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ABSTRACT

Radiation characteristics of a spherical antenna array of circularly
polarized elements are studied both theoretically and experimentally. It is
found that such an array is capable of providing broadband and complete hemi-
spherical coverage suitable for direction finding purposes. The theory developed
should be adequate for the design of such arrays.

On the basis of the above study, an exploratory model of a UHF spherical
array azimuth and elevation direction finder is proposed. The array uses flat
spirals as individual elements. The necessary phasing of the antenna elements
and the scanning of the beam for direction finding are accomplished by using
delay lines and diode switches in conjunction with a general purpose computer.

An alternative method where a correlation processing technique is ap-
plied to the output data from the antenna elements for direction finding purposes

is also discussed.
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FOREWORD

This report was prepared by The University of Michigan Radiation
Laboratory of the Department of Electrical Engineering under United States
Army Electronics Command Contract No. DA 28-043 AMC-01499(E). This
contract was initiated under United States Army Project No. 5A6 79191
D902 01 04 "Azimuth and Elevation Direction Finder Study'". The work is
administered under the direction of the Electronics Warfare Division, Ad-
vanced Techniques Branch at Fort Monmouth, New Jersey. Mr. S. Stiber
is the Project Manager and Mr. E. Ivone is the Contract Monitor.

The material reported herein represents the results of the preliminary
investigation into the study of the feasibility of designing a broadband cir-

cularly polarized direction finder antenna with hemispherical coverage.
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INTRODUCTION

This is the final report on a study to determine the feasibility of developing
a broadband VHF azimuth and elevation direction finder. The system is to operate
over 5:1 frequency band (0. 6-3 GHz) and is to employ circularly polarized antenna
elements. Direction finding is to be done over a complete hemisphere.

It is well known that in the case of planar arrays with electronic scanning,
the spatial coverage is restricted due to the fact that the directive gain of the an-
tenna array decreases with beam steering. The requirement of complete hemi-
spherical coverage with appropriate gain and electronic scanning rules out the use
of planar arrays for our purpose. The polarization requirement of the radiated
field and the physical symmetry of a spherical surface suggest the possibility of
using an antenna array where the individual elements are placed on the surface of
a sphere. At any instant of time, a predetermined number of elements (or a sec-
tor of the spherical surface) will be activated so that the beam is dicrected in a
particular direction in space. Direction finding over the entire hemispherical
region is to be done by scanning the beam. The scanning may be accomplished
either by activating different sectors of the spherical surface or by introducing
variable time delay to the elements in one particular sector or by a combination
of both.

The major effort during this phase of the investigation has been to study
the radiation characteristics of a spherical antenna array sufficiently to determine

whether or not it may be used for azimuth and elevation direction finding.
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Our theoretical studies on the spherical array have shown that it is
feasible to develop a spherical array of circularly polarized antenna elements with
some distinct advantages. An experimental investigation has been conducted to
verify some of the theoretical conclusions. During the experimental study, only
the feasibility of arraying circularly polarized antenna elements over a hemi-
spherical surface was considered. We have also considered theorectically the
problem of scanning and the implementation of a possible complete system for an
azimuth and elevation direction finding.

The plan of the present report is as follows. Chapter II discusses the re-
sults obtained from a theorectial investigation of the radiation characteristics of a
spherical antenna array. It is mainly based on the work reported in our three
previous quarterly reports. Chapter III gives results obtained from experimental
investigation. Both individual elements and the spherical antenna array character-
istics have been studied. Wherever possible experimental results are compared
with the theory. Chapter IV discusses the implementation of a proposed exploratory
model of a spherical array direction finder system. Chapter V discusses the data
processing aspects of the direction finding system. The correlation processing of
the output data from the antenna elements and its application to direction finding
are discussed. Although the preliminary model proposed in Chapter IV uses the
conventional approach to the antenna array, the correlation approach seems to have
some advantages. Chapter VI gives our conclusions and recommendations for future

studies.
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SPHERICAL ARRAY CHARACTERISTICS: THEORETICAL DISCUSSION

This chapter discusses briefly the results obtained from a theoretical
study on spherical antenna array which have been reported in our previous
three quarterly reports (Sengupta, et al, 1965; March 1966; June 1966). The
details of the analysis have been left out since they may be found in these refer-
ences.

No spherical array theory seems to have been previously published al-
though Harris and Shanks (1962) and Du and Tai (1964) have discussed somewhat
similar problems. Our initial effort was therefore devoted to the development of
the theory and design of such type of antenna arrays. Our first quarterly report
(Sengupta, et al, 1965) discussed this. Theoretical expressions were given there
for the radiation patterns produced by a spherical antenna array. Each antenna
element was assumed to produce elliptically polarized radiation having a maxi-
mum along its axial direction. The theory was kept as general as possible so that
the results can be used when different parameters of the array are varied. The
case of circular polarization was derived as a special case. The individual an-
tenna element distribution on the spherical surface was kept arbitrary.

2.1 Element Distribution

There are many arrangements one could use in placing antenna elements
on the surface of a sphere. The ideal case would be to place elements such that
the distribution may appear to be the same from all observation angles so that
the antenna maintains a constant pattern during scanning. The maximum number
of elements that can be spaced uniformly on a spherical surface is only twenty,

which is too low a number to produce the desired gain from the antenna. However,
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elements can be arranged on the sphere as if they were being placed on the
twenty faces of an icosahedron. This provides an approximately uniform dis-
tribution. From a study of the icosahedron geometry a special element distri-
bution was developed. The details of the element distribution may be found in
our earlier reports (Sengupta et al, 1965; March 1966). Two types of distri-
bution were studied. Both of the distributions give approximately seven rings of
elements roughly fifteen degrees apart. In the first distribution the number of
elements in the seven rows is 1, 5, 10, 15, 20, 25, 25 (total number=101)
counting from the vertex to the equator. In the second distribution the number
of elements in the seven rings is 1, 5, 10, 15, 20, 20 and 20 respectively. Conse-
quently, active areas or caps may be defined by the half-cone angles, o = 150,
300, 450, ...... 750, or 90° in such a way that there are (for example in
second type of distirbution) approximately 6, 16, 31, 51, 71 or 91 elements in
these caps. This number varies somewhat with bean pointing position. Since
the second distribution resembles more to the icosahedron geometry we have
chosen this as our final distribution. The average element spacing for this dis-
tribution is approximately given by sa0.3a, where s is the element spacing,
and a is the radius of the sphere.

2.2 Theoretical Expressions for the Radiation Patterns

By neglecting mutual coupling and assuming a radially directed, circularly
polarized, half-cosine element pattern for all frequencies, it can be shown
(Sengupta et al, 1965) that the electric field for the hemispherical array at a far
field point P(R, 6, §) is

> ei(w t-kR)
E(R, 6, )= "(69' i 8¢) A8, 9) < (2.1)
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6 M(n)
ALB, ¢)=Z z (snrnwnmeXp {il:ka(wnm-Anm) _(Snm_nnm)]} ’
n=0 m=0

(2.2)

In the above M(n) is the appropriate number of elements in the ring for a par-
ticular value of M. In Egs. (2. 1) and (2. 3) 39 and 'é¢ are unit vectors and ka
is the electrical radius of the sphere. The term ll/nm used for both electrical

path length and element pattern, is the cosine of the angle between an element

position (a/n, Bnm) and the far field point P(R, 6, §) and is given by

sl/nm(e, @)= cos 6 cosa + sin@sina cos (¢ - Bnm) . (2.3)

Phase dependence of the radiation field due to the orientation and polarization of

the antenna elements can be combined in the expression for Enm where,

(cosan+ cos 6) sin (@ _Bnm)

tan & (2.4)

nm_ sine _sinB+(1+cosa_cos 6)cos(f -B_)
n n n

The phase correction terms A =y (6 ,§
hm ‘nm o’ ’o

to direct the pattern maximum towards the point 90, ¢0.

and n_ = Snm(eo, ¢0) are used

For an active cap centered at 60, ¢o with half-cone angle afo, the on-off

condition switch & is,
nm
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1 if Anm > cos ozo, wnm >0
6nm= . (2.5)
0 otherwise

This condition means physically that only those elements which are both visible
from the observation point (6, #) and which lie within a/o degrees of the point
(90, ¢0) contribute to the pattern. It is a reasonable assumption when the ele-
ments are assumed to lie on a spherical ground plane.

2.3 Numerical Investigations

Using the above model for the antenna array, radiation patterns have
been numerically computed with help of Egs. (2. 1)-(2.5) under various operating
conditions. The results were reported and discussed in detail in our earlier re-
ports. Based on those results we make the following observations regarding the
radiation characteristics of a spherical array:

(1) For a complete hemispherical illumination the main beam of the
pattern stays the same in two orthogonal planes. There appears to be 3db dif-
ference in the first sidelobe amplitudes. This discrepancy is attributed to the
difference in the element distribution along the meridian and equatorial planes.

