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ABSTRACT

During the period covered by the final report the Radiation Laboratory of
the University of Michigan has designed, developed and tested an Azimuth -
Elevation Direction Finding system. The tests are not felt to be conclusive,
however, they do demonstrate the capability of this system to perform azimuth
and elevation direction finding of detected RF sources. The system has been
tested in both the free space environment (employing an antenna range) and in a
cluttered RF environment employing an aircraft from which azimuth and elevation
data has been collected, The gesults of the free space tests suggest that the
system has an accuracy of + 5 in both azimuth and elevation, However, it is
difficult to assign an accuracy figure to the system on the basis of the fly-by tests
due to the hostile environment in which the system was operated. This report
presents a review of the system from its conception to its final testing phases
with suggested recommendations for improvements,
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FOREWORD

This report was prepared by The University of Michigan Radiation Laboratory
of the Department of Electrical Engineering under Contract DAAB07-67-C0547. This
contract was initiated under United States Army Project No. 5A6 79191 D902-05-11
"Azimuth and Elevation Direction Finder Techniques'". The work is administered
under the direction of the Electronics Warfare Division, Advanced Techniques Branch
at Fort Monmouth, New Jersey. Mr. S. Stiber is the Project Manager and Mr. E.
Ivone is the Contract Monitor. This report covers the period of 1 July 1967 through
31 December 1968.

The material reported herein represents the results of the preliminary inves-
tigation into the study of techniques for designing broadband circularly polarized
azimuth - elevation direction finder systems.

The authors wish to express their thanks to Messrs. E. Bublitz, and E. Kuzyk
for their efforts in the experimental work that has been performed during the final
reporting period on the contract, and M. Gurney for his efforts in the mechanical
design of components that are ‘associated with the azimuth - elevation direction find-
ing system, and to M. Wright for her help with the manuscript of the final report.
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I
INTRODUCTION

During the period 1 July 1967 through 31 December 1968 the University of
Michigan Radiation Laboratory has investigated the feasibility of designing, de-
veloping, and fabricating an Azimuth - Elevation Direction Finder (A-EDF) system.
During the above period, an exploratory model has been assembled and partially
evaluated. However, because of the limitation of time and funds a thorough
evaluation of this system has not been possible. Sufficient experience with the
system has shown that the proposed technique is feasible, and has provided the
designers with additional insight as to improvements that should be made in
future systems.

1.1 Azimuth - Elevation Direction Finder Requirements

As a part of the system requirements the A-EDF was to have a broadband
frequency range capability (600 - 3000 MHz) employing a single antenna system.
The antenna system was to consist of a minimum of 16 broadband cavity backed
flat planar spirals mounted on a 6 foot diameter hemispherical surface. The gain
of the individual antenna elements was to be no less than 5dB above a circularly
polarized isotropic source over the frequency band of operation. The circularly
polarized axial ratio of the antenna elements was to be less than 3dB over the above
frequency range and the VSWR characteristics was to be less than 3:1 with respect
to 50 Q. The azimuth - elevation system was to provide 360° of azimuth coverage

0 \ L
and 90" elevation coverage, and was to have an accuracy of + 2~ in azimuth and
+ 5° in elevation at any specified frequency within its operating band.

In addition to the antenna system, an antenna scanning and control unit was
to be provided which consisted of a computer or similar electronic device. This
unit was to provide electronic scanning of the antenna elements and include the
necessary logic circuitry for direction finding with the system. In its simplest
form the system was to obtain the relative amplitude information from the
elements of the antenna array, process it and present in a visual form the bearing
indication of the direction of arrival of received signals. The antenna array was
to be scanned by an electromechanical device with a variable scanning rate so as
to optimize performance on pulsed, CW, AM, and FM type signals. The system
was to be capable of operation from a nominal 115 volt, 50 to 60 Hz power source,
and all power supplies required for the operation of the system were to be pro-
vided. The environmental congitions of the equipment were as follows: ambient
temperature in the range of -10° F to +120 F; wind, wind velocity of up to
40 mph; rain, two inches of rainfall at varying rates of a period of 12 hours with
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a windspeed as high as 25mph. The non-operating environmental conditions
specified that the equipment was to be capable of withstanding the shock and
vibration induced during transportation as loose cargo. For making standard
laboratory bench tests on the equipment, the environmental conditions were to
be: room temperature ambient 77 + 10, altitude - normal ground, vibration -
none, and humidity - room ambient up to 90 percent relative humidity.

