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" FOREWORD

The final report contained herein describes an engiﬁeeﬁng model of
a novel antenna technique which is particularly well suited for use in
space bomme vghicles. The antenna system consists of a 12-element
planar multiple~-beam array and a 4 x 16-element multiple-beam circular
array. Solid state switching is used in both arrays to reduce the outputs
10 a single terminal.

The planar array is of the multiple-beam variety and has twelve
beam output positions; one for each element. These beams totally cover
an included cone angle of approximately 30 degrees. This coverage sector
is center~d svmmetrically about the axis normal to the array. The nlanar
array is unique in that the ‘individual spiral radiator elements are armranged
to form ihree-element building blocks rathef- than tﬁe four-element building
blocks used in more conventional multiple-beam systems. Solid state
switches, capable of handling 20 watt; of average power, are utilized to
reduce the twelve beam outputs to a common input/output términal.

The cylindrical array portion of the system consists of four tiers of
sixteen spiral cavity radiators uniformly disposed about ihe periphery of
the cylinder. These antenna outputs are processéd by a unique translation.
matrix. The outputs of the translation or mode forming network are, in turn,
processed by a multiple~beam matrix. This anangemeﬁt allows the simul-

taneous generation of sixteen multiple~-beams, with the beam dispositions




. being uniform in azimuth. Four banks of these sixteen beams are formed;

one ior each of four elevation stations. The total elevation coverage is
appro‘ximately 90 degrees. Solid state switches are provided for selection
of the desirgd elevation bank and also to reduce the sixteen beams from
any elevation bank to a single output terminal.

The final report discusses the theory of operation and the data ob-
tained for the above described system. The report also contains a descrip-
tion of the solid state switch driver and a description of a beam interposﬁtion
technique uillized to avoid gain loss at the beam crossover points. A de-
tailed block diagram of the system and the necessary schematics are also

included as part of the basic report.




1.0 INTRODUCTION

The technical content of this final report has been prepared under
the sponsorship of the National Aeror;autics and Space Administration,
Greenbelt, Maryland, through the medium of a contract numbered NAS 5—%;#
The objective of the program was to design, fabricate, and deliver to the
Goddard Space Flight Center, a completely integrated antenna system with
automatic beam control.

The developed antenna system consists of a twelve-element planar
multiple-beam array and a 4 x l6-element multiple-beam circular array.
Solid state switching networks are used in both arrays to reduce the muitiple-
beam ports to a single r-f terminal.

The planar array is of the multiple-beam class and generates tweive

<

simultaneous beams; one for each element. These beams totally cover a §
degree conical sector of space. This coverage sector is centered about the
axis normal to the array surface. The planar array is unique in that the indi-
vidual spiral radiator eiements are arranged to form three-element building
blocks rather than the four-element building blocks used in more conventional
multipie-heam systems. Solid state switches, capable of handling 20 watts
of average power, are utilized to reduce the twelve beam outputs to a common
input/output terminal.

The cylindrical array consists of four tiers of sixteen spiral cavity

radiators-each. The radiators in each tier are uniformly disposed about tne




periphery of the cylinder. These antenna outputs are processed by a mode
torming matrix. The terminals of the mode forming network are processed,
througn sixteen Sr4T soiid state switches, by a multiple-beam network.
The sixteen outputs of this network represent sixteen simuitaneous beams
which lie in one of four elevation stations and which are uniformly disposed
in azimuth. The SP4T switches allow selection of the desired elevation
sector. The total elevation coverage is approximately 90 degrees. Sc:id
state switches are provided to reduce the sixteen beam terminals from any
elevation bank to a single r-f terminal.

The antenna system is designed to operate at frequencies of 1700 and
2270 mc. It provides circuilarly polarized, high gain coverage over all space,
with the exception of a 90 degree cone of silence. This 90 degree cone of

wo opposed planar arrays were utilized in place

[ad

silence would not coccur if
cf the present single planar array. However, the addition of a second pilanar
array does not add to knowledge of the system's performance or capabiiity

and hence it was deleted.

The solid state switching components are capable of handiing 20 watts
of average r-f power at a frequency of 1700 mc. The peak power rating on
these components is 1.2 kw. The insertion loss of the individual SPDT
solid state switches is 0.4 db with 8 minimum isolétion requirement of 20 db.
The requirements of the SP16T and SP12T switches, needed for the cylindricail
and circular arrays, respectively, are identical except for an increase in tne

insertion loss to a total value of 1.6 db.
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The program was divided into three phases. The first phase pro-
vided for a study (;f the proposed antenna system. Its objective was to
cefine the performance of the components and networks which, when inte-
grated, would form the system. The study was also to be utilized to predict
the system's performance and to define the impact of component tolerances
on the system performance. A component design effort was conducted con-
currently with this study effort. The objective, in this instance, was 1o
design, test, and evaluate all of the critical strip transmission line compo-
nents needed for the networks and to generate the necessary negatives for
forming the major networks.

Phase II of the program required that the necessary networks be de-~
veloped for the planar and cylindrical arrays. The beam switching networks
were also designed, developed, and evaluated during this phase. This phase
was acdditionally used to fabricate the anitenna elements.

Phase III of the program was devoted to system integration and tesi-
ing. It was during this last phase that all final data were obtained and evai-
uated.

The technical content of this final report is divided into three major
subsections. Section 2.0, entitled "General Discussion", defines the system
block diagram and the general characteristics of the system. Section 3.0, en-
titled "Antenna System Design", describes the theory and design of the compo-

nents and major subcomponents which, en toto, form the entire assembiy.
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Section 3.0 also contains a description of the mechanical packaging of the
antenna system and the necessary schematics. Section 4.0, entitled

" System Performance", contains the test data obtained with the assembly.
This section is also used to analyze the data in light of the predicted per-
formance and to define the possible sources of deviation between the pre-
dicted and obtained values. Section 5. 0, entitled "Recommendations and
Conclusions"”, summarizes the system performance and outlines those areas

where system improvements may be realized in future models.
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2', 0 GENERAL DISCUSSION

The objective of this secticn of the report is to describe the general
characteristics of the developed aritnna system. Attention will also be di-
rected to the definition of the ant=rna system block diagram.

A photograph of the developed antenna system is shown as Figure 1.
The 12-element planar array and the 4 x 16-element cylindrical array are
easily recognizable in the pnotograph. The spacial distribution of the simui-
taneous multiple-beams achieved with each of these two arrays is iliustrated
in the sketch of Figure 2 along with the coordinate system which will be used
&s a reference throughout this report. Examination of Figure 2({b) will indicate
that a total of twelve beams are generated by the planar array. The beams
from this array cover an approximate 90 degree conical sector of space, cen-
tered symmetrically about the zenith axis (8 = 0). The cylindrical array gener-
aies a 10tal of o4 beams. Inese b4 beams are divided into four separate eie-
vation tiers of 16 beams each. The four elevation beams, at any given azimuth
station, cover an elevation sector of approximately 90 degrees. This elevation
sector is more or less centered about the horizon reference plane (8 = 900). The
16 beams in each elevation tier provide coverage over a 360 degree azimuth
sector. Note that the lower 90 degree conical sector is missing. An additional
l12-element planar array, opposed in its orientation to the existing 12-element

array, would be required to fill the cone of silence in the downward (8 = 1800}

direction.
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The planar-cylindrical multiple~-beam antenna system.
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Figure 2(a). Coordinate system and array geometry.
(b). Disposition of multiple beams.
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The simultaneous multiple beams generated by the cylindrical array have a
nominal azimuth beamwidth of 20 degrees with a nominal elevation beamwidth
of approximately 24 degrees.

A block diagram of the f:ornplete multiple-beam antenna system is
shown in the sketch of Figure 3. This functional block diagram is divid_ed

By

inio two parts, with the only common linkage being the switch control net-
work. This network drives the solid state switches.
The twelve-element array consists of twelve spiral cavity antennas,

geometrically arranged in the manner shown in Figure 1. These Spirai elements

form an array of t~he multiple-beam class. This array utilizes a three-element

building block rather than the four-element building block of conventional

tiple-beam neiworks. The advantage of this technique is that it allows
Detter beam "packing" in space (i.e., the beam crossover levels, common to
any three elements, are higher than the beam crossover levels common o any
four elements in a conventional multiple-beam array). The technique has the
further advantage of allowing the array geometry to approach a circular config-
uration, thereby achieving sidelobes which are lower than the r;-:-ctangularly

configured or square configured multiple-beam uniformly excited arrays.

The planar array antenna terminals are connected to a twelve-port

multiple~beam matrix. This matrix excites all elements in phase for any given

-10-
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input port, however, the phase distribution is controlled from port to port
10 acnieve simultanecus beams which are more or less uniformly distributed
over a 90 degree conical secior in space. The outputs of the twelve-port
matrix are routed into & SP12T solid state switching network. This switch-
ing network is capable of handling 20 watts of average power and 1.2 kw
.tput of the switching network constitutes the output
of the planar array system. The sclid state switches are controlled, atv
nanosecond rates, by a remote switch conirol network.

The cyiincrical array consists of 64 spiral cavity elements having
square raaiating suriaces. The orientation of these elements on the surface
of the cylinder is best described by reference to the photograph of Figure 1.
The arrangemen: consists of sixteen vertical rows of four elements each.
fach oi these veriical rows OI Iour elemenis iS connecited 10 an individual

our-port multiple-beam matrix. These individual multiple~-beam matrices

(1)

excite the Iour elements in a given vertical bank to generate four beams,
displaced in elevation, and lying at a common azimuth station. These beams
are arranged to cover a 90 degree elevation sector which is more or less
symmetric about the horizon referé'nce. The outputs of the four simultaneously
generated beams in each elevation bank are reduced to a single terminal by a
SP4T solid state switching network. This switching network is a low power

device and is controlled by the swiich control unit.

The outputs of the SP4T switch networks are connected to a sixteen-

-12-
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the outputs of the CY1.TIQI.iC&L aftay and tnhose obtainable from a linear
array. Lach inpul port exc.ies ali e‘ie:ﬁe:ts with equal amplitude but

the phase excilaiion val.es from port to port. The result is a series of
pseudo omnidirectional mocaes. each having different phase progressions.
The matnematica: form of tnese modes, in the:r pu‘re sense, is identical
to0 1nhe mathemai.cal 1or of @ singie eiement of a 16-element array. 7The
oniy significant cistinction .s ine difference between the arguments. In
+he linear array the argument 18 & function of the wavelength, spacing,

-

and the azimuth angie. inih e cyiindricai array the argument is a function

L f ot 2t ey momimeiim e m ooy - N F o + I £ 1 3
Cof Only the azimuin angis. LWt is 1nis identity of form which allows the in-

D
(s

puts of the mode forming matrix to be treated in the same manner as the

- H 4 T 4l B BRI N . oty

INPUTS Ol @ i.0€87 alidy. S.ul€ bug aiguiniie for the cylindrical srray i
not a funcuion ol Wuvexeﬂgtﬁ, .z follows that its beamwidihs should be
consiant with freqguency anc that tne crossovers between these beam should
iikewise remain at a near consiant value.

The outputs of the mode forming matrix are processed by a sixteen-

port multipie-beam matrix. it is this matrix which combines the translated

mode outputs to form sixteen simultaneous beams disposed evenly over 360
degrees of azimuth ang.e. These beams may be formed at any of four eleva-

1ion stations, with the elevation selection being made by the tandem operated

SP4T switches discussed above. The outputs of the sixteen-port matrix are

~13-




reduced to one terminal by means of a SP16T solid state switch. This

switch is driven, at rnanosecornd rates, Dy the same swiich control net-

work which drives ine planar array. The SP1oT switch is elso capable

of handling 20 watts of average power with a peak power capacity in

excess of 1.2 kw.

hd

in addition to tne design of the above described system, an in-
dividual four-element array was developed and tested. This array re-

embles, in iis physicai eappearance, the vertical banks used in the

n

Cylincrical array. It &lso 1s connected to a {our-port muliiple-beam ne:-
b

~

work and & SP47T switch. However, there is one distinct difference:
A "one-shot" digital prhase shifter is utilized. The phase shiifters are
so arranged tnhat, when excited, they cause the multiple-beam positions

10 be reoriented. The reoriented beam positions have maxima where the

~y d o~ 3 - - : 3 -~ o o . .
criginal beam crossovers existed. The purpose of investigating this

+

ecnnique is to demonsirate that it is possible to interposition the beam
maxama to avoid the gain loss normally encountered at the crossover
positions.