(2) The pattern stays approximately the same when the beam is steered
over 0-90° in elevation.

(3) With increase of a/\ the main beam narrows as it should and the
level of the first sidelobe stays practically the same. After studying the com-
puted patterns of the hemispherical array, we conclude that typically the first
sidelobe level is ~18db and the second sidelobe level -24db. For a/) > 3
pseudo-grating lobes appear in the pattern.

(4) As the activated region is varied (say from @ = 75° to a = 300)
the main beam broadens with corresponding reduction of the first sidelobe ampli-

tude.
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(5) It is found that for o = 750, the directivity is 19. 3 db (compared to
an isotropic source) for a/>t= 1.5, and as a/)L is increased to 8 the directivity at
first increases and then fluctuates about the value 21db. For @ = 450, the di-
rectivity is 15.5db at a/x=1.5 and then fluctuates around the mean value 21.5db
as a/) is increased.

(6) The half-power beamwidth of the pattern produced by an activated

spherical cap of half-angle @, is approximately given by:

® ~ 2gin |- L28 (2.6)
1/2 ka sina

2.4 Pseudo-grating Lobes in the Pattern

As mentioned earlier for large element spacing (i.e. a/) large) there
appear strong lobes in the patterns. These are referred to as subsidiary or
pseudo-grating lobes. In general, with the increase of a/), these lobes in-
crease both in amplitude and number. In our previous reports (Sengupta et al,
March 1966; June 1966) we discussed in detail the pseudo-grating lobes in the
patterns produced by circular arrays of isotropic elements. It was found that
for the element spacing s > )\/2 pseudo-grating lobes appear in the pattern.

The amplitude and location of these lobes depend on the number of elements used
and the spacing between them. However, in no case do the pseudo-grating lobe
amplitudes achieve values equal to the maximum value of the main beam. In the
spherical array case, the behavior of the pseudo-grating lobes should be similar
although in general, the amplitudes of these lobes will be much reduced due to the

spherical distribution of elements.
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2.5 Concluding Remarks

The above discussion shows that a spherical array with circularly polarized
elements can provide extensive spatial coverage over a wide band of frequencies.
The special arrangement of the elements suppresses the grating lobes and thereby
makes the array broadband. The directivity of the array is found to be almost
invariant with beam steering. The next chapter discusses the experimental re-

sults which confirm some of the above conclusions.
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EXPERIMENTAL INVESTIGATION AND COMPARISON WITH THEORY

This chapter discusses the results obtained from an experimental in-
vestigation of the various aspects of the spherical antenna array. The basic pur-
pose of all the experiments carried out was to evaluate the validity of the theory
developed earlier and to obtain other relevant information which was not con-
sidered theoretically. The reasons for choosing flat spiral (or the Archimedean)
antenna as the individual element of the spherical array are discussed. The re-
sults of experimental investigation of the different properties of spiral antennas
are given. A two-element (on planar surface) and a five-element circular array
of spiral antennas (on a hemisphere) have been studied experimentally in order
to obtain some design information. The measured radiation patterns produced
by a sixteen-element array of spirals placed on a hemispherical ground plane
are given. These results are compared with theoretical patterns. Finally,
preliminary results obtained from a study of the mutual coupling between two
spiral antennas are given.

3.1 Choice of the Primary Antenna Element

The system requirements for the direction finder antenna are such that
one should use circularly polarized broadband antennas as the individual elements
of the spherical array. The possible choices for the primary antenna element are:
crossed dipoles, helical antennas, log conical helix and flat spiral antennas.

For limited performance crossed dipoles fed in quadrature may be used
as circularly polarized elements but their bandwidth is very restricted. The

polarization and broadband characteristics of helical antennas are not as good as
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those of log conical and flat spiral antennas. Initially we studied (Sengupta et al,
1965) log conical helix antenna as a possible primary element. Radiation patterns
and impedance characteristics of the log conical antennas were studied experi-
mentally over the frequency range of interest. It appeared from this study that
they are not ideally suited for use on the azimuth and elevation direction finder
for the following reasons: (1) the VSWR characteristics over the desired 5: 1
band of frequency are poor; (2) the physical size of the antenna is large; and,

(3) with change of frequency the phase center of the antenna may change.

The two wire Archimedean or flat spiral when properly excited have
been shown (Kaiser, 1960) to produce circularly polarized radiation which is
broadband not only with respect to input impedance but also to the radiation pat-
tern. For the reasons mentioned above we decided to use the cavity backed flat
spiral antenna as the primary element of the spherical array. The following
sections give a general discussion of flat spiral antennas and also discuss some
of the results obtained from our experimental investigation of such antennas.

3.2 Flat Spiral Antennas

3.2.1 Theoretical Considerations

The Archimedean spiral is defined by

r = af (3.1)
where
r = radius from the spiral center
0 = angular measure in radians
a = a constant which controls the spiral pitch.

A typical bifilar flat spiral is shown in Fig. 3-1. At the present time, there is
no rigorous theory to explain the performance of a spiral antenna. However, one

may consider qualitatively that the bifilar spiral antenna behaves as though it were

10
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FIG. 3-1: DIMENSIONAL DRAWING OF A TWO WIRE SPIRAL
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a two-wire transmission line with input terminals at A-B (Fig. 3-1), which is
gradually transformed into a radiating structure or antenna because of the spiral
geometry. This can be seen as follows. The two diametrically opposite points
P and Q (distant r from the center of the spiral) situated on the two lines are
at the same electrical distance from the two input terminals B and A respectively
(Fig. 3-1). Thus, the difference in line lengths between the points P and P' is
arc QP'. If Ar <<r, then this line length difference =~#wr. Assuming that each
wire supports a traveling wave of current and that these current waves are out of
phase at the input terminals A and B, it is clear that if r=k/21r then the currents
dt P and P' will be in phase. Similarly, under this situation Q, Q' also will be
in phase. Thus, the radiation from the spiral may be assumed to be from the
currents confined to an annular ring of turns of one wavelength mean circumference.
This property makes the spiral antenna an inherently broadband and constant
beamwidth device. The above is the first or the axial mode of operation. The
mean diameter d of the annular ring of currents for radiation in different modes
may be expressed as:
avB . n=1,2,34 ... (3.2)

Antiphase excitation at the input terminals will produce only the odd modes of
radiation while the inphase excitation will produce only the even order modes of
radiation. The lowest and the highest frequencies of operation are usually deter-
mined by the parameters R and ¢ respectively (Fig. 3-1).

A planar spiral when excited in the lowest mode produces a broad cir-
cularly polarized beam on each side of the spiral (Kaiser, 1960). Each beam is
normal to the plane of the spiral and the sense of circularity of polarization of the

beam on one side corresponds to the winding sense of the spiral as viewed from

12
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the other side. For producing a beam in one direction only the spiral is usually
backed by a cavity.

The circular symmetry of the spiral about its axis allows rotation about
the axis to produce a change in phase of the radiated field everywhere in space
without variation in the far field amplitude. Thus, in the axial or the lowest
mode of operation, one degree of mechanical rotation produces a corresponding
change in phase of one electrical degree in the radiated field. In our theoretical
model we have assumed that the pattern produced by a flat spiral operating in
the axial mode is given by,

+-:
£(6) = cos 6 e J¢, —§<9< , (3.3)

N

where 6, @ are the usual spherical coordinates with the polar axis z oriented
along the axis of the spiral. As will be seen later, the experimental pattern
does not exactly correspond to that given by Eq. (3. 3) but, for simplicity of
computation in the theoretical analysis, it seemed best to use this equation.

3.2.2 Model of the Primary Element

The particular spiral chosen for our primary antenna element is a
15 turn bifilar configuration similar to that shown in Fig. 3-1. The maximum
diameter of the spiral is 8" and it is backed by a flat cavity 1" deep. The
spiral is fed by a linear-tapered balun (Duncan and Minerva, 1960) at the center
such that it operates in the axial mode. The length of the balun is approximately
15" long, i.e. it was slightly longer than X/2 at the lowest frequency of interest

(600 MHz). A photograph of a typical spiral is shown in Fig. 3-2.

13
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FIG. 3-2: PHOTOGRAPH OF A SPIRAL ELEMENT

14
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Impedance and radiation pattern data were collected for several of the
spirals with and without a ground plane at several frequencies within the opera-
ting band. Initially, two flat spirals were constructed and tested. Since these
performed quite satisfactorily, they were chosen as the primary elements for
the hemispherical array and 16 elements were fabricated.

3.2.3 Experimental Results for Spirals: No Ground Plane

The 16 spirals were initially labelled 16-1, 16-2, ....16-16 so they
could later be identified in the array. A reference mark was placed on each
element to insure proper orientation relative to each other during later tests,
i.e., the spirals were marked 'top' as shown in Fig. 3-3 such that the shielded
and center conductor of the coaxial cables were respectively connected to the
minus and plus terminals of the bifilar spiral.

