ic/s,
Astrophysical Journal, 146, p 356-3G4 (1965-L).

James, J. C., Ingalls, R. P,, and Rainville, L. P.,
Radar Lchoes From Venus at 38 'lc/sec, Astronomical
Journal, 72, p 1047-1050, (1967).

PPR— —

Pettengill, G. 1., Radar Studies of the Planets, Chapter
6 of Radar Astronomy hy Lvans and Hagfors, ‘i‘cGraw-Iiill,

(1968).

1
[
|




-237-

7.7 kEvaluation of thie Antenna Llcecments

7.7.1 Summnary

Lfforts to find a suital'le clanent for the Ll Campo array
have led to experiwmental investigations as follows:

1) 4he ineasurement of gain and radiation pattern of an

array of four 1A bhackfire elements. This was carried

[P

out over the frequency »nanud 285J ..fz to 320 .iliz.

1 2) For a single 1.5\ lsackfire at 225 .i!z, gain and

- inpedance properties were evaluated over the

i equivalent fregquency band.

’~ 3) <he relative bandwilth of dipoles over a ground

ig s plane, as a function of dipole diameter, was

i- investigated for single eclements anl & finite (1.5A

1. Jia.) ground plane. (Frequency 225 iiliz).

7.7.2 1A Backfire Array at 3900 Jilz

The 300 :ldz guad of backfire eleutents 'as natched to
500 (within 1.1 SWR) at three different frequencies. Gain
and pattern measurements were carried out at these frequencies

for

2) The combined array.

3) <{ross polarization.

I 1) Individual =lements.
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verinals not used in t.e measurement nrocedure, wvere
left open circuited.

Pattern ana gain neasurements were taken at 280 'liiz,
300 .lliz, ana 320 iz, Tae gain measurements are sumiarized

as follous.

T ——

Frequency Gain of ilement (QlL) Gain of rray (db)
T = =2 X S ST RS R T R Ry
. 300 12.9 17.5
320 8.0 13.0

7.7.3 1.5\ Backfire zlement at 225 .uiz

Unless otherwise specified, the following dimensions

were uscd for the hackfire under taost:

- e e it Bt
+ » Y . 3 7 i

Backfire Length 1.5 A

i Diractor Length 0..05A

| Spacing of Directors 0.2 A

i Diameter of Directors 0.002A

\ Secondary Reflector Diameter D.475)

I Primary Reflector Ciameter 1.5 2

' Support “ube diameter 0.025)
Dipole Diametar D.002 0

l Dipole Length 0.475x

vipole - reflector Spacing 0.3

g G
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7.7.3.1 Adiittance ‘ecasurewents

The backfire vas atched at three critical frequencies

only by using a douhle stub configuration. ‘'he is.natch
is less than 1.7 3WR at all three freguencies.

Attempts to match the l.ackfire using an unvalanced vy
feed (sinilar to ti.at usec on the 11 eleaent yayis) proveu
futile. ‘or these tests, a 1/2' dianeter rod was used as
the uriven eleweint and severai matching geometries tried.

In general it can e said that tac y ..aten i3 not suitable
becausc the antenna impelance is too high, as there is always
A step up in iapedance levael regardless of thz2 geometry

of the y matching section.

7.7.3.2 Gain .ieasure:ients

Jecause of difficulties in obtaining an accurate
reference level, the ausolute gain figures (with respect to
isotropic) siuown below may only be accurate to within +1 1/2
db. 'vhis estinate of accuracy is Lasci on tiie variation of
sighal level wiich is measured when tie reference yagi is
woved to (ifferent locations,

Relative measure:ients as givcu in “Yable 7.7.3.2-1 may
still be useful, however, e¢.g. variation of director length

from .405\ to .d421A.
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% Freguency Mismatch SP. Yagi Abs. gain/iso.
) (ab) (db) (db)
?; RRAENPCNRNE.. - ERFoAE 5 R & K SR S B SR PRt A =T & 3 ) T AN XA
% M 210 .25 ~-.5 =3 12
o
k 0:5—<
2’,2‘;‘,} 225 .22 -3.5 «7.5 15.1
- Qe
ad 240 .25 -12 -24.5 12.75
210 «5 0 -3 i2.8
o
- -5, 5 5.9
‘6’5« 225 .04 .5 5.5 1
222
. 5 - - 2,25
IR 240 .25 2 24 1

TAULE 7.7.3.2-1

7.7.4 Bandwidth Investigatiocn for ..’2 Dipoles of Different
biameter (l1.5) diameter ground plane)

Originally three diareters (1/4", 1', and 2") were to
be used but the results for 1/4" and 2" proved to be sufficient

to illustrate the trendas.