The next section of the report will detail the design of the array

and the four-element network with beam interpositioning.

-14-
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3.0 ANTENNA SYSTEM DESIGN

3.1 General

This section of the report will describe the detailed design of
the antenna system. Attention will first be directed to the cylindrical
array, its theory of operation, and the detailed design considerations
which were implemented to achieve the final antenna model. The planar
array will be discussed in Section 3. 3 The theory of operation for the

planar array will be discussed along with the detailed design consider-~

. ations. Section 3.4 will describe the switch control network which is

utilized to activate the solid state switches that guide the beams in
space. Section 3.5 will discuss the packaging of the antenna. Section

3.6 will describe the design of the four-element array which has the

b

rapability of jnterpositioning heams. Svstem performance characteristics
will not be contained in this section of the report. They will be described,
in detail, in Section 4. 0.

3.2 Cylindrical Array

The block diagram of the cylindrical array was discussed in Sec-
tion 2. 0 and described in Figure 3. The intent of this section of the report
is to describe the theory of operation of the array, its detailed design, and
the design of the components which were required to implement the cylin-
drical array. Data will be presented for all of the individual components.

However, no data will be described relating to the performance of the overall

-15-




antenna system. The system performance characteristics are contained
in Section 4. 0.

3.2.1 Theorv of Operation

The circular array was originally developed under an Air Force
contract for the Air Force Cambridge Research Laboratory of Bedford,
Massachusetts. This effort defined the theoretical considerations nec-
essary for the implementation of a cylindrical array which could provide
high gain coverage over 360 degrees of azimuth angle. Several exper-
imental models were developed to demonstrate the practicality of the
system approach. A great deal of technical literature, describing the
cylindrical array concept, was generated under the above referenced
program effort. It is not the intent of this report to totally document the
complete theory of operation of the circular array. The interested reader
is referred to references 1 throuch 3 of the bibliographies for more com-
plete detail. However, it is felt that an abridged description of the
theory of operation is in order. This abridged theory of operation is
contained in the following paragraphs. It will be followed in Section
3.2.2 by the detailed design description of the specific array developed
for the present program.

The geometry of the cylindrical array has always been appeal-
ing to system designers because of its ability to provide 360 degrees of

coverage. A technique will be discussed which allows a cylindrical array

~16-
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to provide high resolution coverage over 360 degrees of azimuth angle.
When used as a scanning array, a beam may be swept through 360 de-
grees by using any of the numerous techniques available for scanning
a linear array. Wrhen used to provide multiple beams, an array of N
elements is excited by N isolated inputs. Each input corresponds to a
beam in a selected direction; all of the N beams being disposed uni-
formly over 360 degrees of azimuth angle. In both the instance of the
scanning array and the multiple~-beam array, the resolution achieved
is comparable to that available from a planar aperture of the same
height and with a length equal to that of the cylinder diameter.

In a conventional linear array, each element is controlled in
amplitude and phase to achie\}e a given result. In the cylindrical array,

the outputs of each element of an arrav. having N elements, are processed

(g

by a network having N inputs. ETach input excites all of the N array ele-
ments with equal amplitudes, but with differing phase excitations. These
phase excitations are progressive. The increments of phase progression
increase from one processing port to the next. The resulting far-field
patterns for each of these modes are nearly omnidirectional for the in-
stance where the phase progression between the elements is not large.
As the interelement phase progression increases with increasing mode
number, the omnidirectivity of the mode deteriorates. When the highest

order mode is used, the phase progression between elements is 180 degrees.

-17-




This type of phase

which, because of its special nature, is only useful for multiple-beam

+

applications. The far-field phase pattern of the remaining modes is not

uniform with azimuth angle but will vary from zero to + (N -2j8 /2 degrees
(where f is the azimuth angle), depending on which input port is excited.
The mathematical form of the pseudo omnidirectional patterns, generated
by these remaining (N-1) input ports, differs from the mathematical form

of the individual elements of a linear array only in the definition of the

- argument. Since the patterns generated by the inputs of the circular array

processing network are of the same form as those used for a linear armray,

it follnwe that thay mavy, in turn. be processed by any of the myriad tech-

niques used to process a linear array.

T4 iz fmeortant to QAictir~vich hetweeen the individnal terme uged

D X Iy S e D S P S 5

oth cases. In the linear array, the elemental terms represent the con-

pou]

tribution of a single fadiator in the array. In the cylindrical array. the
equivalent elemental terms each represent the equiamplitude progressive
phase excitation of all N elements. The distinction between the cylindri-
cal array terms, or modes, is simply the incremental phase difference be-
tween each of the N elements.

Figure 4 is a sketch depicting N radiating elements arranged to
form a ring in the horizon plane. The spacial orientation of the array., ana

the physical array parameters denoted in this figure, will be used througnout

-18-
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the remainder of the discussion. The radiation patterns realizable from

this type of array may be represented in complex Fourier form as
E@) = A + AL () &P 4 A, (@) &P -mny(m NP, (1)
or more simply in the summation form,

n=N-1
= =

E(9) Ap einf. 2

n=20
In earlier applications, most investigators were only interested in
exciting the A, term to achieve an equiphase, equiamplitude distribution of
radiated energy in the # plane. The imperfections in these patterns, both in
phase and amplitude were generally minimized. These imperfections, repre-

conteld hyu the Temaiﬂﬂpr ~f tho t'nnv!-\for +avrrv o ~ornarally inAavanend yrith &al
seniaec 2y theremalincer o7 The rourliey Termeg, cengrally inoreason wit T

P

Fh

3 3 v 34+ 3 3 ~ i 3 v AP Sewm —
guency, thereby limiting the range of fregquencies over which a given max-

Q)

imum level of imperfection could be achieved. Later efforts were concerned
with the generation of single~lobed patterns. These patterns were indirecily
realized by the judicious control of the coefficients A It should be noted,
however, that the design procedure was not generally synthesized directly
from the Poﬁrier series of equation (1). Early beam-forming methods modified
the element phases with line length devices to form a plane wave front and
then the clement excitation was varied to achieve a given beam shape. None-
theless, it can be shown that equivalent results could have been achieved by

controlling the amplitude coefficients of equation (1).
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The idea of synthesizing any beam from a circular array that could
be synthesized from a linear array first germinated when the similarity of
their basic format was recognized. The general expression for a linear ar-

ray of N elements may be written directly as

n=N-1 '
(@) = T A,e™ (3)
n=20
_where: I' (#) = the array factor of an array of N linear elements,
N = the number of elements,
Ap = the nith amplitude excitation coefficient,
U =k Scos g,
K = 2n/\,
S = element spacing..

If the comparison between (1) and (3) is limited to one plane, 1t ne-
comes apparent that the only significant distinction between the two 'equatlons
is the form of the argument. In the instance of the ring array, the argument 18
simply #, the azimuth angle. However, in the case of the linear array. the
argument is u( =k Scosf). Except for limits then, it follows that the same de~
gree of freedom exists in both cases for synthesizing patterns. The basic
problem heretofore. with the cylindrical array has been the absence of a tech-

nique which would allow separable excitation of the individual terms of equa-

tion (1). In the linear array this separable excitation is a simple matter since

each term represents the contribution of a single element. In the circular array,
the complex spacial arrangement does not allow the individual elements to rep-

resent the individual terms of equation (1). However, if a method were generated
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for separately and independently exciting each of the terms of (1), it
would follow that the problem of synthesizing beams from a cylindrical
array would be no more difficult than synthesizing beams from a linear
array.

It will be shown later that the individual terms, or expressions
of equation (1), may be separably excited. However, in the general case,
no term can be excited without some content of the remaining terms exist-
ing. To examine the degree of imperfection in any given mode, it is nec-
essary to theoretically analyze the phase and amplitude characteristics
of a given mode.

The Fourier synthesis of patterns from circular arrays has been
the object of considerable study during the course of the last few years.
A synthesis technique utilized by Taylor4) traced the steps errn the re-
quired pattern to the element coefficients, and an intermediate expression
for the pattern involving a complex Fourier series was formulated. Al-
though Taylor did not directly state that there was a limit on the allow-
able phase progression, he did indicate that the array size very sharply
limits the highest order term that can be realized in the Fourier series.
The result is that the progressive phase excitation radiates the desired
terms preaominanﬂy with higher order terms entering as unwanted periur-
bations. The magnitude of these perturbations can be evaluatecﬁ by the

method of TaShings) for in-phase arays. When this expression is mod-

ified to take into account the progressive phase of the excitation, the

-22-
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following equation is obtained for the p'" term:

[ © o . 7

Ey (8, 2) = X z Ay lprmy _d” [}P (z)] P (g
| n= 0 dzn J
(-

QO QD0 n
+N T T AnJ pn-Nd) &5 | (p-Ny) | ) (P-Nx)8
l

dzh
X=-0in '
. -
where: I, (f, 8) is tre relative pattern of the pth mode,
Ip s a bessel function of order
VA = 2 /\\ sin 9;
N = number of elements,
n is an 1integer.
ihe prime On 10 3ummailion indicates that the tarm x = 0 ie evnlided. Tne

element pattern, which has been integrated into the above expression, is

tr1
o
=
x
[N
2
3
‘"&
o

where the amplitude coefficient Ay is a function of elevation angle.

The first bracketed expression of equation (4) is the desired far-
field characteristic. The second part of the equation represents the un-
wanted residuals which cause undesired amplitude and phase distortion
of the desired mode. The first section has an~ amplitude which is independent

of azimuth angle, and has a phase characteristic which increases iinearly




with increasing azimuth angles. A significant factor is the relative
phase of the expression as a function of p, the mode number. The j
term is raised to the (p-n) power, so that for any two given modes,

a fixed-phase differential will occur. Thus, in order to correlate the
modes properly, a fixed-phase correction will have to be inserted in
each port. The magnitude of this fixed-phase difference will be a
function of the element patterns and spacings. If the element patterns.
remain reasonably constant with frequency, the fixed-phase shift will,
in turn, vary little with frequency; thereby allowing for the possibility
of broadband operation.

I+ ic interascting tn nate that the mavimum vals
it ig interegting to note that the maxi al

e of n is N/2

which corresponds to a 180 degree phase shift from element to element.

Taor tmiz walug of o, it ig immmcgibls d4 oymits an A1(N/2)g torm writhoeat

4 s ks WA UD Ca iy e 2l seep NS SsamaT SO TAULLT AITIOUT

S e"'AT/Z)g_

also exciting @ complimentary residual of h

The sum of these
two terms is equal to cos(NfF/2)(ignoring higher order residuals), indi-
cating that the far-field pattern has nulls and maxima equal in number
to the value of N. Another factor of interest i{s that the pattern mode
with the next highest residual content is E’ [( (N/2) '-.1)]11 which has an
associated perturbation of order -(N/2 + 1). It is here that the cutoff
effect can be seen in terms of the Bessel function of argument z. With

an increase in the order of p, Ip (z) increases and, since Bessel functions

decay rapidly for values of the argument less than the order, z must have

-24-
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The mode characteristics, as represented by equation (4],
have been tabulated on an IBM 7030 computer for arrays of 8, 16, 32,

p
and 48 elements. These mode characteristics were tabulated for theo-
retical element patterns of the form

E@) = cost (7], (6,
where r was made 10 range from 0 10 16. Computed data have also seen

tabulated for experimentally measured element patterns in the instance o

Ir 311 ~f the ahnvse ingtances, an ele-

ment spacing range from 0.25 to 0. 75\ has been investigated. These

PR I S e e S e T o e et b mmmrs m Fml L
Llias s iis varsasas €as b siamatoas tanrnd Tt LLiGa v L sva siad s U prvs o svbas adeia gy AU avesia aas

ne computed data of Figure 5 is exemplary of

)

references 1 through
the curves obtained from the expression of equation (4). The curves rep-

resent the tabulated data for the instance where r = 16 and where N, the

number of elements, is also equal to 16. The graph of Figure 5.aj repre- )
sents the minimum-to-maximum voltage ratio (p) in the azimuth plane as

a f\.'mction of mode number. The curve of Figure Sv(b) represents the phase

deviation from the desired phase progression as a function of mode number.