The VSWR characteristics of the 16 spirals (with respect to 50 ohm)
were measured at 0.6, 1.8 and 3.0 GHz and is shown in Table III-I. Five ele-
ments (16-7, 16-8, 16-11, 16-14 and 16-15) were selected from which a com-
prehensive set of data was collected. Pattern data was collected in accordance
with the coordinate system of Fig. 3-4. The following transmitter polarization
conditions were employed: (1) horizontal polarization (E ¢) with respect to
ground, (2) vertically polarized (E 6) with respect to ground, and (3) the trans-
mitter polarization variable (to obtain the ellipticity of the patterns). Figures
3-5 through 3-7 are typical pattern data that were collected for spiral 16-7
at 0.6, 1.8 and 3.0 GHz. Figure 3-5 shows the horizontal, vertical and ellip-
ticity patterns at 0. 6 GHz and similar patterns are shown for 1.8and 3.0 GHz in
Figs. 3-6 and 3-7, respectively. The deterioration of the E ¢ pattern at 1.8 GHz
(Fig. 3-6a) is attributed to the unbalance excitation caused by the balun. The cir-

cularity of polarization of the radiated field may be considered to be very good
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Ant, No.

16-1
16-2
16-3
16-4
16-5
16-6
16-7
16-8
16-9
16=10
16-11
16-12
16-13
16-14
16-15
16-16

7577=1~F

TABLE III-1

Spiral VSWR (No Ground Plane)

0.6 GHz

1.
1.
1.
1.
1.
1.
1.
1,
1.
1.
1.
1.
1.
1.
1.
1,

47
45
85
39
7
22
50
19
38
25
11
35
47
35
34
95

16

1.8 GHz

1.85
1.90
1.95
2.00
2.10
1.80
1.90
2.00
1.95
2.00
1.75
1.75
1.85
1.85
1,75
1.55

3.0 GHz

2.10
2.10
2.40

2.00
2.70
2. 30
1.70
2.90
1.75
1.87

1,95
1.95
2.10
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”Top”

FIG. 3-3: 15 TURN BIFILAR SPIRAL
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FIG. 3-4: SPIRAL ANTENNA COORDINATE SYSTEM
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over most of the frequency range of interest except near the lowest end. With
good agreement between the results of the five antennas mentioned above it
was felt that the design configuration would be satisfactory and consideration
was next given to typical data that would be obtained with a flat ground plane
since the fabrication of the hemispherical ground plane had not been completed.

3.2.4 Spiral Experimental Data with Flat Ground Plane

A 4 x 6 foot flat ground plane was assembled and provisions made such
that one to five spiral elemtns could be tested at a time. However, because of the
limitation of time and funds data was collected only for a single and one pair of
elements.

The impedance of four spirals (16-1, 16-2, 16-3 and 16-16) was mea-
sured and is referenced to the connector of Fig. 3-2, and is shown in Fig. 3-8
for a frequency of 1.8 GHz. This data was obtained by placing the spirals one
at a time in the ground plane. It is found that the ground plane has slightly in-
creased the VSWR in comparison to the Table ITI-I results.

Pattern characteristics of the 16 spirals were measured with the ele-
ments mounted individually into flat ground plane and data collected in accordance
with the coordinate system of Fig. 3-9. Typical horizontal polarized (E ¢) pat-
terns in 6 =900, ¢-variable plane for several elements (16-4, 16-7, 16-9, 16-8,
16-10 and 16-11) are shown in Fig. 3-10. It is evident from Fig. 3-10 that all
the spiral antennas have approximately the same electrical performance. It is
interesting to note that as compared to the case with no ground plane, the beam
tends to be squinted from the axis of the spiral. The squinting is casued by un-
balance currents in the balun which may excite higher modes in the antenna. How-
ever, because of the limited time, efforts were not made to correct this. This
squinting tended to be prevalent only at the frequency of 1.8 GHz. In Fig. 3-10
the back lobe data was not recorded because of the inability to provide a reliable

reading. It is felt that the individual pattern of a spiral antenna in the presence
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FIG. 3-8: SPIRAL IMPEDANCE AT 1.8 GHz
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FIG. 3-9: FLAT GROUND PLANE COORDINATE SYSTEM
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of a spherical ground plane should be studied and compared with its corre-
sponding pattern without ground plane. Because of time limitation it was not
studied here.

3.3 Array Results

This section describes the results obtained from the study of three
array configurations, namely a two element, a five element circular and a
sixteen element spherical cap array. The two element array was studied in
order to determine the phase variations in the radiated field caused by the
rotation of the spiral about its axis. The five element circular array was studied
to ensure that a uniform phase distribution could be obtained from the 8-way power
divider. The array of sixteen spirals placed on a spherical cap was studied in
order to verify our theorectical results.

3.3.1 Two Element Array Data

The two element array patterns were studied for the two configurations
as shown in Fig. 3-11. The phase difference patterns were taken by physically
orienting the reference mark (‘top' of Fig. 3-2) of the reference antenna (16-1)
to the upper half of the ground plane and that of the test antenna (16-N) to the
lower half of the ground plane as shown in Fig. 3-11. The spiral 16-1 was em-
ployed as the reference antenna and the remaining 15 elements were referenced
to determine the relative phase. Care was taken to ensure that the spirals were
fed by equal phasing lines such that the impedance referred to the input of the
feed cables was identical for each of the 16 spirals. All pattern data was col-
lected at 1.8 GHz for E ¢ polarization in the 0 = 900, ¢ variable plane (see Fig. 3-9).
Phase difference and phase addition patterns are shown in Fig. 3-12. The data
shown in Fig. 3-12 is typical of that obtained for the 16 spirals. The occurrence
of a null at ¢ =0° for the phase difference patterns and a maximum at ¢ =0° for the

phase addition pattern confirmed the theoretical prediction, discussed before,
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FIG. 3-11: ORIENTATION OF SPIRALS FOR PHASE DATA

28



THE UNIVERSITY OF MICHIGAN
577-1-F

Phase Difference

Pol. = E¢
6 = 90°

@ = variable

(a)

Phase Addition
Pol. = E¢ = & i
6 = 900

@ = variable

(b)

FIG. 3-12a,b: PATTERN PHASING DATA
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that there is a one to one correspondence between the mechanical rotation of the
spiral about its axis and the phase of the radiated field in the lowest mode of op-
eration. After comparing the results obtained from all the 16 elements it was
concluded that the phase characteristics of the 16 elements were essentially
identical.

3.3.2 Five Element Circular Array (Hemispherical Ground Plane)

To obtain the necessary pattern data to evaluate the strip line power di-
viders, five spirals were installed in the 6' diameter hemispherical ground
plane. The detailed design and construction of the strip line power divider and
the hemispherical ground plane are described in Appendix A and Appendix B,
respectively. Before discussing the results obtained from this aspect of the
study it is appropriate to give a short description of the element arrangement on
the hemispherical ground plane.

Sixteen holes were placed in the hemispherical ground plane as shown in
Fig. 3-13 in accordance with the coordinate system of Fig. 3-14. One hole was
located at the north pole (6 =00), a ring of five holes were equally spaced at 6 = 150;
¢n=n 72°(where n=0, 2, ...5) and 10 holes were equally spaced at 6 = 30°; ¢n= n36°
where n=1, 2, ... 10). To evaluate the electrical characteristics of the 8-way
power dividers a five element array was assembled by placing five elements in
the 6 = 150 ring of Fig. 3-13. Elements were not placed in the remaining 11 holes
and therefore the holes remained uncovered during the tests for the 5 element array.

Both phase difference and phase addition patterns were collected along
two principal planes (6 variable: § = [00; 180()] and @ = [900; 27003 ) of the
hemispherical array and for two polarizations (E 0 and E ¢). Phase difference
patterns were obtained by orienting each spiral on the inner ring such that their
phase reference vector was parallel to the @ = OO, 720 ce 3600 radials, as shown

in Fig. 3-15, extending from the apex of the hemisphere; the corresponding reference
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vectors of the spirals on the outer ring were oriented parallel to 00, 360,

72° ... , etc. Phase addition patterns were obtained by physically re-ori-
enting the elements such that all reference vectors of the spirals were parallel
as shown in Fig. 3-16. Both Figs. 3-15 and 31-6 show all 16 elements since
they will be referenced later in the report.

Since an 8-way power divider was employed to excite the five element
array, it was necessary to terminate the three unused terminals with 502 loads
to minimize reflections from them. Typical phase difference and phase addition
patterns are shown in Fig. 3-17 and Fig. 3-18, respectively. The multiple
lobes in the patterns are the pseudo-grating lobes caused by the large spacing
between the elements. Since the main purpose of this study was to study the
performance of the power divider and the individual elements we do not discuss
the patterns further at this time. The results given in this section indicated that

the power divider and the individual spiral antennas were operating satisfactorily.