= e .

8 7.7.4.1 Impedance

—

Since the reaiation pattern and gain are slowly varying
functions of dipole length, the dipoles were adjusted to give
approximate resonance for each diameter tested as shown in

Figure 707.4.1-10

i.e. d = 1/4" L <475

d = 2" L= .36




LENGTH
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N e i

GROUNL PLANE

! . FIG.7.7.4. /=]
; DIMENS/ONS OF A DIPOLE
ABOVE GROUND PLANE
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Then using these values of &, three different values of dipole
to ground plane spacing were tried.

h = ,2x, .25), .3A

Admittance plots were taken and used to find the loss
due to mismatch for the gain measurement (i.e. no matching
netv rks were used), and also to compare the B.!l. of the two
different dipoles. Apparently a small capacitive stub on the

1/4" dipole could give B.W. comparable to the 2" model.

7.7.4.2 Gain Measurement

Two approaches were used. One was to try to measure
the absolute gain of each antenna relative to isotropic using
the calibrated yagi as a reference. The other was a direct
comparison between the 2" and 1/4" diameter dipoles to illustrate
the degradation in B.W. of the 1/4" diametcr mcde relative to the
2" diameter version.

Results are shown in Table 7.7.4.2-1, while Table 7.7.4.2-2
represents a sunmary of the absolute gain measurements.

The absolute gain measurements at 240 4Hz are suspect
because of the fact that both the transmitting and receiving
(reference) yagis have responses which are 11 db down at that
frequency (relative to mid-band). Because of this, the signal
strength on the reference measurement was fluctuating by +1 db, and
the actual measurement involved a change of inztrument scale.

It is felt that the relative measurements between dipoles are

more reliable since there was no change of scale involved and

A Al T e e L e
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the signal level was steady.

were repeatable over periods of a day or more.

From the results of (1) and (2) there is no apparent

degradation in b.W. for a single dipole above a ground plane

when the diameter is reduced from 2" to 1/4".

2427

Furthermore, the levels measured

Dipoles in an array environment require further investi-

gation.
TABLE 7.7.4.2-1
Gain Measurement
1/4" Diameter
gﬁgg. | Dipole Yagi 'y Mismatch Loss
h = .2\
210 -2 1/2 -3 3/4 |+1 1/4 0 ‘
225 -4 3/4 -3 3/4 |~-1 1/2
240 ~21 1/4 |-29 1/2 |+8 1/4 11/4
h = .25\
210 -2 3/4 -3 1/2 [+3/4 0
225 -5 -3 3/4 |-1 1/4 172
240 -21 1/4 |-29 1/2 |+8 1/4 10
h = .32
210 -3 1/2 -31/2 |0 1/4
225 -6 -4 ~2 1/4
240 -22 1/2 -30 1/2 |+8 3/4

1 1/4
-1/2
9 1/2

3/4
-3/4
9 1/4

174
1/4
8 3/4

Net Gaip
isotropi
(db)

10
10
9

10
10

10

1/2
1/2
1/2

1/4
1/4

1/2
1/4

3/4
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-2 1/2
-4 1/2
=20

TABLE 7.7.4.2~-1 (continued)

Gain Measurenent

2'1

Yagi

-3 1/2
-3 1/2

-31

-3 1/3
-3 1/2
-31

-3 1/2
-4 1/2

~31

Diameter

A

+1

~1/2

+11

+1

+11

+1/4

+1 1/2

+10

ilismatch Loss

1/4
1/4
1/4

1/4
1/4
1/4

1/4

Al

l1/4
-1/4

11 1/4

1 1/4
-3/4
11 1/4

1/2
-11/2
10

~243-

Net Gain
Isotropic
(db)

10 1/2
10 3/4
11 1/4

10 1/2
10 1/4
11 1/4

9 3/4
10 1/2

10
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TABLE

707.4.2-2

Summary of Absolute Gain .leasurements
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Freq, h = .2 h = .25 <32
til2

1/4 2 1/4 2’ 1/4 2
210 (10 1r/2 10 1/2 |10 10 1/2 | 9 1/z2 9 3/4
225 {10 1/2 10 3/4 |10 1/4 10 1/4 (10 1/4 10 1/2
240 | 9 1/2 11 3/4 | 9 174 |11 1/4 8 3/4° 10

A/2 dipole - 1.5) diameter ground plane - gain db above isotropic
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