The mode number is of the form Om or m0, where m represents the number

of 2m phase progressions about the array periphery. In the former instarnce,
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Figure 5. Mode purity in terms of amplitude a) and phase deviation b)

for an element pattern of the form cosléﬂ.
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the top of the array; in the latier :nstance, the notation indicates that the
phase progression is counter-ciockwise. It should be noted that, while
the curves of Figure 5 are showrn as continuum, in actual fact they are only
valid for integral values of p. Generally, all of the data computed from
equation (4) has the same format as that of Figure 2, differing only in de-
tail. In all instances, the amplitude and phase deviations increase with
increasing mode number, increasing element spacing, and increasing eie-
ment beamwidth.

A typical set of voltage amplitude patterns is plotted in Figure 6
Faw ttmem marmAitiana a

Aawih maa T W iime e el

is equal to 0.5\. The plot is shown over therange from g =0to g = 1.6
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iodic over increments of =/8 radians.

The definition of the individual mode patterns represents an in-
termediate step for the computation of the eventual far-field patterns which
will be formed by judiciously combining the modes. While the data of Fig-
ures 5 and 6, and the expression from which the data were evolved is rigor-
ous, it does not allow for simple programming even by computer processing
standards. Since the rigorous expression represents an unwarranted amount
of programming, it is desirable to seek an expression which would &pproxi-

mate the computed mode patterns, but which would be more amenable 10
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simple programming. The general expression for this approximation could
then be summed for eventual synthesis by further processing networks. This

expression may be written as:

- 3 -1
£, p) ={ei6p P 4 kpe) [Bp01-N/[p]) + pyp/gp;.j;f’r@ tky ()

where: & is the base reference phase for each mode,
Yp is the phase parameter which defines the position of
the first amplitude minimum relative to element number
1 {n=1),
k is the amplitude of the perturbing higher order mode.

The value of kp may be defined or derived from the simple relationship:
kp = (1 -p)/(1 + p), (8)
where p is the ordinate of Figure 5. The pbsition of the first pattern minima
for each mode, relative 10 eiement numper i, may oe iaken dieciiy Tom ihe
earlier described computed data.  The use of this latter parameter now insures
that the amplitude deviations are not only correct, but are aiso properiy oriented.
in reference 3, a number of test cases, utilizing an expression similar to equa-
tion {7),were analyzed. In all instances the deviations between the patterns
predicted by the computer, using the approximate expression, agreed within
1.5 percent of the data obtained using the rigorous expression of equation {4).
The approximating expression of equation (7) may now be utilized to
examine the mode outputs and compare them with th.e‘ output of a single element

in a conventional linear array. If the value of p in expression (8) approaches 0,

then the equation simplifies to:
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This expression is reasonably valid for the lower order mode numbers and
for close element spacings. The striking resemblance between the mode
pattern of equation (9) and the element contributions in a linear array may
be observed by comparison with equation (3). A comparison of equation (3)
and equation (9) will indicate that the only significant difference between
the two, outside of the element factor, is the argument. In the instance of
the circular array, the argument contains only the parameter §. In the in-

stance of the linear array, the argument involves the element spacing and

sin #. Hence, while the circular array expression is not a function of

frequency, the linear array term is.

In actual fact, of course, the cylindrical array term is not fre-
quency insensitive. The fundamenital, although it does not contain a fre-
guency component, has a perturbing higher~order mode which increases in
magnitude with increasing frequency. The question now arises as to the
effect of the perturbing term, particularly for the higher-order modes. The
number of elements, or equivalent elements, for the circular amray could be
viewed as being equal to twice the number of the mode terminals. Half of
the outputs would consist of the fundamental terms, and the i'emaining half

would consist of the higher-order terms. However, these higher~order terms

are inseparable from the fundamental terms, and whatever excitation applies
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to the fundamental of a given mode will also apply to the higher-order
term. Fortunately, these higher-order terms for most of the modes are
highly atteruated and rather rancom ir. phase and amplitude. Experience
with the synthesis of modes containing perturbing terms has proved that
the higher-order terms tend to average, having only a secondary effect

on the characteristics of the synthesized beam. The general effect is

to slightly distort the main beam with a general improvement in the ex-
pected sidelobe levei. For example, in reference 3, a synthesis program
was established which combined the mode terminais with a Tchebysheff
distribution for -25 db sidelobe levels. The performance of the amray was
theoretically examined over a 50 percent bandwidth. It was found that the
sidelobes were less than -26 db, but that the beam tended to have shoulders
which caused a variation in the beamwidth.

Some method of exciting all the terms of equation (1) separately
and simultaneously is fundamental to the concept of the cylindrical array.
The feeding network must excite all of the array elements with equal ampli-
tude for all N input ports. However, the phase progression must vary from
one input to another. An N port multiple-beam matrix has this capability.
The manner in which this matrix functions has been described in the literaéfu-;'es’ 3
and hence will not be repeated here.

Figure 7 contains the generalized block diagrams for a scanning cy-

lindrical array and for a multiple-beam cylindrical array. In both instances,
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the radiating structure is a ring of N elements of arbitrary elevation con-
figuration. The outputs of these N element arrays are processed by an N
input = N output matrix. It is these outputs which have the format that is
closely related to the format of the expression for a single element in a
linear array. The mathematical expression for each of these outputs is
given rigorously by equation (4) or by the approximate expression of equa-
tion {(8). The base phasors are necessary to adjust all outputs to the same
phase reference. This base phase cormrection may be derived from the rig-
orous expression of equation (4).

When the cylindrical array technique is utilized to form a scanning
beam, a conventional matched power divider may be utilized, with in-line
phase shifters providing the needed scan parameter. The amplitude coefficients
for each of the mode inputs may be controlled to synthesize any desired pattern,
by simply controlling the power distribution at the output of the combiner. Note
that in the instance of the scanning array, the last term, which generates the
N-lobed mode pattern, is not used.

The block diagram of the multiple-beam cylindrical array is similar to
that of the scanning array, except that the combiner and the scan control phase
shifters have been replaced by a multiple-beam matrix of the same format as the
mode-forming matrix. In this latter instance, the last mode can be utilized if
the beams are made to lie in the directions of the elements. The outputs of the

multiple-beam matrix are equal in number to the number of elements in the array.
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The multiple-beam technique generates sidelobes which are theoretically
13 db below the main beam amplitudes. Amplitude tapering techniques
presently used in linear arrays for modifying the multiple-beam uniform
distribution, can be applied directly to the cylindrical arrayl)_.

The analysis of the cylindrical array is somewhat unusual in that
it does not utilize the conventional approach of computing the far-field
pattern from the specific element excitations and the geometry of the may
configuration. The described technique utilizes the concept of omnidirec-
tional modes which have the same mathematical format as the contribution
of single elements in a conventional linear array. It is then presumed that
since the mathematical formats are identical, the types of processing used
in each instance would also be identical. This mathematical correlation,
although not conventional, is particularly convenient in the instance of the
cylirdrical array. For example, the derivation of the far-field patterns, and
the definition of the excitation coefficients from which these patterns are de-
rived, would be mathematically complex and quite tedious, particularly where
multiple-beam systems are being considered.

The cylindrical array technique results in element excitations which,
if treated in a conventional manner, would yield the same far-field results.
Figure 8 aptly illustrates that this is indeed the case. In the instance shown,
the exci..tions are derived for two types of element patterns: one which is omni-

directional and the other which is a cardioid. In both instances, the far-field
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pattern could be computed in the normel manrer to achieve the same far-
field results as is achieved with ‘¢ &25.e analysis. The character of

the excitation coefiicients 1s mur-edlr aifected by the element pattern.

m
——

In the case of an omnidirect.ona: 'L patitern, the power appearing

at the element terminals is equally strong in the direction of the beam
pointing and in the reverse direction. For the case where a cardioid pat-
tern is assumed, the energy appears a: the element terminal in the direc-~
tion of the beam pointing, with very litile appearing in the reverse direc-
The next section of the report will treat the detailed design of the

specific 4 x 1é-element muliiple-beam system which was developed

for the program.

3.2.2 Detaiied Design
The preceding paragraphs have described the generzl design criteria

and the thecry of operation for the cylindrical array concept. The purpose
of this section is 10 apply these concepts to the specific design of the
4 Xx l6-element amray.

The first phase in the program was to measure the element patterns

of the spiral cavity radiator at frequencies of 1700 and 2270 mc, for both

horizontal and vertical polarizations. The results obtained will be discussed

later in Section 3.2.3.1. The observed experimental patterns were then re-

duced to elemental Fourier form. The approximating Fourier expressions
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for the experimental patterns are listed below.

where

Case I: Frequency 2.27 kmc, polarization Eg (or horizontal)

(@) =0.3%5 + (0.463cos §' +0.137 cos 2 & {10}

+ 0.042 cos 34

Case II: Frequency 2.27 kmc, polarization Eg {(or verticai)
E{@') = 0.320+0.459 cos g +0.191 cos 28" (ii)

+0.034 cos 3¢°

i

Case 11 reqguency 1.7 kmc, poiarization £y

E(€") =0.399 +0.428 cosf@’' +0.125 cos 28" {1z)

+ 0.058 cos 38" -0.013 cos 4 §°

Case IV: Pre:quency 1.7 kmc, polarization Eg

TR LR B T
ity = i, 3

[4%)
ord

+ 4. 486 cos §' + 0,164 cos 28 0133

+0.012cos 34 + 0.029 cos 42" -0.029 cos 58°

E@) = element voliage pattern relative to element axis.

he correlation between the above syntnhesized expressions and the

observed experimental data were exceilent. Examination of the above ex-

pressions will indicate that for some functions it was necessary to util-

ize more terms than for others. The number of terms required was simply

determined by increasing the number of terms until the desired degree of

correlation was obtained. The above functions were next utilized in the
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formula of equation {4) to compute the mode pattern characteristics. Cases

I and II above were examined Ior element pattern spacings of 0.6 and 0. Tx.
Cases III and IV were examined Ior element spacings of 3.4 and 0. 5\x. These

element spacings were reasonably consistent with the spacing aliowed by

the geometry of the spiral cavity element and by the specified range of fre-
quencies. The solution to equation (4) for each of the four cases cited and
for the element spacings investigated, were obtained by using an IBM 7094

-~

omputer. The mocde omnicirectivities, for each of the investigalea cases,

y..v
;T

are plotted res 9 througn 12. Ixamination of the computed cata wiil
indicate that trh.e mode omnicirectivity decreases more rapidly as tne spacing
is increased and as ihe ceam resolution decreases. Computed data which
were recorded, in addition to the maximum to minimum amplitude deviations

for each mode, were the base phase for each mode and the positicn of

[52Y

the

3 - - . 3 s [ A
The compuied mode data were next reduced to the format of equation (7
in order that the far-fiel@d patterns of the total system could be computed.

The beam patterns were computed, using the summation format

(N2
p-(z)

| r 1
Ef) = = % a0 +ky” ingp+ kpe) [zp(x N/} ).+ pyp/ipijii‘ (14)
p = -(N/2) )
where: p is mode number = -8, -7, -6, . . . 0, 1, 2, . . . 7,
N = the number of modes = 16,
- ~38-
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1s the base reference phase for each mode,

O

P
Ko 1s tne ampiitude of the periuroing higher order mode.
Ap isthe durectivity of tne p " mode,

p is the relative phase parame:ter,
g =@ -3

3 is tne var:able inter-port phasor,
g :ne space angle. varies from 0° 10 360°.