3.3.3 Sixteen Element Array (Hemispherical Ground Plane)

The element distribution of this array on the hemispherical ground plane
is as shown in Fig. 3-13. This particular array was studied in order to verify
some of the theoretical results and, moreover, this is very similar to the one
proposed for the system implementation.

For the purpose of theoretical computation two assumptions were made
that should be noted here. First, it was assumed that the far field radiation pat-
tern of a spiral could be mathematically expressed as a cosine function over the
hemisphere (Eq. 3.3). However, in practice this is not true but for the purpose
of the present study, this was felt to be a good approximation for the pattern of

the spiral. Second, it was assumed that E  and E¢ patterns for the spiral were

0
essentially the same. Again, this assumption is not strictly true, but it was

felt to be a reasonable assumption. The reader should, therefore, be aware

that exact agreement between the theoretical and experimental results reported
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FIG. 3-16: PHASE ADDITION ORIENTATION
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here is not expected. It will be seen that inspite of these assumptions the
two sets of results reported here demonstrate fair agreement and the de-
pendability of the theory.

Theoretical data had been calculated previously for two frequencies
(982 and 2620 MHz). This data was calculated for two conditions which were
with and without time delay correction. A discussion of the time delay is now
necessary. The time delay is to correct for the physical displacement of the
spirals (located at 6 = 15o and 300) from the north pole of the hemisphere. In
practice this time delay is accomplished by installing transmission lines of
the appropriate electrical length to correct for physical displacement of the
spirals so that a uniform phase distribution will exist on a plane parallel to the
surface that is normel to the Z axis and (tangent to the hemisphere at 6= OO)
of Fig. 3-14.

Perhaps it is appropriate to give a short discussion on the three types
of patterns discussed in this section. The phase difference and phase addition
patterns without time delay corrections refer to the cases when the spiral ele-
ments are oriented on the spherical surface as shown in Figs. 3-15 and 3-16,
but they are fed with equal lengths of lines. The patterns with time delay cor-
rections refer to those obtained from the array when the elements are oriented
as in Fig. 3-16 but the lengths of the delay lines are chosen such as to produce
a maximum along the desired direction.

A theoretical pattern is shown in Fig. 3-19 for the following conditions:
1) frequency of 982 MHz, 2) no time delay correction, 3) elements are oriented
to produce a phase difference pattern (Fig. 3-15). Figure 3-20 shows experi-
mental patterns for the 16 elements having the conditions noted above for the
6 variable plane along @ = (Oo; 1800) for both E 0 and E¢ polarizations. Figures
3-21 and 3-22 are respectively theoretical and experimental patterns employing

the same condition as noted above for 982 MHz.
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FIG. 3-19: THEORETICAL PHASE DIFFERENCE PATTERN OF 16 ELEMENT
ARRAY WITH NO TIME DELAY COORECTION
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FIG. 3-20a,b: EXPERIMENTAL PHASE DIFFERENCE PATTERN OF 16
ELEMENT ARRAY WITH NO TIME DELAY CORRECTION
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FIG. 3-21: THEORETICAL PHASE DIFFERENCE PATTERN FOR A 16
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FIG. 3-22a,b: EXPERIMENTAL PHASE DIFFERENCE PATTERN FOR A 16
ELEMENT ARRAY WITH NO TIME DELAY CORRECTION
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Figure 3-23 is a theoretical phase addition pattern (Fig. 3-16) with no
time delay correction for 982 MHz. Typical experimental patterns with 6
variable, ¢=(9OO; 2700) are shown for this case for 982 and 2620 MHz, re-
spectively in Figs. 3-24 and 3-25. Each of these figures show the response

of the 16 element array to both E_ and E¢ polarized energy. From these

figures it can be seen that no welf defined major lobe is formed. The principal
cause for the poor pattern response is due to the location of the in phase ele-
ments on the hemispherical surface rather than on a planar surface, as noted
previously. To correct for this displacement the appropriate time delays for
elements located at 6 = 15O and 300 were calculated and incorporated in the
theoretical phase addition computer programs. Theoretical patterns for the

16 element array, with the above time delays included, were calculated for two
principal planes (§ = [OO; 1800] and [900; 2700] ) at a frequency of 982 MHz
and are shown in Fig. 3-26. Typical experimental data employing the appro-
priate time delays are shown in Fig. 3-27 for comparison. Again, data is shown
for both E¢ and E 0 polarization. Figure 3-28 is a partial plot of a theoretical
phase addition pattern that was calculated for a frequency of 2620 MHz with the
appropriate time delays included in the computer program. This data was cal-
culated for the § variable, @= (900; 270°) plane. Figure 3-29 illustrates
typical experimental data that was recorded at 2620 MHz employing the appro-
priate time delays.

Considering the idealized pattern assumed for the individual spiral in the
theoretical model, the agreement between the theoretical and experimental re-
sults with respect to the beamwidth, side-lobe levels and positions in the patterns
is considered to be satisfactory. The strong lobes obtained in the patterns in the
high frequency end (Fig. 3-29) are the pseudo-grating lobes caused by large ef-
fective spacing between the elements in this range. However, the grating lobe
behavior is still much better than that obtained in the uniform planar antenna

array. It is expected that the amplitudes of the pseudo-grating lobes will be
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FIG. 3-23: THEORETICAL PHASE ADDITION PATTERN FOR A 16 ELEMENT
ARRAY WITH NO TIME DELAY CORRECTION
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Pol. = E(9
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FIG. 3-24a,b: EXPERIMENTAL PHASE ADDITION PATTERN FOR A 16
ELEMENT ARRAY WITH NO TIME DELAY CORRECTION
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FIG. 3-25a,b: EXPERIMENTAL PHASE ADDITION PATTERN FOR A 16
ELEMENT ARRAY WITH NO TIME DELAY CORRECTION
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(a)
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6 = variable
g = 90°; 270°

(b)

FIG. 3-26a,b: THEORETICAL PHASE ADDITION PATTERN FOR A 16
ELEMENT ARRAY WITH TIME DELAY CORRECTION
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f = 2620 MHz
6 = variable
] 1 ¢ = 900; 2700

FIG. 3-28: THEORETICAL PHASE ADDITION PATTERN FOR A 16
ELEMENT ARRAY WITH TIME DELCY CORRECTION
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reduced if one uses a larger spherical cap antenna array containing more than
16 elements.

As noted previously, the purpose of this portion of the study was to verify
the theoretical results. It is felt that results have demonstrated the general agree-
ment between the two. The ellipticity of the field radiated by the 16-element array
has not been studied here. However, after comparing the corresponding E 0 E g
patterns given, it may be concluded that the radiated field is very close to cir-
cularly polarized at the two frequencies considered. A photograph of the 16-ele-

ment hemispherical array of spiral is shown in Fig. 3-30.

3.4 Coupling Investigation

A limited investigation on the coupling effects that may be associated with
the hemispherical direction finder array has been conducted. During this study
two spiral antennas were evaluated when located in close proximity (9 inches
between center) to one another in a 4' flat ground plane. Impedance and pattern
was obtained at 3 GHz. All pattern data was in accordance with the coordinate
system of Fig. 3-9. Both data were obtained for the following conditions: 1) a
single spiral, 2) a single spiral in the presence of a second spiral terminated in
a 502 load, and 3) a single spiral in the presence of a second spiral terminated
with a short. Impedance and pattern data for the above conditions are shown re-
spectively in Figs. 3-31 and 3-32. This data is not felt to be complete but is
shown to illustrate the effects that may result from coupling. It appears from
this that the coupling may not be a serious problem. The coupling study should
be expanded to consider additional frequencies, more antennas and electronic
scanning techniques. Also, consideration must be given to the effects of coupling
on the hemispherical surface.

3.5 Concluding Remarks

From the results reported in this section it can be concluded that the

theory developed for the radiation characteristics of a spherical antenna array of
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FIG. 3-30: 16 ELEMENT (SPIRAL) HEMISPHERICAL ARRAY
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FIG. 3-31:
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IMPEDANCE DATA FOR COUPLING STUDY
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Measured Z was the same

for the following conditions:

1) Single Spiral

2) Single Spiral in the pre-
sence of a second spiral
terminated in a short

3) Single Spiral in the pre-

sence of a second spiral

terminated in a 50 2 load
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circularly polarized elements may be considered to be adequate for the design

of such arrays. Shortage of time did not allow for sufficient study of a few

other aspects of the problem. In particular, we feel more experimental work
should be done to evaluate the pattern of a spiral on a spherical ground plane,

the mutual impedance between spiral antennas and the directional characteristics

of the 16-element array.
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A PROPOSED EXPLORATORY MODEL
OF A SPHERICAL ARRAY DIRECTION FINDER SYSTEM

The purpose of this chapter is to illustrate the important design con-
cepts of a possible exploratory model for spherical array direction finding sys-
tem. With solid state diode switching of the received signals, the desired rapid
spatial scan and broad frequency coverage can be achieved and only a single
standard tunable receiver is required. The necessary phasing of the activated
antenna elements for scanning a particular sector of the hemisphere is accom-
plished by introducing an appropriate nondispersive delay line to each element
with diode switches. These switches and the programmed computer and inter-
face equipment required to control them constitute a major part of the cost of
the system. The phase adjusted signals are summed up and detected by means
of a standard receiver, the output of which is displayed on a cathode ray scope
or other suitable display device. The various components of the system are
shown in the block diagram in Fig. 4-1; a more detailed breakdown of the
operational components is given in Fig. 4-2. The PDP-8 digital computer is
the heart of the control section. It is connected to the diode switches in the
r.f. network by interfaces. These interfaces consist of logic circuits which
direct, store and decode the computer commands. In the following sections the
various components of the system are described in more detail.