As a result of the analytical studies associated with the A-EDF, we have found
that it is extremely important that the electrical characteristics of the antenna
elements must be well behaved such that the radiation characteristics do not vary
both as a function of angular orientation of a particular antenna as well as the fre-
quency of operation. To ensure that the antennas will have the required consis-
tency in radiation characteristics, both as a function of angular orientation and the
frequency of operation, consideration has been given to the employment of conical
spirals having a quadrafilar element being fed by a stripline balun configuration
as noted in Chapter II of this repoxrt.
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II
QUADRAFILAR SPIRAL ANTENNA INVESTIGATION

2.1 Quadrafilar Balun

Articles in the open literature on broadband coaxial couplers have stressed
the need for extremely high mechanical tolerances to be associated with the center
conductor width, overlap, and separation between the stripline and ground planes.
Earlier experimental work (at this laboratory) with the stripline couplers and the
90 phase shifter, required for the balun system, was conducted employing crude
tolerances for the above item. Although the results were not outstanding, the com-
ponents exhibited predictable responses. To evaluate the effect of tolerances, a
stripline coupler was etched from a 4:1 scale drawing. The drawing was photo-
reduced and a coupler was etched using the photo negative. This coupler was tested
to determine the effect of employing tighter tolerances in printing and conducting
filaments and assembly of the coupler. Preliminary data showed that the coupler's
electrical characteristics were quite similar to the coupler employing crude toler-
ances and made from brass shim stock. The major difference appears to be in the
isolation of port 4, which is a non-coupled port. But even here the two sets of data
did not differ significantly. Time did not permit a detailed study of the effect of
tolerances on the overall coupler performance but at present there is an indication
that tolerances are not as critical as one might expect from reading reports in the
literature.

Pictures of broadband couplers generally show them to have 45° miter joints
at the intersection of the quarter wavelength sections of the coupler. The reason
given for using the 45° miter bends is that it reduces the reflections from the
junction and improves the overall coupler performance. In ourowork with these
couplers, using both the sharp 90~ transition and the mitered 45 transition, we
have found the 45° transition reduces the coupling of the stripline coupler. This
reduction in coupling is believed to be due to the orthogonal component of currents
in the mitered section. This reduction in coupling is especially evident in the
center conductor which has a higher coupling coefficient. Therefore, the overlap
that is required to give a particular coupling with a 90 transition must be increased
to give the same coupling when one is using 45  mitered transitions. Reflectometer
data and the coupling data do not show a great increase in performance by using
th% 45° mitered joints over the 90~ transitions. Impedance discontinuities of the
90 cross overs can be greatly reduced by staggering the cross over such that a
more nearly constant line width is maintained through the transition. This means
that the transition point on one side of the stripline is displaced from the transition
point on the other side of the line to maintain a constant or more nearly uniform
line width across the transition,

3
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The phase shifter that is required in the balun network has been fabricated
from Rexolite 2200 material and has been checked over the 5:1 operating band.
The reference line for the phase shifter was constructed from 0. 141 coaxial line
instead of using a stripline section of 50 2 stripline as was used in the final model.

Since the individual components of the balun were mounted in separate pack-
ages for individual testing, it was necessary to connect these components with
coaxial cable for testing of the engineering model of the balun network. This is
undesirable since the cabling involves exira connectors and loss that would not
be present in the final version of the balun network. The average phase of the
two tandem ( 8 and 10dB ) couplers was 830, instead of 900. This difference was
due to the total coupling coefficient of the tandem coupler being lower than the
design value of -3.0dB.