The acove expression was utilized to compute the far-iieid patterns Ior

ut

cases I tnrougn IV. Here again, the element spacings of 0.4 and 0.
correspond to cases [ and II with cases II7 and IV relaied 10 the eiement
spacings of 0. 6 and 0. 7\, respectively. The base phasors were assumec
compensated by the best possible r-f cable length. The best cabie lengin,
for each mode, was a constant factor for cases I and iZI. The best cabie
ected, for the above cited insiances; ito compensale the

base phase, for each mode (which is a function of polarizations and the
element spacings since they are interrelated by virtue of the freguency
spread and the fact that the horizontal and vertically polarized patierns

were obtained at a given antenna terminal. The same concept for base
phase correction was used for cases II and IV, with element spacings of

0. 5 wavelengths and 0. 7 wavelengths, respectively. The realizea-computed

patterns .or cases I and II, with a spacing of 0.7\, are plotted in Figures

13 and 14. The corresponding pattern for cases Il and 1V, at a spacing of
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0.5\, ere plotted in Figures 15 and 16. The computed pattern of Figure
13 repre~ents the case of horizontal polarization at an approximate fre-
quency of 2270 mc. Tre Ceamwlidil is approximately 20 degrees. The

maximum observed sidelobe level is -5.5 &b, in one insiarnce. A second

sidelobe macnituce ¢ -9. 6 db is also evident. Zll oiner sidelobes are He-

low 10 db. Tigure 14 represents the case for the vertically polarized pat-

tern at an approximate irequency of 2270 mc. The beamwid:h is again ap-
o3 ! ¥ h el gain
proximately 20 cegrees, with @ maximum observed s:delobe levei of -5 3 2z¢.
L T2 e PR L NN SN < et e = < \ o 1~ M < o [N =~
Witn the exception of a secondar y maximum s:deloze level 0 -5.8 oo as

otrer sideloses are below 10 db. TFigure 15 represen:s the case “or ¢
horizontally polarized pattern, at an approximate frequency of 1700 mc.
The beamwidth is again approximately 20 degrees. In this instance, the

maximum sidelobe level is 10. 3, relative io the main lobe maximum. Alil

D-,j

Other sicelcne levels are Selow 11 gb. igure 106 represenis the insiarnce

where the pattern is verticelly polarized ard the frequency is 1700 mc. Tre

3

maximum observed sidelobe for this case is 12.2 db. The beamw:dth is
again approximately 20 degrees.

All of the computed data shown in Figures 13 through 16 are for the

Y S

variable inter-port phasor (B) equal to zero. Computed patterns were also
obtained for four other typical beam positions. In each instance, it was
oted that the maximum sidelobe level varied by approximately ~1/2 db

N

about the above cited values as the beam position varied in space.
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The computecd pattern data incicate that the sidelobes are greater
than the theoretical value of approximately -13 db for the instance where
all modes are perfectly omnidireczional, and where the phase compensation
between modes is perfect. It is believed that the increased sidelobe levels
are more attributable to imperfect phase compensation than to the deviation
from omnidirectivity. Tixed phase shift corrections, combined wiih cable
length corrections, would tend to improve the sidelobe levels, however this
degree oI complexily was not within the scope of the present program. The
sidelobes could be improved at the expense of a slightly reduced eperture
efficiency by introducing a slightly tapered distributior.. Examinartion o the
patterns indicate that the half-power beamwidth is frequency independent,
which is as predicted for the circular array.

Computed pattern data were also obtained for element spacings of
0.4 and 0. 6)x. This data proved to be impractical since the required element
size would not allow the close spacing of 0. 4\, at the lowest operating fre-
guency. The computied patterns, for these spacings, indicated that the side-
lobe levels were somewhat improved.

It was originally planned that the impact of component imperfections
on pattern performance be analyzed mathematically through the medium of a
7090 computer. The computer program for this analysis was completed and
implemented. It was found, however, that the results derived from the com-
puter indicated that the necessary mathematical formulae had been mis-pro-

grammed.
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ame interim of iime, the component effort was very
rearly compleied. The compornent cata ndicated that the results were close
to the theoretical limits for the components being used. Since it was felt
that little could be done to improve the component pericrmances, and further,

since an engineering schedule had ‘o be met, it was decided to curtail any

further arnalvsis relating to the effect of component errors on system perform=-
ance. The alternate approach of deriving the best possible component per-

5

tated by the element size and spacing selected for the azimuth plane cylin~
drical array paiterns. Since the design of such a vertical array is mundane,
it will not be detailed in this report. However, a comparison of the obtained

%

U, TP DU I ST U S (SRS & Sy N P S p Ry o v - PRI e TR b I S
data and the predicted data (based on conventional array analysis) will be
made in Section 4. 0.

3.2.3 XNetwork Components

The objective of this part of the report is to describe the design and
performance characteristics of the major components which form the cylindri-
cal array portion of the antenna system. The major components which will be
discussed are listed below:

a) Spiral antenna elements

b) Sixteen-port mode and beam forming matrices

c) Four-port beam forming matrices

-50-
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d) Mode correction network

e) Trour-port switching network for the vertical array banks

f) Sixteen-port switching network.
The above components will be discussed, in chronological order, in the
following subsections of the report. .

3.2.3.1 Antenna Element

A total of sixty-four spiral cavity antenna elements were utilized to
implement the cylindrical portion of the developed antenna system. These
spiral cavity elements were based on a design described in the literature by

10) . . : . .
. The cavity surface was square in cross-section with

Bawer and Wolfe
the side dimension of the square being equal to 3. 5 inches. The spiral sur-
face was housed in a square cavity having a depth of 1. 05 inches. The

&

periormance charaecterisiics ol a lypiCal spirai Caviiy e€lemeni &re i1iSted

below:
frecuency: 1.7 KMC 2.3 KMC
3 db BW -
Eg: 87° 74°
Eg: 82° 78°
10 db BW -
Eg: 195° 142°
Eg: 164° 1489
Axial Ratio: 1.3 db 1.9 db
VSWR: 1.24 1.19

The above data were obtained with TNC connectors which were modified to
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édapt to the balun which excites the spiral surface. This TNC connector
was supsequently removed and replaced by a female center pin and a spec-
ially developed outer coaxial housing. This latter arrangement allowed the
four s{:irals m each vertical bank to be made an integral part of the exciting
four-port multiple-beam elevation matrix. |

3.2.3.2 Sixteen-Port Beam and Mode Forming Matrices

Reference to Figure 3 will indicate that a sixteen-port mode foming
matrix and a sixteen-port beam forming matrix are required to implement the
cylindrical array. The mode forming matrix establishes the pseudo omni~
directional modes which are, in turn, processed by the beam forming matrix
to form the sixteen azimuth plane beams. The interconnecting elements be-
tween these two modules are the mode phase correction cables which will be

iscussed in a later section. The block diagram of the mode forming and beam
forming matrix are identical. This block diagram is detailed in the sketch of
Figure 17.

The relationships between the terminology of Figure 17 and both the

omnidirectional modes and multiple-beam positions are defined in the table

below.
16 Port Matrix Notation

Inter-Element Phase

Port No. Mode Beam Direction (#) Progression
0 0° 0°
10 S 22 1/2° . 22 1/2°
20 o 45° ' 45°
30 5 67 1/2° 67 1/2°
40 o 90° 90°
50 o 112 1/2° 112 1/2°
60 Y 135° 135°
g Fo) o
70 = 157 1/2 157 1/2
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Inter-Element Phase

Port No. Aode Ream Direction (#) Progression
8 2 180° 180°
07 ;: 202 1/2° 202 1/2°
06 2 2259 225°
05 @ 247 1/2° 247 1/2
04 © 270° 270°
03 £ 29201/z° 29201/?.O
02 “ © 315 315
01 337 1/2° 337 1/2°
Thé first column of the above table defines the port number designation and

corresponds to the terminology of Figure 17. These same port numbers are
also used to indicate the multiple~beam positions. The port numbers are
selected to identify the omnidirectional mode generated by the mode-forming
matrix when it is attached to the sixteen-element array. Thus, the terminology
of column 2 is identical to that of column 1. This terminology is in accordance
with the convention described on page 25 of this report. The third column iden-
tifies the direction of a beam generated for the matrix which is used to generaté
the multiple beams. The fourth column identifies the inter-element phase
progression.

The interconnections between the outputs of the vertical elevation banks
and the mo;ie matrix, along with the interconnections between the mode matrix :
and the multiple-beam matrix, are defined in the table below.

Matrix Terminal Connections

Element No. 1 2  eemee—e—————— 16

Mode Network Antenna Terminals 1 2 eeem—e—em———-— 16

Mode Network Input Terminals 0 10 =~=70 07 --- 01
~ A

Beam Network Output Terminals
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The terminology, defined in the above table, is in accordance with the term-
inology used in Figure 17. This same terminology was used to identify the
terminals of the developed antenna system.

The sixteen-port matrix consists of 3 db couplers and fixed phase
shifters. All of these components are designed in three-layer strip transmission
line medium. The individual layers are 1/16-inch thick and the base dielectric
medium is a copper-clad polyolefin (a radiated polyethylene material). 'Ihe fol-
lowing paragraphs will now detail the performance of the couplers and the fixed
phase shifters used in the matrix. Subsequent paragraphs will detail the per-
formance recorded for the sixteen-port matrix component.

3.2.3.2.1 Three db Coupler Design

The swip transmission line 3 db tandem couplers are formed by utilizing

1)

two 8.3 db couplers in tandem This arrangement allows the spacing between
the coupling sections to be 1/16-inch, a thickness consistent with commercially
available thicknesses of the polyolefin base material. The characteristics of the

developed coupler are listed below.

Frequency 1.7kme 2.3 kmc 1.7 - 2.3 kmc
Maximum Imbalance 10.10 db 10.-10 db +0.25db
Maximum VSWR ‘ 1.10 1.05 1.14
Minimum Isolation -22.5db -30.8db  -22.5db

The above data were taken with modified TNC type connectors at the input and out-
put terminals. In the actual matrix, these terminals were removed and all inter-

connections between components were made with printed circuit transmission line
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lengths.

3.2.3.2.2 Fixed Phase Shifters

Fixed phase shift values of 22.5, 45, 67.5, and 90 degrees are re-

quired to implement the sixteen-port mairix. These fixed phase shifts are

relative to a fixed length of strip transmission line. Two types of differen-

tial fixed phase shifters are utilized: coplanar and biplanar. The distinction

between these two types of phase shifters is best illustrated by reference to

Figure 18. The coplanar phase shifter is photoetched on one side of the 1/16-

inch center layer of polyolefin. The differential fixed phase shift, relative to

+he reference line length, is controlled by the coupling between the two short

circuited lines. This coupling is, in turn, controlled by the gap width, g,

and the line width, w. This type of phase shifter was used for the 22.5 and

45 degree phase shifters. It could not be utilized for the 67.5 or 90 degree

phase shifters because the tighter coupling required gap widths which were

impractically small. For these higher values of fixed phase shift, the bi-

planar type, shown in the lower half of Figure 18, were used. In this in-

stance, the coupled sections are printed on the top and bottom surfaces of

the 1/16-inch center layer of polyolefin. The coupling is controlled by the

width, w, and the thickness of the polyolefin board. It is also controlled by

the length of the coupling region.
The input impedance, for both phase shifter types, is 50 ohms. Both

of these phase shift types are designed in accordance with the initial theory
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11)
descripbed in the literature by Schiffman

The performance characteristics

of the developed phase shifters are listed in the following table:

+22 1/2° TFixed Phase Shifterl) (Coplanar Type)

1.7 — 2.3 kmc

+21.39—22.8°
1.22

1.7— 2.3 kmc

+44. 89 — +45.8°
1.19

1.7—2.3 kmc

Freguency 1.7 kmc 2.27 kmc
Measured phase shift +22.2 +22.5°
Greatest phase deviation e
Maximum VSWR 1.13 1.21
0 L. -

+45  Tixed Phase Shifter (Coplanar Type)
Preguency 1.7 kmc 2.27 Kmc
Measured phase shift +44. 8° +45.2°
Greatest phase deviation
Maximum VSWR 1.19 1.13

7 3 O - ™ : :
+67 1/2° Fixed Phase Shifter (Biplanar Type)

" Frequency 1.7 kmec 2.27 kmc
Measured phase shift +68.2° +66.7°
(Greatest phase deviation
Maximum VSWR 1.09 1.15

o . .
+90° TFixed Prase Shifter (Biplanar Type}
freguency 1.7 kmc¢ 2.27 kmc
Measured phase shift +91.2° +88. 8°
Createst phase deviation —_— —_—
Maximum VSWR 1.11 1.17

+88. 8° — +93°
1.18

Note 1) - Phase is that of coupled section relative to that of straight line

reference section.