4.1 Antenna Array

The spherical array consists of a number of flat spirals which are (al-
most) symmetrically located on a hemisphere. Different sectors (or caps) are
used for the different regions to be scanned; each cap would be used for a num-

ber of different observation angles. The desired directivity dictates the number
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Fixed
Program
Computer

Display

FIG. 4-1: BLOCK DIAGRAM OF VARIOUS COMPONENTS
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of active elements in the array and thereby the cost. As a reasonable compromise
between cost and directivity, caps containing 16 to 19 elements (covering roughly
30o half angle cone on the surface of the sphere) have been chosen for the design.
Over the frequency band of operation the directivity of this activated cap varies
approximately from 16 db to 21 db (Sengupta et al, June 1966, p. 12).

Since each active element must be properly phase controlled by an ex-
pensive switching network (while the majority of the elements are not in use), it
is advantageous to employ one network for a number of elements (which there-
fore must never lie on the same cap.) An example of this subdivision is shown
in Fig. 4-3 for a hemisphere containing 91 elements with caps containing 16-19
elements. Here, twenty-three identical switching circuits are used, all but one
of which handles four elements. Other schemes are undoubtedly possible.

If more elements were specified in the cap size, then a larger number of
switching networks would be required (with greater complexity and cost) and
each network could handle fewer elements. Thus, a thirty-seven element cap
would require at least thirty-seven switching networks each of which handles two
or three elements.

For the element distribution given in Fig. 4-3, only four basic types of
element distribution will occur in the cap if an element is always located at the
center of a cap. These four cap types are shown in Fig. 4-4. A cross hatching
code is used in Fig. 4-3 to locate the cap types. The table below summarizes
the characteristics of these caps. The cap description is derived from the ico-
sahedron geometry from which the element distribution was obtained. Standard
positions for elements in the caps are depicted in Fig. 4-4 with an alphabetic coding.
This symmetry must be utilized to make the problem manageable as far as the
scanning requirements are concerned. If only types 1 and 2 are used for the cen-
ters of caps, the cap size must be large to prevent beam distortion when the beam

is scanned away from the cap center. In addition, as the amount of steering
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Type 1: Icosahedron Vertex

Number of elements in cap: 16
E Number of occurrences on
hemisphere : 6
Orientation:
towards 6 = 0 except the
zenith element which is
F directed towards ¢ = 0

Type 2: Edge Intermediate

Number of elements incap: 18
Number of occurrences on

hemisphere : 30
Orientation:

towards nearest icosahedron

vertex

FIG. 4-4: PORTIONS OF FOUR TYPES OF CAPS ILLUSTRATING ORIENTATION
OF (AND ELEMENT SPECIFICATION WITHIN) CAP,
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Type 3: Edge Center

Number of elements in cap: 19
Number of occurrences on
hemisphere : 20
Orientation:
towrads = 0 or positive

Type 4: Icosahedron Face

Number of elements in cap: 19
Number of occurrences on

hemisphere : 35
Orientation;

towards nearest icosahedron

vertex

FIG. 4-4: PORTIONS OF FOUR TYPES OF CAPS ILLUSTRATING ORIENTATION
OF (AND ELEMENT SPECIFICATION WITHIN) CAP.
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increases, so do the length of the necessary phase paths and thus both com-
plexity and cost. Consequently, it now seems best to have as many caps as

elements and to employ each element as a cap center.

TABLE IV-I
Cap Cap Number of Number of
Type Description Elements Occurrences
1 vertex 16 6
2 edge intermediate 18 30
3 edge center 19 20
4 face 19 35

The number of observations made over the hemisphere is determined
by the minimum beamwidth. For the 300 cap the minimum half power beam-
width is 6°. In the present 91 cap system, when the half power beamwidth is
less than 150, it is necessary to make more than one observation per cap.
Seven observations per cap (637 per hemisphere) will supply total hemispherical
coverage for a minimum beamwidth of 6°. Fig. 4-5 shows seven adjacent ele-
ments or cap centers. Each cap is phased to look in seven directions, one
directed along the normal to the element center and six equally spaced on a
circle 6. 1° from the element center. The seven circles in Fig. 4-5 represent
a segment of the geometry in Fig. 4-3. There may be several other possible
sets of observation points providing various amounts of separation. We have
described only one typical case. It should be noted that overlapping of obser-

vation points is not proposed.
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Antenna Element

from the cap center
"X'" indicates observation
o Dbositions

\ 6 observations, 6. 1o

Cap center

Seven adjacent cap centers showing
49 observation positions.

FIG. 4-5: CAP OBSERVATION POSITIONS
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4,2 Antenna and Delay Line Switching

There are two basic parts to the switching networks: one which selects
the proper element to be used with the phasing network and a second part which
selects the proper time delay (see Fig. 4-2). A more detailed example is shown
in Fig. 4-6 where the two parts are placed on one "card" for the case of four
antenna elements feeding one card; twenty-three such cards would be needed in
this example. In operation, those elements not contained in a cap must be switched
to a matched load so that they may not produce undesirable effects. This first
part of the switching network requires two diode switches per antenna element.
One of the switches connects the antenna to the matched load and the other to the
delay line when needed. At any given instant of time, at least three of the ele-
ments, in some cases, are connected to the matched loads and on some of the cards
all the elements may be terminated in matched loads.

The second portion of the switching network in Fig. 4-6 consists of eight
delay lines, four short and four long, so as to obtain sixteen possible delay com-
binations. Diode switches are placed at each end of these lines. When a line is
not in use, both of its diodes are in the off mode so that no undesirable reflection
may be introduced from either end of the line.

The four long delay lines are used to direct the antenna beam along a di-
rection which passes through the center of the particular activated cap and is nor-
mal to the cap surface. The four short lines are used to steer the beam around
this central direction in six steps. The incremental lenghts of the delay lines
are determined by the upper unit of frequency (3 GHz) and the required accuracy
at that frequency. Their actual lengths may be determined by using the theoretical
expressions given in Chapter Il. There may be other schemes of switching the de-
lay lines. The one considered in Fig. 4-5 has been found to be best suited for the

present purpose.
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4.3 Computer and Interface

In order to control the selection of proper antenna elements and associated
delay lines for the proposed spherical array direction finder we have found The
Programmed Data Processor-8 (PDP-8), a general purpose computer manufac-
tured by the Digital Equipment Corporation, to be suitable for our purpose. The
computer requirements are mostly dictated by the number of observation angles
and the number of elements in an activated cap. It is less strongly influenced
by the number of phase paths. In this section we discuss briefly how the com-
puter performs the desired control operations required by the direction finder.

The Programmed Data Processor-8 (PDP-8) is a complete general-pur-
pose digital computer with a high speed, random-access, magnetic-core memory
which has a 4096 word storage capacity. Each word has 12 binary digits. Its
1.5 microsecond cycle time permits the PDP-8 to handle programmed input/ out-
put data transfers at rates up to 2 million bits per second.

In Fig. 4-2 the PDP-8 is shown in the control section where it directs
the operation of the array. Digital instructions pass from it through the inter-
face circuits to all the diode switches and display unit. The interface components
for the time-sharing antenna switches and the delay line switches are described
in more detail than the sweep control interface (Fig. 4-2). More work remains
to be done on the sweep interface, but it should be routine. With the present pro-
gram a direct instruction from the PDP-8 operates the receiver diode switch and
no interface is needed in this branch.

Since the PDP-8 issues one instruction at a time (at a rate of a few micro-
seconds per instruction) it is necessary to have buffer units which retain these in-
structions so that they can be applied to the switch as long as is required. Flip-
flop circuits which have two operating states (on or off) act as buffers. The binary
information in the flip-flop circuits is interpreted by the decoder networks which

in turn supply the diode switches with on or off bias voltages.