Figure 2-1 is a graph of the phase of the 90° hybrid formed by the tandem
8. Sd% couplers. A total phase of the tandem 8. 3dB couplers varies from a high
of 94" to a low of 65 but has a majority of the values near the average of 83" .
Figure 2-2 is a graph of the phase shift through the total balun system consisting
of the tandem couplers and the 90 phase shifter. The maximum phase shift
between the two arms of the output is 191 with a minimum value being 156 .
Average value of the phase shifter across the lgand is 175 which reflects the fact
that the tandem couplers do not have a true 90 phase shift. The phase in this
case was measured by terminating the line with a 10dB precision load in front of
the connection to a tee while the second terminal was connected to a 50 2 load.
Table 2-1 is a measure of the output power of the two balanced outputs from the
balun system. In this measurement one of the balanced outputs was taken at a
reference and the dB ratio was taken of the second output. In this case the
average unbalance between the two ports is 0. 34dB with a maximum deviation
between the ports of 0.9dB.

A reflectometer was used to measure the reflection coefficient of the
assembled balun with the matched outputs terminated in 50 2 loads. The 50 Q
loads were then removed and the balun system outputs were coupled to the wind-
ings of a cavity backed Lkifilar spiral and the reflection coefficient was again
measured across the band. The reflection coefficient did show an increase when
coupled to the cavity backed spiral but it was not as severe as we had earlier ex-
pected as the VSWR remained well below 3:1. Oscillations of the reflection
coefficient increased with frequency but did not show the erratic variations that
were expected. Unfortunately the remaining time did not permit the checking of
the phase and amplitude of the balun across the frequency band with mismatched
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terminations such as found with the spiral antenna which typically has a balanced
impedance of 150 Q2 between elements. Feeding the antenna with 50 2 stripline

baluns would give a 1. 5:1 mismatch at each terminal.

TABLE 2-1

Relative Power Division of Balun

Frequency Ratio of Terminal Ratio of Terminal
(GHz) Voltages (Percent) Power (dB)
1.0 97.2 .24
1.1 95.2 .43
1.2 96.8 .28
1.3 95.2 .43
1.4 96.8 .28
1.5 95.2 .43
1.6 95.6 .39
1.7 90.0 .92
1.8 93.6 .58
1.9 92.4 .68
2.0 94.0 .54
2.2 96.4 .32
2.4 101.6 -. 14
2.6 105.6 -. 47
2.8 98.8 .10
3.0 94.8 .46
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2.2 Quadrafilar Balun Results

An engineering model of the quadrafilar balun exhibits amplitude and phase
variations as shown respectively in Figs. 2-3 and 2-4. In Fig. 2-3 it is shown
that the amplitude variation at the four ports is small. However, the phase data
(Fig. 2-4) is not well behaved.

The quadrafilar balun is shown in Fig. 2-5. Thios balun consists of three
broadband 3dB directional couplers and a broadband 90 phase shifter. For the
purposes of this program, broadband is defined to be a 5:1 frequency band that
covers the range of 0.6 - 3.0 GHz. To minimize coupling between adjacent
components, it was necessary to use screws throughout the balun network as
can be seen in Fig. 2-6. For this particular balun configuration, a total of
approximately 600 screws were required to minimize coupling between components.
Spacing between the screws must be 1/8 or less at the highest frequency of interest.
It has been found that the spacing between the screws and the stripline center con-
ductor can be as small as X\ /8 at the highest frequency of interest without affecting
the impedance characteristics of the stripline.

The phase vargation's %ssocia,ted with port 2 relative to port 1 theoretically
should have been 90, + 10 , and the data of Fig. 2-4 shows that this phase varia-
tion over a major portion of the band was within these limits. However, at a fre-
quency of 2.0 GHz the phase has a discrepancy of approximately +30 . The cause
of this variation is not understood and the problem requires further study. However,
of greater concern is the data for ports 1-3 and 1-4 which have a larger discrepancy
associated with them. It is of interest to note that the data for ports 1-3 relative
to that for ports 1-4 shows phase differences of approximately 90° over the 5:1
frequency band which is %esirab’l.e. The fact that the data for ports 1-2 agrees
well with the expected 90 phase variation suggests that the three 3dB hybrids
shown in Fig. 2-5 are operating as designed. This conclusion is further substan-
tiated because the amplitude variations at the four ports are also well behaved as
shown in Fig. 2-3. The linear slope associated with the curyes of ports 1-3 and
1-4 relative to the data of 1-2 suggests that the broadband 90" phase shifter is not
functioning properly. Because the two curves for the ports 1-3 and 1-4 vary in
a linear fashion suggests that the reference line of Fig. 2-5 is of the wrong length.
It is assumed the broadband phase shifter was properly etched, for if it were not
it is very probable that the curves of ports 1-3 and 1-4 relative to 1-2 would not
have exhibited the linear phase discrepancy shown in Fig. 2-4.