All of the above data were obtained with TNC type input and output connections.




ns (5

3.2.3.2.3 Performance of the Sixteen-Port Mafrix

The sixteen-port matrix is formed in three layers of 1/16-inch thick
polyolefin. All of the printing is c;ontained in photo-registry on the center
1/16-inch thick layer. The above defined components are integrated on
this central layer in such a manner that no component-to-component coaxial
connections are required. The entire package is c;)htained within an 18-inch
cy}iﬁder, having a total depth of 5/16-inch, including a top and a bottom
1/16- inch thick aluminum support sheet. The performance of the sixteen-

port matrix is summarized below.

Frequency 1.7 kmc | 2.27 kmc
Greatest measured amplitude imbalance +0.8 db +1.0db
Average amplitude imbalance +0.3db +0.54db
Greatest measured phase deviation +2. 2° +2. 90
Average phase deviation +1.1° +1. N
Poorest measured isolation 19.0 db 15.0 db
Average isolation 24 db 22 db
Worst measured VSWR 1.29 1.38
Average VSWR 1.19 1.18
Average insertion loss 0.8 db 1.2 db

All of the above data were taken using the final TNC input and output connec-
tions. Two sixteen-port matrices were formed from the same master negative:

one for the mode forming network and one for the beam forming network. The
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terminology used on the ports of the final matrices is that defined in
the early paragrapis under Section 3.2.3.2. The performance of the
matrices was considered acceptable for implementation in the cylin-

drical array portion of the developed antenna system.

3.2.3.3 Four-Port Matrices

A total of sixteen four-port matrices are required to implement
the cylindrical array. Each of these matrices is used to combine the
four vertically arrayed elements which occur at each of sixteen diff-
erent azimuth stations. The function of the matrix is to generate four
simultaneous beams displaced in elevation and at a constant azimuth
station.

The block diagram of the four-port matrix is shown in Figure
18. It consists of four couplers and a series of fixed phase shifters.
Solid-state two-step phase shifters are also utilized in each of the
output ports. This network, when excited at any.of its inputs, pro-
vides an equi-amplitude distribution at the output ports. The output
port phase distribution for each of the input ports, is defined in the

table on the following page.
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Beam Port Interport Phase Beam Position (8 - 900)
1.7 kmc 2.27 kmc Nominal
Case ]

I - 22.5° - 7.1° - 5.3° - 6°
iI +157.5° + 60° + 50° +40°
III -112.52 - 380 -27.5° -28°
v + 67.5 +21.8° + 16° +16°

Case 11

I +22.5° + 7.1° +5.3° + 6°
II -157.5° - 60°2 - 50° -40°
I +112.5° + 382 +27.5° +28°
v - 67.5° -21.8° - 16° -16°

Case I is for the instance where the solid-state phase shifters are in
their back bias condition. The phase shift in each of the output phase shift
blocks is Oo. For Case II the solid-state phase shifters are in their forward

bias condition. The phase shifts in each of the output blocks, for this in-

stance, are as shown in the sketch of Figure 19. The above table, in addition

to defining the output phases, also defines the beam position for both Cases
I and II and for frequencies of 1,7 and 2.27 kmc. These beam positions are

relative to the horizon station (0 = 900) rather than to the zenith reference.
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‘They were derived using conventional array theory, the above listed inter-
port phase progressions, and an antenna element spacing of 3. 5 inches.

The nominal beam positions, as listed on the remote control beam posi-
tion network, are also defined in the above table. It is interesting to

note that the nominal beam position is closer to the horizon than the aver-
age beam position for both frequencies. This occurs because of the element
pattern shape which tends to move the beam maxima closer to the horizon
position.

The object of using two separate sets of four beam positions is to
avoid the normal beam crossover gain loss. The above listed beam positions
are so arranged that the beam maxima for Case I lie at the beam crossover
points for Case II, and vice versa. The four-port matrices were originally
designed for both Cases I and II. However, for economic reasons, it be-
came impractical to include the diodes for achieving the Case IT excitations.
Consequently the sixteen four-port matrices have metal blanks inserted in
place of the diodes such that only the Case I excitations can be achieved.
A separate fully implemented vertical array was fabricated, however, and
will be discussed later in the report.

The required sixteen four-port matrices are fabricated in three-layer
strip transmission line. These networks use the components described in
Section 3.2.3.2. The networks are 3.0 inches wide by 14. 1 inches long.
The depth of the networks is 5/16-inch, including a top and a bottom 1/16-

inch thick aluminum sheet. The average performance achieved with these
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four-port networks is listed below.

Frequency

Greatest measured amplitude imbalance
Average amplitude imbalance

CGreatest measured phase deviation
Average phase deviation

Poorest measured isolation

Average isolation

Worst measured VSWR

Average VSWR

Average insertion loss

22.3 db

23.8 db

1.35

1.23

0.3 db

2.27 kmc

+0.4db
+0.3db
+10.5°

8.6

|+

23.0 db
25.5db
1.52
1.42

0.60db

The above data were obtained with TNC input and output connectors.

When these units were implemented in the array, the input and output con-

nectors were removed so that an integrated package could be formed. This

package consisted of the antenna elements, the four-port matrix, and the

SP4T solid-state switch.

Specially designed coaxial connectors were utilized to allow this

integration to be realized.

3.2.3.4 R-F Cabling

Two sets of 16 r~f cables were required for the implementation of

the cylindrical array. One set was used to connect the outputs of the mode
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forming matrix to each of the sixteen vertical banks. A second set of cables
was required to interconnect the mode-forming and beam-forming matrices.

The cables from the mode-forming network to the vertical bank input were
formed of RG-141/U teflon impregnated coaxial cable. TNC connectors were
utilized at each end of the cable. The average loss of these cables at 1.7 gc
was 0.3 db. The average loss at 2.27 gc was 0.4 db. Cables from mode net-
work port numbers 1, 3, 5, 7, 9, 11, 13 and 15 had interconnecting lengths

of 17.00 inches. Cables connected to the remaining ports had interconnecting
lengths of 13.95 inches. The cable lengths were measured from connector-end-
to-connector~end. The réason for the disparity in lengths is that one of the
sets of cables includes a 3/4 wavelength additional length to compensate for
the phase shift sections contained in each of the alternate output terminals of
the matrix. This allowed the sixteen-port matrices to be packaged within the
18-inch diameter, a feat which would not have been possible without using two
different sets of cabling.

The cables connecting the mode-forming and beam-forming matrices were
first determined theoretically and then modified experimentally to achieve the
best overall system performance. These cable lengths also had an average in-
sertion loss of 0.3 db at 1. 7 gc with an average insertion loss of 0.4 db at 2.27
gc. The lengths of the cables, using the same connector-end-to~connector-end

measurement, are listed in the table on the fallowing page.
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‘Beam Matrix Port Number Mode Matrix Port Number Cable Length

1 07 14. 0"

2 06 12 1/8"
3 05 16 1/8"
4 04 15 3/8"

5 03 15 1/2"
6 02 14 12/32"
7 01 15 3/16"
8 0 14 13/16"
3 10 13 1/4"
10 20 12 3/8"
11 30 12 1/2¢
12 40 13.0"

13 50 13 5/16"
14 60 12 3/8"
15 790 13 13/16"
16 8 13 1/2"

The terminology used in the above table is identical to the termin-
clogy used in Section 3.2. 3. 2.

3.2.3.5 Solid-State SP4T Switches

A solid-state SP4T switch is required to reduce the four beam
outputs of each of the sixteen multiple-beam vertical arrays to a single
terminal. The block diagram of this switch is defined in the sketch of
Figure 20. It consists of three DPDT solid-state transfer switches ar-
ranged to form a conventional switching "tree”. One of these switches
has additional alphabetical port terminology to assist in describing the
theory of the DPDT transfer switch operation. When the solid-state
switches are back biased, input, a, is connected to port, ¢, (or I) and

port, d, (or II) is connected to port, b. In the forward bias case port, a,
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-connects to port, d, and port, c, connected to port, b. Thus the unu:zed

port is always terminated in a maiched load. This is important in a
multiple-beam array'! If the unused ports are not terminated, reflections
from the antenna terminals will appear at, and be reflected by, these

open circuited ports. The resultant energy then reradiates and forms a

collimated beam just as though the unused beam port were excited by ar.

amount of r-f energy equal to the magnitude of the reflected energy. The

resultant spurious beam thus appears in the far-field pattern as undesired
sidelobe content. |
The developed SPDT solid-state transier switch is sketched in

the lower half of Figure 20. It consists of two couplers interconnected

SN

by two transmission lines, each containing a diode in series. In the re-

verse bias case the diodes are open circuited and the r~f energy is reflected

i

back through the input hybrid and appears at port, b. In the forward bias |

case the diodes are conductive and the energy from input, a, passes

through the second coupler to port, c. Port d is terminated by a 50 ohm

1
"tab" ) load.

!

The DC ground is a short circuited stub of length Jj. This length

§ =

is approximately one-quarter-wavelength long at 2. 0 kmc. Thus, it effect-
ively appears as an open circuit to the main line containing the series con-

nected diode. The DC bias input is located a distance, ,22, from the main

1

line. It is short circuited at r-f frequencies by an open circuited stub of
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“length, j3. This length is also approximately \/4 at 2 kmc. The length,

4

5 Was selected to minimize r-f discontinuities but it too was also ap-

proximately \/4 long at 2 kmc. The DC block consists of two overlapping
sections in the main ‘line.r The two halves of the line are separated by a
3 mil mylar shim. The overlap area is sufficiently large to have a high
capacitance with a resultant low r—f'series impedance.

The switch is formed in three layers of 1/16-inch thick each‘
polyolefin with the central layer containing the r-f circuitry. The 3 db
couplers are identical to those described in Section 3.2.3.2. The solid~
state devices are 1N270 diodes. The perfarmance of this individual switch

is described below.

Frequency: 1.7 kmc 2.27 kmc

VSWR (forward bias) 1.29 1.34

VSWR (reverse bias) 1.08 1.05

Isolation (forward bias) 11.5 db 22.1 db

Isolation (reverse bias) 22.2 db 21.3 db

Loss (forward bias) 0.5db 0.8 db

Loss (reverse bias) 0.4 db 0.7 db
Current drain: 100 miles at 6. 3 volts in forward bias (50 miles/diode)
Back bias: -30 VDC

The above described SPDT switches were integrated into a single
14.1 x 3.0 x 5/16-inch three-layer strip transmission line package. The
output port positions were made to exactly coincide with the input ports of

the four-port matrix. Specially designed coaxial connectors were fabricated
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to allow direct connection of the switch to the four-port matrix without
the need for commercial coaxial adaptors. The average measured per-

formance of this SP4T switch is described below.

Frequency 1.7 kmc 2.27 kmc
Maximum VSWR 1.31 1.80
Average VSWR 1.17 1.67
Minimum Isolation 12.8 db 14.5 db
Average Isolation 24.1 db 23.2 db
Maximum Insertion Loss 1.0 db 1.6 db
Average Insertion Loss 0.85db 1.4 db

The above data were obtained with temporary TNC input and out-
put cc aectors which were removed prior to integration.