73



THE UNIVERSITY OF MICHIGAN
7577-1-F

Loop II in Fig. 4-2 has an additional unit (the parallel loaded flip~flop)
compared to loop I. In loop I each of the time-sharing antenna switches is set
sequentially, while in loop II the delay line switches are set simultaneously.
Simultaneous switching is achieved in loop II by having the series flip-flop
unit completely load the parallel flip-flop unit and then switching all the data
in the parallel unit to the diodes in the delay lines. After the delay lines are
activated the entire system is turned on and continues to observe at the same
position until the parallel unit is loaded again. If it is found to be advantageous to
introduce a parallel unit in loop I, this can be done; presently the cost involved
does not justify this addition.

A flow diagram of the program for the PDP-8 is shown in Fig. 4-T7.

The actual program for the PDP-8 is given in Appendix C. Four loops are in-
dicated in the flow diagram. Loops I and II are the same as those shown in

Fig. 4-2 and are used to control cap changes and delay line changes respectively.
The remaining two loops are the paths for controlling the scanning and tracking.

4.4 Summing Network

Referring to Fig. 4-2, the outputs of the switching network must be summed
before being sent to the receiver and display device. In order to reduce the un-
desirable effects due to coupling each input to the summer must be isolated from
each other. The summing process can be accomplished with an array of hybrid
tees which may be of the coaxial type or the entire circuit may be designed as a
strip line network. This area will require some more consideration.

4.5 Receiver and Data Display

It is assumed that a standard receiver will detect the output from the sum-
mer and apply the signal to the grid of a standard oscilloscope. Equipment for the
sweep control interface exists which will convert digital signals from the computer
to analog form for application to the x and y axes of the oscilloscope. During the

time when changes are being made in the switching networks, the receiver switch
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FIG. 4-7: FLOW DIAGRAM FOR PDP-8 DIGITAL COMPUTER.
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will disconnect the summer output from the receiver so that switching tran-
sients will not be seen on the display system.

4.6 Concluding Remarks

The implementation of the exploratory spherical array direction finder
proposed above seems to be feasible at a fairly moderate cost considering the
complexities of the problem. No major state of the art advance is required al-
though the cost of the rf diode switching circuits will be relatively high because
of their complexity. The simple model (with 16-19 antenna elements in a cap)

discussed above is estimated to have an overall gain that will vary 13 to 16db
| over the frequency band. This gain is less than the 18 db desired by the user.
Higher gain can be achieved by using more antenna elements per cap. However,

this will considerably increase the cost of the entire system.
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DATA PROCESSING ASPECTS
OF THE DIRECTION FINDING SYSTEM

The data processing aspect of a direction finding system concerns the
analysis of the signals induced in all the activated elements of the antenna
array and the computation or display of the angle of incidence of each arriving
wave or wave train within a given frequency band.

In this report one particular system for obtaining the angle of incidence
has been adopted, which, considering the task statement for this project and the
present state of the art, appears in our present judgement to offer the most sat-
isfactory solution of the problem. In view of the continuously changing state of
the art and other criteria, any subsequent research and development in DF-
systems must necessarily probe for new and different data processing techniques.
For this reason, the following section presents some of the ideas which have
been considered and investigated during the work on this project and which may
deserve some consideration for future applications.

Since the data are available continuously at all the antenna elements, the
theoretical minimum time required for determining the angle of incidence is ex-
tremely short; one limitation is, of course, the spread in the time of arrival at
the different points in the array; another one is the time required for recog-
nition or identification of a signal, i.e., the observation of such characteristics
as frequency, phase, amplitude, etc. In principle, it would be possible to process
simultaneously within this minimum time all arriving radiations regardless of
their frequency or angle of incidence. The requirement for anything approaching
this ultimate speed has not so far been urgent enough to justify the extremely

costly and complicated equipment that would be needed. The alternative is to
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adopt some more or less sequential procedure whereby the specified ranges
of frequency or solid angle or both are consecutively "searched" or "swept"
by a single processing channel, or possibly a small number of such channels.
The sequential frequency search is accomplished by tuning the receiver
or the processing channel in successive steps through the required frequency
range, each step being equal to or smaller than the bandwidth of the channel.
At each one of these frequency settings the angle of incidence may in prin-
ciple be obtained either by direct computation from the data or by a sequential
sweep of the whole required solid angle, let us say the hemisphere.

5.1 Simultaneous Equation Data Processing

If we disregard any reaction from the antenna array on the field, the
electromagnetic field of any particular signal at the location of each antenna
element E(t + -ri) differs from the other only by a displacement T in the time
due to the difference in distance from the source. A set of Ti-values referred
to the same origin determines completely the direction of incidence of the signal.
However, if the signal is relatively long and periodic, such a set may not be
measured directly and unambiguously, since the field at any element location
is invariant under the translation from t to t+nT, where n is any integer and
T is the period. When the distance between elements is of the order of a wave-
length or more, there is no obvious simple way of removing this ambiguity for
a sine wave signal. For this reason, the (in principle) appealing scheme of com-
puting the angle of incidence simply by solving a set of simultaneous equations
does not appear feasible.

Other alternatives are a sequential search of the whole hemisphere or
a simultaneous search of a number of sectors which jointly cover the whole hemi-

sphere.
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5.2 RF Phage-Shifting or Phase-Switching Methods

The traditional approach to the search process is the reciprocal of di—
rectional transmission; the antenna elements are connected to the common array
terminals through delay lines which are adjusted so as to obtain the desired an-
tenna pattern. The output of a receiver at the terminals reaches its maximum
when the antenna pattern points in the direction of the signal source.

This is the scheme that has been adopted for the DF-system proposed
in Chapter IV. It has a number of advantages: the antenna array has a single
pair of r-f output terminals, to which any suitable standard receiver may be

connected.

5.3 Correlation Methods for Data Processing

Another processing principle makes use of the correlations between the
incident signal data and some reference signal data. The actual signals in-
duced in the elements of the array are compared or correlated with the signals
which would be induced if a source of the same frequency were located at a
known elevation and azimuth (subsequently termed the "'reference source", gen-
erating the "reference signals'). If the '"bearing' of the reference source is
programmed to scan the complete hemisphere, the correlation reaches a maximum,
when the reference bearing coincides with the bearing of the unknown source.

The output of the correlator versus the elevation and azimuth angles traces a pat-
tern very similar to the radiation pattern of the array. The basic principle of
correlation data processing and its application to direction finding was discussed
in our earlier reports (Sengupta et al, March 1966; June 1966); it will not be re-

peated here.
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Correlation processing has several attractive features and has been
seriously eonsidered for this project. For this reason a discussion is in-
cluded in this report, and it is recommended that attention should be given
to such methods of DF data reduction, since different objectives and a more
advanced state of the art may tip the scales in favor of such a system.

One important problem in this data-handling system is the generation
or storage of the reference data to be supplied to the correlator. However, for
a given speed and angular resolution, no more information is required at each
frequency than for the control of a phase-switching system, but the use of dis-
persionless delay lines in the latter case offers a considerable advantage, when
a wide frequency range is to be covered.

The chief attraction of the correlation processing lies in the complete
absence of microwave switches or phase shifters. Electronic scanning is per-
formed by means of programmed variations of the pertinent parameters.

Since a number of correlators may operate in parallel on the same data, more
than one scanning spot may be controlled independently at the same time, per-
mitting simultaneous searching and tracking, for instance.

The primary disadvantage of the correlation system is that each and
every antenna element requires a certain amount of electronic equipment, such as
converter, correlator and possibly amplifiers. This affects not only the cost
and complexity of the system, but the signal-to-noise ratio may also be ad-
versely affected. The latter will be the case if the electronic noise (receiver
noise) is predominant, but not if the background noise radiation from the an-

tenna environment is predominant.
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VI

GENERAL DISCUSSION AND CONCLUSION

6.1 Discussion on the System Characteristics

As outlined in the Technical Guideline of the project, the direction finder
system should satisfy the following design goals:

(1) the frequency bandwidth of the antenna array system shall not be
less than 5:1;

(2) the VSWR of the combined antenna element group forming the search
and direction finding beams shall not be greater than 3: 1 over the band with re-
spect to 50 ohms, measured at the combined output terminals;

(3) the coupling, scanning, data processing and computer technique
employed in the system shall be such as to permit obtaining r.f. energy from
a sufficient number of elements at any azimuth or elevation position to provide
a gain of not less than 18 db with respect to half-wave dipole at all frequencies;

(4) the bearing accuracy shall be ilo or better at any azimuth or
elevation position;

(5) scanning rates employed in the system shall be compatible with
existing receiver bandwidths ;

(6) solid state components used for the coupling and scanning system
shall not cause the introduction of cross-modulation in the presence of received
signals up to 0.5 v/m of the antenna location; and,

(7) the system shall be capable of bearings on pulse, CW, AM and FM
type signals.