Pattern data for the quadrafilar spiral antenna has not been encouraging.
The cause for the poor pattern behavior is believed to result both from the poor
phase response of the balun network and the inaccuracies associated with the wind-
ing of the quadrafilar spiral elements.
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QUADRAFILAR SPIRAL AND BALUN.

FIG. 2-6
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To provide some comparison as to the desirability of employing a well behaved
(electrically) balun network, two sets of data are presented for a cavity backed spiral
antenna, one fed with a modified Duncan - Minerva balun and the other by a broadband
stripline balun network. Typical pattern data is shown in Figs. 2-7 and 2-8. The
two sets of data noted above were recorded at several frequencies in the 0.6 - 3.0 GHz
frequency range. It will be observed from this data that at several frequencies the
Duncan - Minerva patterns show some deterioration in comparison with the data for
the bifilar stripline case. There are some anomalies noted in the bifilar stripline
data and this is felt to be caused by the higher order modes that may be radiated by
the bifilar spiral configuration as noted in the first quarterly report (ECOM-0547-1)
dated October, 1967.

13
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I
TECHNICAL DISCUSSION OF AZIMUTH - ELEVATION DIRECTION FINDER
Below is presented three discussions as follows:
1) A general description of the A-EDF system.

2) The general theory associated with the system, and

3) Typical results that have been obtained from the exploratory model.

3.1 General Discussion of Azimuth - Elevation Direction Finder

The A-EDF, as designed and fabricated, is shown in the block diagram of
Fig. 3-1. The system consists of an antenna, electromechanical switch, receiver,
video amplifier, memory voltmeter, an A/D converter, computer, and a visual
display.

The antenna system consists of a hemispherical surface with 17 antennas.
Each antenna has associated with it a particular 6 and §} coordinate of a standard
spherical coordinate system. Direction finding is accomplished (employing data
processing techniques) utilizing the relative amplitudes received by each of the
17 antennas. The antennas are interrogated by a rotating electromechanical switch,
which has several rotational rates ranging from 1 - 1000 rpm. The operator is
able to select the optimum switching rate to be compatible with the received signals
of interest.

The switch consists of 17 input ports (each to be identified with a particular
antenna). In addition to the signal input, two interrupt signals (Ref. Sig.) are
available from the switch for the computer to identify the signal port being
interrogated. The interrupt signals are generated by light beams. One of the
interrupts provides information pertaining to each revolution of the switch while
the other denotes when each antenna is being interrogated. The switch interrogates
each of the antennas such that the information is collected and stored in the com-
puter in a sequential format. For example, if the first antenna is associated with
6 = 80°, ¢ = 09, employing the spherlcal coordinate system of Fig. 3 2, the second
antenna would be at 6 = 80°, §f = 45°; the third at 6 = 80°, §f = 90°, , through
the 17th antenna. For the exploratory model, the 17 antennas were 1ocated as
follows: one at the pole, a ring of 8 antennas at 6 = 400, and a second ring of 8
antennas at 6 = 80°. The antennas for each of the rings are equally spaced in ¢
increments of 450,

15
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FIG. 3-2: AZIMUTH - ELEVATION COORDINATE SYSTEM.,
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The switch interrupts are transmitted from the switch directly to the
computer to properly identify the signals being inserted in the computer. RF
signals are first fed to the RF receiver to be amplified and detected. A video
amplifier is required following the receiver to amplify the detected data to
insure proper operation of the memory voltmeter. In the event more than one
frequency is received (within the bandwidth of the receiver) an Automatic
Signal Recognition Unit (ASRU) may be employed to resolve ambiguities, (this
equipment is not a part of the A-EDF). The data from the memory voltmeter
or ASRU is then transferred to the analog-to-digital converter, where it is
digitalized in a format compatible with the computer.