3.2.3.6 Sixteen-Port Switching Network

A solid-state single-pole sixteen-throw switch is required to re-
duce the 16 azimuth station beam outputs of the beam-forming matrix to a
single terminal. The block diagram of this switch is defined in the sketch
of Figure 21. It consist of 15 DPDT solid-state transfer switches arranged
to form a conventional switching “tree*. The terminology and functioning
of these switches are identical to that which v»;as described for the SP4T
switch of Figure 21. The SP16T switch also has the feature that all unused

ports are terminated.
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The major difference between the network of Figure 21 and the
SP4T network, cutside of the mumoper of rorts, is in the detailed makeup
of the SPDT transier switch. The 3FD7 *ransfer switch used in the sixteen-
port matrix is designed to handle hich average input powers. This switch
is sketched on Figure 22. It consists of two couplers interconnected by
two transmission lines, each shunted by a diode. In the reverse‘bias case,
the diodes are open circuited and the r-f energy is allowed o pass through

from the first input coupler to the ouiput of the second coupler. In the for-

~ward bias case, the diodes are conductive and hence short circuit the main

feeder lines between the couplers. The r-f energy in this case is reflected
and appears at the normally isolated port of the first input coupler. The un-
used port of the coupler is terminated by a 50 ohm tab load. The DC ground
is connected in shunt to the main feeder lines. This DC short circuit is lo-
cated approximately one-quarter wavelength (at 1700 mc) from the main feeder
line. A corrective 2270 mc tuning stub, which is an approximate one-quarter
wavelength open circuit at 2270 mc, is located at an intermediate port be-
tween the ground connection and the main feeder line. The bias input is
shorted at the r-f frequencies by two tuning stubs: one a quarter-wavelength
long, at 2270 mec, and the other a quarter-wavelength long at 1700 mc. The
length between these stubs and the diode is controlled to correct for diode
junction reactances and to achieve the best overall switch performance.

The switch is formed in three layers of 1/16-inch thick polyolefin
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Figure 22. SPDT high power switch.
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icentical to those described in Section 3.2.3.2. The solid-siate devices
are MA-4571C1 dicdes and require individual forward current drains of
50 mils at +6. 3 VDC. The back bias voliage for the diode is =30 VDC.

The performance of the individual SPDT switch is described below.

Freguency 1.7 kme 2.27 kmc.
Maximum VSWR 1.06 1.26

Average VSWR 1.04 1.20

Minimum Isolation 15.5 db 26.8 db
Average Isolation 24.8 db 30.1 db
Maximum Insertion Loss 0.7 db 0.4 db
Average Insertion Loss 0.6 db 0.2 db

The SPDT switch was successiully subjected 1o 20 watis of average r-f

power at 1700 mc and 2270 mc. The peak power rating could not be de-
termined because the necessary equipment was not avéilabie. However,
it is felt that the peak power capacity would be in excess of 1.2 kw.
The above data were taken with TNC input and output connectors. One
SPDT switch was delivered to NASA. The remainder of the developed
switches were used in the sixteen-port switch and hence were without
connectors, except at the input and output terminals of the sixteen-port
network. The SPDT switches were integrated into two 18-inch diameter

x 5/16-inch thick three-layer strip transmission line packages formed of
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the polyolefin base material. The output port positions were made to
exactly coincide with the inpurt poris of tne four-port mairix. The input
and output connectiors on the switching network were of the TNC variety.
Connections between the beam matrix and the sixteen-port switching
network were made with commercial TNC type feed-throughs. The aver-

age measured performance of this SP16T switch is defined below.

Frequency 1.7 kmc 2.27 kmc
Maximum VSW 1.20 1.40
Average VSWR 1.18 1.37
Minimum Isolation 15.0 db 26.1 db
Average Isolation 21.8 db 28.9 db
Maximum Insertion Loss 2.8 db 2.5db
Average Insertion Loss 2.4 db 2.1db

3.3 Twelve-Element Planar Array

he chjective of this section of the report will be to describe

the theory of operation, the detailed design and the network component
design for the twelve-element planar array. This amray, as described in
the schematic of Figure 3, consists of twelve antenna elements, a twelve-
port multiple-beam network, and a SP12T switching nétwork.

3.3.1 Theory of Operation

The twelve-element planar array is unique in that it does not use

the conventional square building block of the more common multiple-beam
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antenna systems. The array building block for the twelve-element array
is a wnree-element equi-lateral grid. This arrangement allows improved
crossover levels to be achieved, wnile 2t the same time allowing a ré-
duction in sidelobe levels relative o those obtainable frcm a conven-
tional square array having the same distribution.

The geometry of the twelve-element multiple-beam array is
sketched in Figure 23. Examination of this figure will indicate that it
consists of egui-lateral grids with an element spacing equal to, a.

The relative voltage array factor, in any plane containing a row of ele-

ments, may be derived as being equal to

E, (%) = [cos (Wa) | ST (15)

where: ybp = k ag sin 8
ag = a2
a = grid spacing (see Figure 23)
k = 27/
8 = angle relative to broadside
N = wavelength.

The relative voltage array factor for the planes between the rows of ele-

ments (see Figure 23) may be written as

Ep (#,) = 5cos (3%,/2)+ 7 cos (¥ /2) +] 4sin(¥,/2)

cosz (Sﬂm/z) (16)

-76-




e TR
S B

R ; PR T N A g ; T .
Sl B B N EE SN B B BN NS EE
’

1

£

4,1db CROSSOVER
POINTS ‘<<Tg'

5 db
CROSSOVER POINTS

BROADSIDE AX\S

ARRAY SURFACE

7777777777 77 7

Figure 23. Geometry of the twelve-elemert array.
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ar 0.806a

The array factors derived from eguations (15) and (16) are plotted in the
sketch of Figure 24. The highest sidelobe is -15. 6 db. This sidelobe
level may be compared to that of a sixteen-element square array which
has a sidelobe level of ~11. 4 db.

If a multiple~beam twelve-port martix is utilized, the proper
phasors are added in the array factor to generate a cluster of twelve
beams. The actual angular location of the patterns can be determined
by projecting the ?0—- plane patterns on the surface of a sphere. The
beam cluster of twelve beams will thus duplicate the element arrange-
ment of the array. The crossover levels can be computed as ranging
from -4. 1 db between any two adjacent elements, and to -5. 0 db at a
common crossover of any three elements. By way of comparison, a six~
teen-element square array has crossover levels ranging from -3.7 db be-
tween any two elements, and to -7.4 db at any crossover common to four

elements.

3.3.2 Derailed Design

A sketch of the top surface arrangement of the twelve~element
planar array is shown in Figure 25. This actual array geometry duplicates
the geometry first listed in Figure 23. The individual elements are round

spiral antennas driven against a metallic enclosed cavity. The center-to-
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center spacing of these spiral elements (a) is equal to 4. 33 inches. The
entire array is contained within an 18-inch circle. The element notation
utilized in this array corresponds to the matrix connection notation and will
be used as reference throughout the remainder of the report.

The element spacing was used in conjunction with the matrix phase
excitations and the amray theory developed in Section 3. 3.1 to compute the
beamwidths and beam positions at 2270 mc. The computed patierns are too
numerous to include in detail in this report, however, the salient character-
istics of the patterns are listed below.

Beam Position Number Major BW  Minor BW  Location 8/%

1 21° 16. 6° 12°/120°

2 21. 8° 21. 8° 35.5%/20°

3 21. 5° 21.0° 35.59/138. 5°
4 22.7° 16. 6° 25°/300°

5 20.9° i6.6° 129/¢°

6 21. 59 21.5° 35.5°/259°

7 21. 5° 21.5° 35.5°/101°

8 22. 7° 16, 6° 25°/180°

9 21.0° 16. 6° 12°/240°
10 21.8° 21.82 35. 5°/340°
11 21.5° 21.0 35.59/221.5°
12 22.7° 16. 6° 25°/60°

The sidelobe levels recorded were generally in accordance with the sidelobes
denoted by array theory. However, gradie_nt lobes were encountered for the
outermost beam positions. Although the computed patterns were not obtained
for 1700 mc, it can be presumed that the beamwidths and beam positions
would both alter in conventional accordance with the decreased element spac-

ing (expressed in wavelengths). The actual noted beam positions measured
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with the experimentai twelve-element array will be listed in Section 4. 0.

3.3.3 Network Components

The objective of this part of the report is to describe the design
and performance characteristics of the major components which form the
twelve-element planar array portion of the antenna systemb. The major
components which will be discussed are listed below.

a) Spiral antenna elements

b) Twelve-port beam-forming matrix

c) Twelve-port switching network
The above components will be discussed in the following sﬁbsection of the
report.

3.3.3.1 Antenna Element

A total of twelve spiral cavity antenna elements are utilized to im-
plement the planar array portion of the developed antenna system. These
spiral cavity elements are based on a design described in the literature by

10 i . . . .
). The cavity surface is circular in cross-section with a

Bawer and Wolfe
diameier of 3.5 inches. The spiral surface is housed in a cylindrical cavity
having a depth of 1. 360 inches. The performance characteristics of a typi-

cal spiral cavity element are listed below.

P;e;;uency range | 1.7t0 2.3 kmc
Average 3 db BW 75°

Average 10 db BW 140°

Maximum Axial Ratio 2 db maximum
Maximum VSWR 1.43
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The above data were obtaired with TNC connectors, modified to
adapt to the balun which excitcs the spiral surface. The TNC connectors
were subsequently removed and replaced by & female center pin and a
specially developed outer coaxial housing. This latter arrangement al-
lowed the twelve spirals of the planar array to be made an integral part of
the exciting twelve-port muitiple-beam matrix.

3.3.3.2 Twelve-Port Mauix

Reference to Figure 3 will indicate that a twelve-port beam-Iorm-
ing matrix is required to implement the multiple-beam planar array. For
any given matrix input, all of the output element terminals.are excited
with equal amplitudes. However, the phase sequence from port-to-port
varies as the input port is changed from one position to another. The block
diagram of the beam~-forming matrix is shown in the schematic of Figure 26.
The antenna port terminology corresponds to that defined in Section 3.3.2.
The input port terminology corresponds to the beam position number in space.
This terminology was also defined in Section 3.3.2. The same sets of term-~
inal designations were used in the actual antenna system.

The twelve-port matrix consists of 3 db couplers, 4.7 db couplers,
and fixed phase shifters. All of the components for the network are designed
in three-layer strip transmission line. The individual layers are 1/16-inch
thick and the base dielectric medium is polyolefin. Many of the components
utilized in the twelve-port matrix were described earlier as part of the dis-

cussion for the sixteen-port matrices. Only those components which have
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not been previously described will be discussed below.

3.3.3.2.1 4.7 db Coupler Design

The 4.7 db coupler design was patterned after that earlier de-
scribed for the 3 db coupler. It is of the tandem variety with the basic
difference being the change in coupling between the two quarter-wave-
length sections which form the tandem device. The spacing between
coupling sections is thus again equal to 1/16-inch. The characteristicé

of the developed coupler are listed below.

Frequency 1.7 kmc 2.27kmc  1.7—2.3 kmc
Coupled port level 4.9db  -4.8db  -4.7.93%0
Isolation E 24.0db 25.5db 24.0db
Maximum VSWR 1.18 1.18 1.18

The above data were taken with modified TNC connectors at the
input and output terminals. In the actual matrix, the terminals were re-
moved and all inter-connections were made with printed circuit trans-

mission line lengths.

3.3.3.2.2 Fixed-Phase Shifters

Fixed phase shift values of 30, 60, and 90 degrees are required
to implement the twelve-port matrix. The fixed-phase shifts are relative
to a fixed léngth of strip transmission line. Two types of differential
fixed-phase shifters are utilized: coplanar and biplanar. The distinc-

tion between these two types of phase shifters was described earlier in
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Section 3.2.3.2.2. The 60 and 90 decree phase shifters are biplanar and
the 30 degree phase shifter is coplarar. The 50 degree phase shifter de-
sign was discussed in the above referenced section and hence wiil no{ be
described in the following paragraphs. »The 60 and 30 degree p‘nase shifters
have not heretofore been described and will be discussed below.

The construction of the 30 and 60 degree phase shifters is generally
the same as the consiruction of the earlier described phase shifters. The dis-
tinction is the difference in the coupling values regquired to achieve the 30

and 60 degree fixed-phase shifts. The performance of these two 50-ohm

phase shifters is listed in the foilowing table:

fo] : i
+30 Fixed Phase Shifter (Coplanar Type) )

Frezcuency 1.7 kmc¢ 2.27 ¥xmeC 1.7—2.3 kmc
Measured phase shift +30.2° +29.8°

Greatest phase deviation _— S +29.89—33.0°
Maximum VSWR 1.13 1.21 1.23

+60° Fixed Phase Shifter (Biplanar Type)

Frequency 1.7 kmc 2.27 kmc 1.7—2.3 kmc
Measured phase shift +61.3° +58.8°

Greatest phase deviation e _— 58.8° — 62. 5°
Maximum VSWR ' 1.13 1.10 1.15

Note 1) - Phase is that of coupled section relative to that of a straight line
section.