On the basis of our investigation of the radiation characteristics of a
spherical array of flat spiral antennas we feel that the frequency bandwidth, VSWR,

and the gain requirements given above can be met in practice. Assuming an
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average antenna beam of 10° over the band of frequencies it should not be dif-
ficult to obtain a bearing accuracy of * 10, at any azimuth and elevation, with
proper method of scanning. In our proposed system, the handling of the data
and the scanning of the beam are done electronically in conjunction with a com-
puter. Although we have not made detailed studies it seems probable that the
scanning rate of the proposed system will be compatible with the existing re-
ceiver bandwidth. The azimuth and elevation direction finder system proposed
here should be able to operate on CW, AM and FM signals. Cross-modulation
properties of the solid state components used in the system and response of
the direction finder to pulse signals have not been studied. From the results
discussed in the present report we conclude that most of the design goals listed
at the beginning of this section can be met in actual practice.

6.2 Future Work to be Done

As mentioned previously, the main purpose of this investigation has been
to determine the feasibility of developing a broadband azimuth and elevation di-
rection finder. The spherical array characteristics have been investigated both
theoretically and experimentally with this end in view. Due to time limitations
we have not been able to study all the relevant properties of the antenna array
with the appropriate amount of thoroughness. The following topics need to be
investigated more so as to facilitate the final system design:

(1) The effect of the spherical ground plane on the pattern and imped-
ance of a flat spiral antenna should be studied over the range of frequency of
interest. The VSWR characteristics of the spherical array should be measured.

(2) Although it has been shown from our 2-element array over a ground
plane that the mutual coupling effects are not appreciable, the problem should be
studied with more elements preferably on the spherical ground plane.

(3) The directional properties and the ellipticity of the polarization of

the 16-element phased spherical array should be studied over the frequency band
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and compared with theory.

(4) The scanning and switching techniques should be studied more
intensively. The limited analysis already made was, however, sufficiently
encouraging to justify the proposed scanning system for the direction finder.

The studies indicated above should facilitate the final system design
of the broadband UHF azimuth and elevation direction finder.

6.3 Conclusion

As a result of this investigation we conclude that it is feasible to de-
velop a broadband UHF azimuth and elevation direction finder with a complete
hemispherical coverage. On the basis of our studies we have proposed an ex-
ploratory model of a spherical array direction finder which could be built at
a moderate cost. It satisfies most of the requirements of the user except the
gain. However, it is potentially capable of providing much higher gain at the
expense of more complexity and cost.

During this investigation we have developed the theory of spherical
antenna arrays of circularly polarized elements. From the investigation of
the radiation characteristics of a spherical array we find that it has the fol-
lowing distinct advantages over the conventional planar arrays: (1) 1t is capable
of operating with widely spaced elements because the grating lobe problem is
much less severe. This makes the array broadband. (2) The special element
distribution used makes it feasible to scan or steer the beam electronically
over a complete hemisphere without an intolerable loss of gain.

Although in our proposed system we adopted the conventional technique
of phase control for beam steering, we feel that the correlation processing of
the output data from the antenna elements for direction finding purposes does

have some advantages; this should receive more consideration.
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APPENDIX A

STRIP-TRANSMISSION LINE POWER DIVIDER

The commercial availability of copper-clad laminates and the simplicity
of construction of strip-transmission line makes this an attractive technique to
use for the power dividing networks for the hemispherical array study.

In strip-transmission line, the electromagnetic energy is guided by a
flat-center conductor through a dielectric medium, bounded by flat ground planes
(Fig. A-1). By varying the width of the center conductor strip one is able to
obtain desired characteristic impedance, Zo’ of the transmission line. The

characteristic impedance varies (Cohn, 1955) according to:

94.15 Q (A.1)

C

Z = T
° € w/b + f
Jr—r‘ (l—t/b) .0885 €.

where
ZO= characteristic impedance
er = relative dielectric constant

!
C;= fringing capacitance (uu f/centimeter) from

one corner of the strip to the adjacent ground
plane (Fig. A-2)
w = width of strip

b = ground plane spacing

t = thickness of strip

85



THE UNIVERSITY OF MICHIGAN
T577-1-F

FIG. A-1: STRIP-LINE CONFIGURATION AND CRITICAL DIMENSIONS

FIG. A-2: PARALLEL PLATE CAPACITANCE (Cpp) AND FRINGING CAPACI-
TANCE IN STRIP TRANSMISSION LINE
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An exact formula for C‘f (Cohn, 1955) is,

- '08:5€r{1—2t/b 1n[-1—_lt/—b+1:| -[1—_%71—)-} 11{:?? —]}upf/cm

(A.2)

A graph of \]e_r_\ Z  versus w/b for values of t/b is shown in Fig. A-3.
This graph is accuract to within 2 per cent.

There are two basic types of power dividers, (Fig. A-4) the "in-line"
and "tee'". Saunders Associates, Inc., has shown that the "in-line" power
divider has inherently better matching characteristics than the "tee", (Fig. A-5)
(Saunders Assoc. 1956). The branch arms of the junctions are effectively in
parallel. Referring to Fig. A-4 for the matched condition and equal power
division the characteristic impedance of each branch arm must be 2 ZO, where
Zo is the characteristic impedance of the main arm. In other words, denoting

Z_, etc.,

the characteristic impedances of the branch arms, Zl’ 9

1 1 1 1
— ==t
Zo Zl Z2 Z3

.......... , (A.3)

must hold. Unequal power divisions also may be obtained using the expression,

"

Vi
1 T2

L__2 4

Z (a.4)

2 1

where Z 1 and P denote respectively the characteristic impedance and power

of an individual branch line.
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GRAPH OF Zo VERSUS W/b FOR VARIOUS VALUES OF t/b
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FIG. A-3: Z €  VERSUS w/b FOR VARIOUS VALUES OF t/b. (Microwave
Engineer's Handbook)
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FIG. A-4: CENTER STRIP CONFIGURATION FOR POWER DIVIDERS -
(a) "in-line", (b) "tee"

14

134

VSWR

111 In Line

10
82 84 86 88 90 92 94 96 98 100

. A-5: VSWR FOR "in-line' and "tee'" POWER DIVIDERS (Saunders and
Assoc. In., "Tri-plate Handbook')
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The input and output connections of the power divider can be made by
means of right angle coaxial-to-strip-line transitions. A regular coaxial panel
receptacle (UG—58/ U) with the base machined flush, and the center conductor
shortened and soldered to the center strip, provides a good transition (Fig. A-6).
The characteristic impedance of the strip line at the input of the coaxial con-
nector should be the same as that of the connector.

To provide a match between the input of the directional coupler and the
power dividing junction, a stepped or tapered transformer may be used. AXx/2
taper is sufficient for transformations of 2: 1, (e.g., 502 : 25Q). For larger
ratios of transformations, longer tapers are required for satisfactory matching.

Transmission in strip-line is in the TEM mode. To prevent higher order
modes from propagating the width of the center strip should be smaller than x/2
and the ground plane spacing should also be less than )/2. Also, shorting pins
between the ground planes, when spaced at )/2 intervals help to maintain the
ground planes at the same potential and also help to prevent the higher order
modes from propagating.

A modified "tee" two-way power divider, using 1/8" thick Tellite 3B
copper clad laminate, was built and tested (Fig. A-7). The input and output
strips had a characteristic impedance of 502 A )/2 taper (at 300 MHz) was used
from the 509 input to the 259 characteristic impedance junction. The VSWR
versus frequency is shown in Fig. A-8, and the relative power division is shown
in Table A-1.

Power dividers with a larger number of outputs and for higher frequency
applications have been built using the principles outlined here. For higher fre-
quencies (e.g., X-band), judicious selection of connectors and the dielectric

medium in the copper clad laminate should be made to prevent excess loss.
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Center Strip

FIG. A-6: COAXIAL TO STRIP LINE TRANSITION USING FEMALE N-TYPE
CONNECTOR (UG-58 A/U)

L 1/2x —‘

FIG. A-7: CENTER STRIP CONFIGURATION OF TWO-WAY POWER DIVIDER
AND CENTER STRIP DIMENSIONS FOR 50 OHM CHARACTERISTIC

IMPEDANCE
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APPENDIX B
HEMISPHERICAL GROUND PLANE CONSTRUCTION

A six foot diameter hemispherical ground plane was needed for the final
study of the circularly polarized antenna array. Because of cost considerations,

a commercially manufactured hemisphere of this size was prohibitive. A silver
painted fiberglass hemispherical shell has been fabricated to function as the spher-
ical ground plane.

A mold was needed from which the fiberglass shell could be formed. Dental
stone or dental plaster (Vel-Mix stone: Kerr Mfg. Co.) was used for the mold.

A plywood frame was built to form the framework of the mold (see Fig. B-1).

The interior of the framework was first lined with heavy paper then with ordinary
window screen. The screen was used to provide reinforcement for the dental
stone. The heavy paper served as a backing for the screen to keep excess amounts
of the dental stone from flowing through the screen before it had hardened.