In the computer data is stored sequentially as follows; the first storage
compartment contains data for the pole antenna. o The seé:ond storage compart-
ment has data from the antenna located at 6 = 40, ¢ =0 ; and the third com-

partment has data for 6 = 400, ¢ = 450, etc., through the 17 antennas.

Within the computer a vector evaluation of the data is performed from
which directional information is obtained and displayed. Figure 3-3is a
simplified flow chart of thie computer program employed to perform the
direction finding analysis. In the first block, data is stored as noted above.
Next, the data that has been collected and stored is scanned to determine the
maximum signal (A, ); all of the remaining data is then normalized with
respect to A oy as noted in Fig. 3-3. After normalization, the data for
each antenna is separated into the three rectangular components (associated
with the 6 and ¢} coordinates of the particular antenna under consideration) as
roted in the third block. The data for the pole antenna is separated into the
Alx’ A and A1Z components as follows:

1y’
A1X = A1 sin 91 cos ¢1 (3.1)
A1y = A1 sin 61 sin ¢1 (3.2)
and
A1Z = A1 cos 91 (3.3)

A similar set of data will be obtained for each of the remaining antennas,
(2 through 17). From this data a summation of all the sub x, y, and z com-
ponents is performed as noted in the fourth block. From the summation,

18
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the predicted angles (Gp and ¢p) are determined employing the expressions,

g —tant LAy (3.4)

2 A

and

Gp = ’ca.n—1 V(Z ) "+ (ZAky> ’ (3.5)
LA

Several analytical computer analyses have been performed which
have shown that the Gp differs from the actual angles (6 A)- However,
these errors can easily be accounted for by the insertion of a correction
factor in the computer. Therefore, the final operation of the computer is
to correct 6, to obtain the actual (6,) angles of the signal under interrogation
as shown in the sixth block of the flow chari. The computer output is dis-
played in digital form by NIXIE tubes.

The antennas employed with the system are cavity backed spirals. The
electromechanical switch operates over the 5:1 frequency band and exhibits
a VSWR of less than 3:1 within the frequency range of 600 - 3000 MHz. The
data processing equipment consists of a Hewlett-Packard wide band amplifier,
a Micro-Instrument memory voltmeter, a Texas Instrument A/D converter,
and a Varian 620/i digital computer. The data processing equipment is
packaged in a single cabinet. The computer has been programmed so that
the directional information is printed out by the typewriter as well as being
presented on the NIXIE display.

The electromechanical switch rotor is driven by an eighth horsepower
synchronous motor through a multiple gear reduction assembly. The multiple
gear reduction unit provides choices of switching speeds that range from
1000 to 1 rpm in 10 steps. The RF switch itself consists of a capacitive
coupling for the switching ports and rotary joint.

3.2 Analytical Analysis

The data processing technique chosen to be used with the A-EDF system
required several successive vector additions of the data. Analytical analyses
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have been made to determine the effect of the following system parameters:

1) antenna pattern,
2) number of receiving antennas,
3) antenna location, and

4) the measurement errors
particular to the system.

3.2.1 Data Requirements for the DF Data Processing System

The analytical studies showed that the system accuracy was strongly de-
pendent upon the antenna pattern characteristics and less dependent on the geo-
metrical location of the antennas. Further, there are inherent limitations
associated with the three-dimensional system that are not found in the conven-
tional two-dimensional system, e.g., the Watson-Watt DF system employing
four antennas, (Jasik, 1961). To gain familiarity with the vector addition
concept an analysis was first made of a simplified two-dimensional model
employing a ring of n antennas, separated by equal angles of 6 as shown
in Fig. 3-4.

Table 3-1 notes the expressions from which the relative amplitude levels
for each antenna may be calculated (assuming the direction of the unknown signal
is arriving from an angle 6).