All of the above data were obtained with TNC type input ancd output

connections.
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3.3.3.2.3 Performance of the Twelve-Port Matrix

The twelve-port matrix is formed in three layers of 1/16-inch
polyolefin. All of the printing is contained in photo-regisiry on the
center 1/16-inch thick layer. The components described above are inte-
gx_'ated on this central layer in such a manner that no component-to-compo-
nent coaxial connections are required. The entire package is coatained
within an 18-inch cylinder having a total depth of 5/16-inch. This totél
depth includes a top and bottom 1/16-inch thick aluminum support sheet.

The performance of the twelve-port matrix is summarized beiow.

Frequency 1.7 kmc | 2.27 kmc
Greatest measured amplitude imbalance +1.2 db +1.15 db
Average amplitude imbalance +0.8db +0.7 db |
Greatest measured phase deviation hd 9° = 12°
Average phase deviation + 3° * 4°
Poorest measured isolation 14.5 db 13.8 db
Average isolation 23.4 db 23.9 db
Worst measured VSWR 1.55 1.37
Average VSWR 1.23 1.23

Average insertion loss 0.8 db 1.2 db

3.3.3.3 Twelve-Port Switching Network

The solid-state, single-pole 12-throw switch (SP12T) is required

to reduce the twelve beam outputs of the beam-forming matrix to a singlé
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terminal. The block diagram of this switch is defined in the sketch of
Figure 27. It consists of eleven double-pole, double-throw solid-state
transfer switches arranged to form a switching tree. The terminology and
functioning of these transfer switches is identical to that which was
described for the SP4T switch of Figure 21. The SP12T switch also has
the feature that all unused ports are terminated.

The SPDT transfer swiich used in the twelve-port matrix is the
same high power switch which was described for the sixteen-port matrix.
The twelve-port switch is formed in three layers of 1/1é-inch thick poly-
olefin with the central layer containing the r-f circuitry. Two 18-inch
diameter, 5/16-inch thick three-layer strip transmission line packages
were fequired to integrate the complete network. The output port positions
were made to exactly coincide with the input ports of the twelve-port
matrix. The input and output connections on the switching network were
of the TNC variety. Connections between the beam matrix and the twelve-
port switching network were made with commercial TNC type feed throughs.

The average measured performance of this SP12T 'switch is defined below.

Frequency | 1.7 kmc 2.27 kmc
Maximum VSWR 1.20 1.40
Average VSWR . 1.17 1.35
Minimum Isolation 15.0db 23.4db
Average Isolation 21.0 db 25.1db
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Figure 27. Schematic of SP12T switch.
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Maximum Insertion Loss 2.8 db 2.5db
Average Insertion Loss 2.4 db 2.2 db

3.4 Switch Control Network

The switch control netwo;k is a separate remote console which
allows the beams of the cylindrical and planar arrays to be positioned at
nanosecond rates. This section will describe the manner in which the inf
dividual switches are positioned by the remote network.

3.4.1 Elevation Bank-Cyvlindrical Array

The elevation switch control network for the cylindrical array
consists of sixteen vertical banks of SP4T switches. The manner in which
these switc?x banks are connected to the +6.3 VDC forward bias and the -30
VDC reverse Bias is illustrated in Figure 28. All of the output SPDT switches
are connected to & common lead. All of the input SPDT switches are connected
to a separate control lead.: In the example shown in Figure 28, both the input
and output SPDT switches are biased in a forward direction by the +6. 3 VDC
terminal voltage. When biased in the forward direction, the output of each

switch is the straight through path. Hence, the pictured arrangement will

- excite multiple-beam port III for each of the sixteen vertical banks. The two-

terminal four-position wafer switch is located in the main console immediately
behind the elevation bank selector for the cylindrical array.

3.4.2 Azimuth Switch Bank- Cylindrical Array

A schematic of the azimuth switch section of the circular array is
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Figure 28. Control network for SP4T.
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shown in the skeich of Figure 29. A four-terminal 16-position wafer switch,
controlled from the front panel, is usec to select a given beam position.

One terminal position is required for each of the four switch banks. These
individual swizch banks are either connected to a +6. 3 VDC forward bias or

t0 a =30 VDC bias. This arrangement allows full and complete control of the
beam positions. Thirty-irhree ohm resistors are utilized to maintain thg proper
bias of each of the individual switches. Switches 8 through 15 are photoe » ched

Y

on the printed circuit poard which is cilosest 10 the beam-iorming matrix. The
switches denoted 1 through 7 are photoetched on the printed circuit swiich

network which is closest to the output of the array.

3.4.3 Switcnh Control for the Planar Array

The switch control schematic for the planar array is shown in the
sketch of Figure 30. This switch control functions in much the same manner
as the lé6-pole switch required for the azimuth section of the cylindrical array.
Four terminals with twelve positions each are required to connect the individual
switch banks to either +6. 3 VDC or -30 VDC. Switches numbered 6 through 11,
are contained in the printed circuit package which connects directly to the twelve-
port beam-forming matrix. Switches 1 through 5 are contained on a separate
printed circuit board located immediately below the first switching network.

3.4.4 Power Supply

The power supply schematic is described by the sketch of Figure 31.

Examination of this sketch will indicate that the forward bias and reverse bias
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Figure 31. Power supply detail.
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power supplies are commercial items gurchased from the Kepco Company of

™y ) 1
P

Flushing, New York. ne back kies power supply, in addition to supplying
the 30 volt negative terminal voitage ior back biasing the switches, also
supplies the 120 volt input to the forward bias supply. These two units are
contained in a console along with the required wafer switches and panel in-
dicators. A conirol canle is used to interconnect the console to the antenna

system.

- o e ,
3.5 Svstem rackagin

6]

The actual outward pnysical appearance of the developed artenna
array was illustrated, in pari, by the photograph of Figure 1. A more detailed
indication of the antenna system packaging is illustrated in Figure 32. This
figure shows the location of all of the major components of the antenna system.
It further serves to define the manner in which the various system parts are
interconnected. The major package dimensions are shown in the figure, along
with a description of each of the major components. Not shown in the figure
are the DC voltage connections and the necessary biasing resistors to control
the switch networks. The DC bias leads and biasing resistors are located on
printed circuit cards which are positioned directly below the 12-way switch.

Examination of the package will indicate that the ‘interior volume
oif the cylindrical array is essentially open. While at the present time the
mode network-to-elevation bank r-f cables are, for qonvenience, routed up

through the center of this volume, in an operational installation, they could
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be routed along the t0p of the mode-forming networks and up the sides of
the SP4T switches 10 leave the cenirel volume almost totaily open.

The vertical panxs, along with the matrices and the SP4T
switches, are compactly packaged ard hence not much could be done to
decrease the volume cccupied by these components. However, a consid-
erable saving in space could be realized by compacting the package con-
sisting of the mode~iorming matrix, the beam-forming matrix, and the SP‘léT
switch. It is estimated that this series of networks could be contained in a
volume having an 18-inch diameter and a total depth of less than 1.5 inches.
Furthermore, it would be possible to provide a larger access hole through the
center of these networks to allow more flexibility in the use of the volume
bounded ! - the cylindrical array. The same general comments apply to the
twelve-port matrix and SP12T switch. The double-male TNC adaptors be-
tween the twelve-port multiple-beam matrix and the twelve-port switching
network could be deleted, savin§ the equivalent amount of space.

An alternate possible arrangement for the cylindrical array would
be to wrap the beam~-forming, mode-forming and switch control networks a-
round the interior of the cylinder immediately behind the SP4T switches, thus
making available complete access from the base of the array.

Th;a weight of the antenna system measures 83 pounds, including

all support members and the antenna housing.
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3.6 The Interpositioned Fau--3¢am Vertical Array

-

It was noted in Section 3.2 3 3 taat the interpositioning diodes
of the vertical sections of tne cylindrical array were not included in the de-
veloped antenna system. However, it was felt that the technique was of
sufficient merit that it justified experimenizcl verification. Accordingly, an
array consisting of four spirz. elements and a four-port multiple-beam matrix,
with interposjtioning, was fabricated. The spiral elements are identical to
those described for the cylindrical aray. The four-port multiple-beam matrix
is also identical to that described for the cylindrical array. However, in
this instance, the interpositioning diodes are added. The séhematic of the

four-port matrix, included earlier as Figure 19, is thus the schematic for the

multiple-beam array with interpositioning. The distinction, of course, is that

the two-step phase shifters are inciuded in the four-port matrix.

The interpositioning phase shifters are implemented by using diodes
and couplers much in the same manner that they are used in the SPDT switch.
A schematic of the two-step solid-state phase shifter is shown in Figure 33.
The network consists of a 3 db coupler with an input and an output terminal.
The output terminal is the normally isolated terminal of the 3 db coupler. The
two normal outputs of the 3 db coupler are cc.)nnected, with equal lengths of

line (@), to two like 1N270 diodes. The outputs of these diode terminals are,

in turn, connected to two equal lengths of line (ﬂz). With the diodes in reverse

bias, the length of line is equal to E‘l. When the diodes are in forward bias,
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difference, from a reverse bias 0 a forward bias case, is equal to 2@2. The

desired phase shifts from element to element are obtained by simply varying

the length §, from element to element. The values of 2ff, are set equal to

O o]

-0 . . . .
SO, +907, and +135 at a center frequency of 2000 mc. These are the

g, T4
required values for proper interpositioning of the beam. They correspond to
the values initially deiined in Figure 19.

The two-step phase shifter consists of a 3 db coupler and two

1N270 dicdes. The values of ,@’1 for all phase shifters are equal, thus estab-

lishing the in-phase case. The coupler is identical to that described for the

four—pbrt matrix. The diode biasing and drive circuits are identical to those
described in Section 3. 2.3.5 and Figure 20. A 50 ma drive is required at a
forward bias of +6.3 VDC. The reverse voltage used is ;30 VDC. The meas-
ured characteristics of the four-port mairix with the solid-state phase shifters

are listed below.

Frequency : 1700 mc Bias 2270 mc
Maximum VSWR 1,25 Forward 1.40
1.45 Reverse 1.39
Average VSWR 1.17 Forward 1.21
- 1.17 Reverse 1.24

Minimum isolation 22.3db Forward 21.3 db

24.7db Reverse 20.1 dp

Average Isolation 27.3db Forward 29.8 db

26.538b Reverse 25.6 db

Average Loss 2.2 db Forward 2.2 db

0.6 db Reverse 0.7 db
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Comparison of the loss of this four-port network with that described earlier
on page 64, indicates irnat the forwaid bies loss of the two-step phase

shifter is approximately 1.9 cdb at 1700 mc and 1.6 db at 2270 mc.
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4.0 SYSTEM PERFORMANCE

The entire body of Sec:ion 3.0 was devoted to a description of the
system theory of operation and the des:gn detail of the components which
were required to implement the system. This section will describe the far-
field pattern data obtained with the developed antenna system. Considera-
tion wili be given 10 a comparison of the measured data with the predicted
data. The coordinate system which wiil be used throughout this sectién is
that which was initieliy described in Figure 2 of the report. The following
discussion will be divided into three general sub-sections: a description of
he data obtained from the cylindrical array portion of the system; a descrip-
tion of the data obtained with the twelve~element array; and a description of
the data obtained with the interpositioned array.

4.1 Performance of the Sixteen-element Multiple-beam Circular Array

Figures 34 through 37 contain composite patterns, in the azimuth plane,
for the multiple-beam cylindrical array. Figures 34 and 35 represent the data
taken at 1700 mc for elevation angles of ~6 degrees and +16 degrees, respect-
ively. Figures 36 and 37 represent the data taken at 2270 mc for elevations of
-6 degrees and +16 degrees, respectively.