An aluminum "blade" (see Fig. B-2) cut in the form of an arc of a 6 foot
diameter circle, was used in a wiper fashion to trowel the dental stone as it was
applied to the mold framework. This blade was attached at the base to an axle
located at the center of the hemisphere. At the top it was provided with rollers,
which set in a track, to guide the blade around the hemisphere (see Fig. B-1).

Plaster was applied to the frame in small amounts and troweled with the
blade. During the first plaster applications the mold was set on its edge (Fig. B-3a)
and successively rotated 90° as each section was filled in. For the final applications
the mold was set on its base (Fig. B-3b). Due to the quick setting time of the
plaster (3 to 5 minutes), it was difficult to trowel the plaster on the mold. A re-
tarder solution, supplied by Kerr Mfg. Co., was mixed with the plaster to prolong

the setting time (15-20 minutes) and allow more freedom when applying it to the
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FIG. B-1: SHOWING WOODEN FRAMEWORK AND TRACK FOR A 6 FOOT
DIAMETER MOLD
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Rollers

Aluminum Blade

FIG. B-2: SHOWING SCRAPER BLADE ASSEMBLY.

FIG. B-3: SHOWING THE ORIENTATIONS OF THE MOLD DURING PLASTER
APPLICATIONS
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mold. For the final applications of the plaster, it was desired to use a watery
mixture and apply a thin coat to fill in the remaining small holes or gaps. When
the blade was used to wipe the final coat, the excess ran to the bottom of the mold
and formed a puddle of plaster. More success was achieved when the watery mix-
ture, with retarder, was brushed on. This procedure left brush marks, but with
the aid of an electric sander and very fine grit sandpaper, the surface was made
smooth. A final step of wet sanding gave an extremely smooth surface. Although
the surface had high and low spots, caused by insufficient wiper blade support, a
final check showed that the maximum deviation was less than + 1/8".

The mold was then sprayed with a mixture of glass fibers and epoxy to ob-
tain the fiberglass shell. Before usage, the exterior of the hemispherical shell
was metalized by applying silver paint.

For the fabrication of another concave mold, it is recommended only one-
half section be made, and two fiberglass shells bonded together to form the hemi-
sphere. A slight slanting of the scraper blade as well as a better means for sup-
porting the blade, possibly with bearings in the axle and rollers, would aid in the
fabrication of the mold. Finally, the use of retarder is highly recommended in

making future molds.
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APPENDIX C

PDP-8 PROGRAM FOR SPHERICAL ARRAY
DIRECTION FINDER ANTENNA

The computer program described herein was written for the PDP-8
computer manufactured by the Digital Equipment Corporation. Its purpose
is to control the selection of antenna elements and associated delay lines for
the proposed spherical array direction finder. The program has not been
tested on a computer and may still contain errors.

It is assumed that the reader is familiar with the operation of the PDP-8
(Digital Equipment Corporation, 1966) and with general programming conven-
tions.

Since the program works entirely from tables contained in the core
memory of the computer, the scan of the direction finder can be easily changed
by changing entries in these tables. For purposes of this description, it is as-
sumed that there are 91 caps, each being one of four types. The type of cap
determines how many elements there are in it, and how many angles are to be

scanned within the cap (by changing delay lines, but not elements).

NEW 'IOT' INSTRUCTIONS

In order for the computer to control the array, several 'IOT' (input-output
transfer) instructions must be added to it. These instructions are described here
as they relate to the program use of them, but their actual electrical implementation

has been investigated and seems feasible.

'LEl', 'LE2', ...'LE6'

These six new instructions are used to connect the appropriate antenna
element (if any) to the proper card. When one of these is executed, the contents
of the Accumulator (AC) are transferred to an external buffer. Since the AC con-

tains 12 bits and only 3 bits are required for each card (allowing for a maximum
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of 8 element selection conditions), then 4 cards may be set with each instruction.
In this program, LE1 sets only 3 cards from the 9 high order bits in the AC,

while the others set 4 cards each for a total of 23 cards.

'LDA'

This instruction is used to set the appropriate delay in each card. Execu-
tion of an 'LDA"' does not actually change delay lines in a card but only sets up an
external register to remember which delay is to be used next for each card. When
an 'LDA' is executed the low order 4 bits of the AC are used to specify the delay
and the high order 5 bits are used to determine to which card the delay is to be
applied. The instruction 'RCN' is an 'LDA' with Card No. 31, which when execu-
ted, turns the receiver on. 'RCF' (LDA 30) turns the receiver off. 'DTR' (LDA 29)
changes the delay in every card to correspond to the delay specified in the external

register set up by the 'LDA's.

STRUCTURE OF TABLES

Table "A'" - First location (lowest address) is called 'ATB'

This table contains one entry for each cap. Each entry has six words and
each word is divided into four fields of 3 bits each. Each field contains the ele-
ment selection number for the corresponding card. These words are designed
to work with the 'LEx' instructions; the first word is put in the AC and 'LEL1' is
executed, the second is put in the AC and LE2 is executed, etc. The three low
order bits of the first word, which are ignored by 'LE1', contain the type number

of the cap.

Table "B'" - First location is called 'BTB'

This table also contains one entry for each cap, but the length of the entries
is variable and depends on the number of elements used in the particular cap.
Each word is divided into two fields of six bits each. Each field contains the card

number to be associated with each standard position. The first field in the first
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word has the card number of the card for the element in standard position A.
The second field in the first word has the card number for position B. The

first field in the second word has the number for position C, etc.

Table "C" - First location for type n is called 'CnT'

There is one ""C'" table for each cap type. The first two words in each
table contain, 1) the negative of the number of elements in the type, and
2) the negative of number of angles in that type. Following these two words
are entries for each angle in the cap. Each entry contains one word for each
element in the cap in order according to the standard position. Each word con-
tains the delay for that position and angle. Actually only the four low order bits

of each word are used.
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CONSTANTS AND VARIABLES USED IN PROGRAM

LOCATION (OCTAL) NAME USE OR CONTENTS
10 APR "A" Table Pointer auto-
11 BPR "B" table pointer {ndexin
12 SPP Standard Position Pointer <% "8
13 IT Auto-indexing temporary
20 CCR Cap counter
21 EQT Start of card-std pos. equivalence table
50 through T1 through Temporary storage
55 T6
60 AAT ATB-1
61 ABT BTB-1
62 ACl1 C1T
63 caT
64 C3T
65 C4T
66 AEQ EQT-1
67 NRC -91 (negative of number of caps)
70 Cl 7700 (octal)
71 C2 77 (octal)
72 C3 3
73 ACT ACl
T4 NXP 200 (octal)
75 ACP SCp
76 ACN SCN

The computer program itself starts in location 100 (octal) and ends in
loc 225. Storage in core above this is used for the large tables. All addresses
refer to page zero except jumps within one page. All indirect addressing is
through page zero.
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PROGRAM

SCN, CILA
TAD
DCA
TAD
DCA
TAD
DCA

SCP, TAD
DCA
TAD
AND
TAD
DCA
TAD
DCA
TAD
DCA
TAD
DCA
TAD
DCA

STS, TAD
DCA
TAD
AND
DCA
ISZ
JMP
JMP

MAN, TAD
RTL
RTL
RTL
AND
DCA
ISZ
JMP

(continued)

AAT
APR
ABT
BPR
NRC
CCR

APR
Tl
Tl
Cc3
ACT
T2
T2
T2
T2
T3
T3
T4
AEQ
SPP

BPR
TS
TS
Cl
SPP
T3

LDC
TS

Cl
SpPp
T3
STS

7577-1-F

Start at first cap
Set A table pointer
Set B Table pointer

Set cap counter

Get first A entry
Save it

Get type number

Get C address

Get negative of number of elements

Set EQT Pointer
Get B entry

First half
Save in EQT
Count element

If done

Rotate into other half

Second half
Save in EQT
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PROGRAM (continued)

LDC,

(200)

STP,

NXE,

RCF
TAD
LEl
ClLA
TAD 1
LE2
CLA
TAD I
LE3

CLA

TAD 1

LE4
CIA
TAD I
LES
CILA
TAD 1
LEG6
JMP I

CILA
TAD
DCA
TAD I
DCA

TAD
DCA
TAD
DCA

TAD I
TAD 1
LDA
ISZ
JMP

RCF
DTR
RCN
18Z
JMP
15Z
JMP 1
JMP 1

Tl

APR

APR

APR

APR

APR

NXT

T2

T3

T4
T1
AEQ
SPP

IT
SPP

Tl

T3

STP
CCR
ACP
ACN

7577-1-F

Turn receiver off

Continue at start of next page

Get C table address

Get negative of number of angles

Get negative of number of elements

Get EQT address

Get delay

Add card mmber

Set external register
Count element

Go back for next element

Turn receiver off
Transfer delays to cards
Turn receiver on

Count Angle

Go back for next angle
Count cap

Go back for next cap
Restart at first cap.

End of program.
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