TABLE 3-1
Antenna Responses
1) cos (6 - 20)
2) cos (6 - B)
3) cos 6
4) cos (6 + B)
~5) cos (6+ 2B)

To illustrate one of the limitations of this system, it is assumed that the unknown
signal is arriving from an arbitrary angle 6 and that only three antennas re-
ceive data. Further, it is assumed that the antennas are located at 8 = 0° and

+ 45°, These angular locations were chosen to simplify the equations, however,
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Incoming Signal
\

o),

FIG. 3-4: TWO-DIMENSIONAL DIRECTION FINDING WITH
SOME NUMBER "N" OF EQUALLY SPACED
ANTENNAS.
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if one were to employ a more general analysis, the results would be similar to
those obtained from this analysis. Here it will be shown that unless one con-
siders all antennas over a 8 = 1800 sector, there will be an inherent discrepancy
in the calculation of the predicted angle of arrival of the unknown signal. Table
3-2 provides the expression for the vertical and horizontal components of three
of the antennas noted above.

TABLE 3-2

Vertical Component
2) cos (6 - B) cos B
3) cos (6) cos 0°

4) cos (6+ B) cos B

Horizontal Component
2) cos (6 - B) sin B
3) cos 0 sin 0°

4) -cos (0+ B) sin B

The vertical and horizontal components are combined in a ratio to attain tan 6
of equation (3. 6). '

hor. comp. _ cos (6 - ) sin 8 - cos (6 + B) sin 3
vert. comp. cos (6 - B) cos B+ cos 8+ cos (6 + B) cos BB

tan 0 = (3.6)

Expanding the sum and difference trigonometric expressions, equation (3.7) is
obtained, which reduces to a more simple form involving tan 6 multiplied by

a trigonometric ratio which is dependent on the angular position of the antennas.
It is the multiplication factor which causes the discrepancy between the calculated
and actual angle of arrival ().

(cos 6 cos B+ sin @ sin 8) sin B - [cos 0 cos B - sin 0 sin B] sin 8

[cos 6 cos B+ sin@sinB] cos B+ cos O + [cosecosB— sin@sinB]cosB

. 2
=tan0M§— (3.7)
1+2cos B 1+ 2cos B

sin 6 [ 2 sin2 B
cos 6
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Consider now using antennas that are within a 3 = 180° sector (j-_90°)
with respect to the angular position of the unknown signal. For the purposes
of this analysis we will assume five antennas, (however, one need not be
limited to five). Table 3-3 lists the expression for the vertical and horizontal
components that would be associated with each of the five antennas.

Table 3-3
Vertical Component
1) cos (6 - 2B) cos 2B
2) cos (8 - B) cos B
3) cos 6 cos OO
4) cos (6 + B) cos B
5) does not receige signal

as 6+ 26> 90
Horizontal Component
1) cos (8 - 2p3) sin 28
2) cos (6 - B) sin B
3) cos O sin 0°
4) cos (6 + B) sin B

5) does not receive signal
as 6+ 28> 90°

Through the use of equation (3. 8), tan 6 for the unknown signal is obtained
employing all antennas within the 180 sector.

tan 0 = horj‘zontal comp. _
vertical comp.
cos (6 - 2B) sin 28+ cos (6 - B) sin B - cos (6 +f) sin B
cos (6 - 2B) cos 2B+ cos (6 - B) cos B+ cos B+ cos (6+ 3) cos B3

(3.8)

Equation (3.9) is the trigonometric expansion of this and equation (3.10) has been
simplified to a form which gives a trigonometric ratio times the tangent of 6.
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It may be shown that the trigonometric ratio 1s equivalent to unity for the case of
five antennas that are equally spaced (3 = 45 ©). However, had there been more
antennas and again equally spaced, the trigonometric ratio would have been more
complex, but it can be shown that it would be equivalent to unity as in the case for
five antennas. Therefore, the predicted angle of arrival is equal to the actual
angle of arrival only when all of the sampling antennas are located within a 180°
sector and these outputs are employed in the data processing. Intuitively, one
might reason that this is to be expected since for the purposes of this simplified
analysis, it has been assumed that the radiation pa,tterns of each of the antennas
fits a cosine distribution in the range of 8 = + 90°.