The average beamwidths at 1700 mc are equal to 22.5 and 23 degrees,
respectivelyl for both the -6 and +16 degree elevation stations. The range in
beamwidths for both instances varied from as low as 21 degrees to as high as

25 degrees. The theoretical beamwidth was predicted as being equal to 20 degrees.
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The average crossover levels are -3.4 db and ~-3.2 db, respectively, for the
-6 and +16 cdegree elevation stations. The range of crossover levels at -6
degrees extends from -2.¢ db to -4.2 db. At the +16 degree elevation station,
the crossover leveis vary irom -2.6 db to -3. 6 db. The theoretical value is
approximately -3.9 db. The average maximum sidelobe level at the -6 degree
elevation station is -8. 6 db. The range of the maximum sidelobe levels ex-
tends from -6.2 to -11.2 db. The precicted sidelobe level was an avaége of
-11. 2 &b for the computed yerticaily and horizontally polarized patterns. The
average maximum sidelobe level at an eie%zation station of +16 degrees is
e‘qual to -8.5 db wiih a range extending from -7.2 db to —13. 6 db. The meas-
ured gain variation is +1. 5 db ar an elevation station of -6 degrees, and +0.8 db
at an elevarion station of +16 degrees.

The depicted pattern data for 2270 mc indicates that the average beam-
width is equal to 23 degrees at both elevation stations. The beamwidth range
varies from 20 to 25 degrees at an elevation siation of -6 degrees and from 21 to
25 degrees at an elevation staticn of +16 degrees. The average crossover levels
vary from-3.0 db at -6 degrees to -3.2 db at +16 degrees. The range of crossover
level variations extends frém -1.8 to -4 db at -6 degrees and from -2.7 to -4.2 db
at +16 degrees. The average maximum sidelobe level at the -6 degree elevation
station is —é. 8 db with a maximum-to-minimum range extending from -5.7 db to
-13.1 db. The correspohding maximum sidelobe levels at the elevation station of

+16 range from -7.2 db to ~13.6 db with an average maximum of-10.4 db. The gain
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variation from beam to beam is +1 db for both elevation stations. The pre-
dicted beamwidth at 2270 mc is 20 degrees and the predicted sidelobe level
is -9.1 db. The theoretical crossover value is -3. 9 db.

Data were also taken at the noted elevation stations for horizontal
and vertical polarizations. However, the circularly polarized data is repre-
sentative of thé average values obtained for these two individual polarizations.
Hence, these linearly polarized data are not included in the report. Some data
were also obtained at elevation stations of -28 degrees and +40 degrees. These
data were very similar to those shown for an elevation station of +16 degrgés
and hence are not included in the report.

The measured data indicate that the beamwidths for the circular array
are indeed constant. However, the average beamwidths in both cases, whilé
they are near constant at 23 degrees, do not agree with the theoretical value
of 20 degrees. This disparity in beamwidths is largely attributed to the normal-
izing of the upper and lower frequency range performance. Initially the theoret-
ical phase compensating cable lengths were used in the system. However, it
was found that the best data were obtained by adjusting these cables for equal
performance at the high and low end of the frequency ranges. This adjustment
generally tended to broaden the beamwidth in an amount equal to the deviation
between thec;ry and practice. The crossover levels were a measured average of
approximately -3. 1 db instead of the predicted value of -3.9 db. However, this

difference in crossover levels is reasonable in view of the increased beamwidth
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which was measured. The average sidelobe level obtained at 2270 mc closely
corresponds with the sideiobe level predicted. The predicted average sidelobe
level is -9.1 db and tne measured average sidelobe level is 10.1 db. The
variation in beamwidths crossover levels arid beam gains at a given frequency
and eievation station, are largely attributable to errors within the matrix and
to normal design model variations in the individual component parts.

While the array was specifically designed for two frequencies, in
actwal fact its performance is relatively constant over the range from 1700 to
2270 mc. Spot checks at intermediate frequencies and for various beam posi-
tions indicated that the array would function in approxhnateiy the same manner
over the full bandwidth.

The axial ratio of the cylindrical array was spot checked at a number
of beam positions at both the low and high frequencies. The average axial
ratio measured at 1700 mc was 2 db and the average axial ratio measured at
2270 mc was 1.4 db.

Elevation patterns were also measured with the cylindrical array. How-
ever, it was difficult to take complete elevation plane pattern cuts because of
the limited range of the azimuth - elevation pedestal being used. A typical
measured 2270 mc pattern, for the "0" degree reference beam position, (see
Figures 36 an;i 37) is shown in Figure 38. These pattern data are similar to
those obtained for the single elevation bank with the exception that the side~

lobe level for the +40 degree station is somewhat better.
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The average measured gain of all of the beams at an elevation station

individual beam gains vary by approximately +1 db about this average value. The

|
|
of -6 degrees and at a frequency of 2270 mc is equal to +12. 8 db absolute. The
computed gain derived from the simple relationship

G =% 10 Log (32, 500/(BW;) (BW,) ), (17)

where: BW, elevation BW = 180,

"

BW, azimuth BW = 23°, |

is equal to approximately 18.9 db. Thus the difference between the estimated
theoretical gain and the measured gain is approximately 6.1 db. This is a quite

reasonable differential as the following table will indicate: |
Measured Gain 12.8 db + 1 db

Losses {2270 mc)

4~-port matrix: 0.6 db N
SP4T switch: 1.5 db S
16-port mode network: 1.0 db k j
16-port beam network: 1.0 db 1
Cabie: 0.8db |
Spiral element (estimated): 0.5 db C
Total losses: 5.4 db

Gain + Losses: 18.2 db

The estimated loss of the spiral antenna, although it could not be measured, is

believed to be reasonable. The unaccounted difference between the measured

-112- |
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tem is reasonably consistent with the computed values.

i %1

and estimated figures is 0.7 db. This differential is believed to be attri-

butable to energy lost in sidelobes. Thus, the gain measured with the sys-

The measured gain

at 1700 mc is equal to 14. 2 db while the computed gain is estimated at 18. 1
| db. The 3.9 db difference is traceable to network losses. The remaining

difference of 1 db is attributable to energy lost in the sidelobe regions. The

above measured gain data do not include the losses in the SP16T network.

4.2 Measured Performance of the Twelve-Element Planar Array

Pattern data for the twelve-element planar array are contained in

Figures 39 through 46.

The data are for frequencies of 1700 and 2270 mc.

~The polarization is Eg and the beam notation is as described earlier in Section

3.3. The coordinate system utilized is that described in Figure 2 of this report.

The patterns are presented in a somewhat unusual manner because of the beam

distribution in space.

All patterns are 8 plane cuts.

However, the £ plane

has been selected to pass through the beam maximum for each beam. The g plane

selected is defined at the top of each of the patterns contained in the figures.

The most salient characteristics of the far-field patterns are summarized below

in tabular form.

Beam No. ’'_BW (degrees) 1st SideLobe (db) _Grating Lobe(db)
1700 mc/2270 mec 1700 mc/2270 mc 1700 mc/2270 mc

1 26/21 -13.8/-12.0 -14. 6/-14.2

2 36/23 ~12.6/-15.4 ~14.2/-13.8

3 35/22 ~14. 6/-18. 4 -10.0/-11.4

4 29/21 -10.8/~- 9.6 ~-10.0/- 4.6
-113~




Beam No. BW_(degreesj 1st Sidelobe (db)  Grating Lobe (db)
o 1700 mc/2270 mc 1700 mc/2270 mc 1700 mc/2270 mc

5 27/20 ~-13.0/-18.0 — /-11.5
6 35/23 -10.2/~- 8.4 —/-16.2
7 35/23 -13.8/-14.6 -10.1/- 9.9
8 - 30/21 -11.0/-13.2 ~10.5/~- 6.2
9 27/20 -14.6/~13.4 -15.8/-11.2
10 . 34/24 -11.0/-12.3 -15.5/-16.8
11 35/23 ~-13.8/-17.0 -11.5/-17.2
12 31/21 -11.1/-10.4 -9.2/- 4.6

Examination of the above data will indicate that the beamwidths generally in-
crease as the position relative to the boresight axis increases, while the side~
lobe levels generally become higher as the angle from boresight increases. The
measured sidelobe levels range from -18 db to -12 db. These levels may be com-
pared to a theoretical value ofr approximately -15. 6 db. The grating lobes are a
by-product of the element spacing and are generally worse at the highest frequency
as would be expected. The pattern data were also taken for Eg polarizations. How-
ever, the similarity of the data coupled with the large number of pattems required
to describe this data in the report, did not warrant their inclusion.

The measured gain at 1700 mc was 14; 6 db. The measured gain at 2270
mc was 17 db. These fiwes may be compared to approximate computed values of
16.5 and 190'1 db. ’fhe differences are attributable to losses in the twelve-port
network and the spiral antennas. The above gain figures do not include the loss
in the 12-way switching network which was added .after these data were taken.

The losses in the twelve~port switching network were defined in Section 3. 3.
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4.3 Multiple-Beam Svstem ‘Aith Interpositioning

Pattern data for the interposioned four-element array are shown in

Figures 47 and 48. These data are for Eg polarizations (horizontal polariza-

tion) and contain the patterns for bothv the interpositioned and non-interposi-
tioned states. The pattern data are in good accord with theory. By way of
example, the reader may refer to the predicted patterns of Figure 49 which

are for a frequency of 2270 mc. The pattern data for Eg {vertical polariz;a—
tions) are essentiaily the same as those shown for Ey polarizations. Exam-
ination of the experimental patterns will indicate that the interpositioned
beams raise the level at crossover by an amount ranging from 1.5 to greater
than 2 db. However, since the addition of the two-step phase shifter de-
creased ...e non-interpositioned gain by approximately 0.3 db, the net gain
increase ranges from 1.2 to 1.7 db. The question of whether or not this im-
provement in the gain at the crossover position warrants the inclusion of two-
step phase shifters mﬁst then depend on whether the added gain warrants the
increased complexity. It is worth noting that the gain loss in the reverse bias
case, caused by the diodes in the two-step phase shifters, could be improved

by almost 1 db if more time is spent in developing the component.

The depicted data indicates that the interpositioning technique is feas~

ible and that the technique could be included as part of the cylindrical array

concept (or indeed as part of any muitiple-beam array concept).
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5.0 RECOMMENDATIONS AND CONCLUSTONS

The preceding report has ciscdssed the implementation of two rather
unique concepts and their integration intc a package format which could be
considered reasonably typical for an orbiting satellite. The antenna data
obtained are in generally gcod accord with computed data. The interpositioning
technique has been shown 1o improve the gain at the crossover regions by ap-
proximately 1.2 to 1. 7 db. The high-pcwer, solid-state SPDT switch de-
veloped and implementied in the SP1ZT and SP16T switches has demonstrated
its capability of handling in excess cof 20 watts of average power.

It appears that the paitern performance of the planar array technique,
the cylindrical technique, and the interpositioning technique can be reasonably
well predicted by theory. It has further been demonstrated that these antenna
techniques are at least usable over the investigated bandwidth., Furthermore,
switching techniques have been developed which can handle in excess of 20
watts of average power; a power level reasonably consistent with most satel-
lite applications. The cylindrical array concept is particularly intriguing
since it allows the interior volume of the satellite to be used for other purposes.

Many satgllite antenna systems might require lower sidelobes than
those achievable from the uniformly {lluminated array. Such a low sidelobe
multiple-beam cylindrical or multiple-beam planar array system has not been
developed at this time. However, it is beliexted that, since the uniformly

excited techniques generally result in data which are consistent with theory,
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cofresponding improvements would be achieved with non-uniform tapered
distributions. It is recommended tha: the cylindrical array technique be
given every consideration, particulariy where the satellite attitude is random
or where spin stabilization is utilized. In the instance of spin stabilized
satellites, the need for high gain omnidirectional coverage is not necessary.
However, even in this instance the cylindrical array would be most useful
since it would allow automatic de-spinning of the far-field beam.

The effort supported by this reported program indicates that high gain,
omnidirectional receiving and transmitting antenna systems are practical in
a satellite-type configuration. It is felt that sufficiently good results have
been obtained to allow the development of an operational system within a

12 to 24 month span; with the time dependent on system complexity.
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