vsin 2B+ ¢ sin B - ¢ sin B

tan0:700823+(/jCOSB—§SinB (3.9)
where
v =cos 6 cos 2+ sin 6 sin 28
¥ = cos 6 cos B+ sin 0 sin f
€ = cos 6 cos 8 - sin 0 sin 3
Note: S = 450, and cos 26=0 sin 23 =1
sin9(1+2sin25)
tan 6 = (3.10)

cos@(1+20052,3)

From this analysis it is shown that if antennas are not located over a 180°
sector, there will be an inherent error in the calculation of the angular position
of the received signal. However, the error is predictable and therefore can be
corrected as necessary. A more rigorous analysis of this technique is presented
by Ferris, et al (1967) for a three-dimensional DF system.

3.2.2 Analytical Results for a Three-Dimensional DF System

Several computer programs have been employed to evaluate the three-
dimensional DF system using antennas mounted on a hemispherical surface.
Data from these programs have shown that there will be an error in the calcu-
lated angle for both elevation and azimuth similar to that noted above. The error
in elevation has been greater because of the non-symmetry of the antennas
(antennas are located on a hemisphere of 27 steradians) which was expected
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from the previous discussion for the two-dimensional system. The azimuth
errors were found to be minimal provided the element patterns were well
behaved and therefore required no correction factor.

The first calculated data assumed the 17 antennas were equally spaced
over 27 steradians (at 6 and § increments of 45°, as shown in Fig. 3-5) of
the hemisphere and that each antenna had a cosine pattern which is symmetrical
about its axis. Calculated data is shown in Fig. 3-6 which illustrates the
errors of the calculated angle as compared to the true elevation angle. It will
be noted there are two sets of data points which represent the maximum and
minimum error of the calculated elevation angle as a function of the azimuth
angle. The large variations associated with the calculated angle for elevation
is corrected for, within the computer, prior to the data being shown by the
display system.

Figure 3-7 illustrates typical element radiation (voltage) patterns:and
are referred to as cosine, linear 90°, 80°, and 70°. Figures 3-8, 3-9, and
3-10 are respectively the calculated elevation angles for linear 90°, 80°, and
700 patterns. It is interésting to note there is very little difference between
the data for the cosine patterns (Fig. 3-6) and the linear 90° pattern (Fig. 3-8).
However, the error for the linear 70° and 80° (with respect to the cosine data)
are appreciably larger. Typical far-field radiation patterns that have been
measured for spiral antennas have shown that they exhibit patterns that mag; be
closely approximated by an analytical expression similar to that for the 90
distribution.

Many spiral patterns have their maximums skewed from the axis of the
antenna surface. In an attempt to determine the effects of a skewed pattern
on the calculated elevation angle versus the actual angle of arrival, a computer
program was employed assuming the main beam skewed 10° off axis for a
linear 90~ pattern. The program also assumed the patterns were randomly
oriented over the hemispherical surface such that the skewing would not all
point in the same direction. Figure 3-11 is a plot of the calculated elevation
angles as a function of the actual angle employing the skewed patterns. The
variation in the predicted angle exhibits a random variation which would be
difficult to correct to obtain the actual angle of arrival. Therefore, it has
been concluded that the individual element patterns must be well behaved
(have a minimum of skewing << 50) both as a function of antenna orientation
as well as a function of frequency, i.e., the main lobe must be symmetrical
about the axis of the antenna as a function of antenna orientation and frequency.
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FIG. 3-5: GEOMETRY OF AZIMUTH-ELEVATION DIRECTION FINDER
WITH SEVENTEEN ANTENNAS. NOTE ANTENNAS ALIGN
ON RINGS IN ELEVATION PLANE,
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Because of the absence of antennas below 6 = 900, there will be errors
in the azimuth calculation as will be shown below. Figure 3-12 is a plot of
the maximum azimuth error as a function of the elevation angle (assuming the
element patterns satisfy a cosine distribution). It is interesting to note that
from 6 = 0° to 459, there is no azimuthal discrepancy. However, from 6 = 450
to 90°, there is an error which is a periodic function with the maximum error
occurring at 6 = 80°. Since the error is periodic, it is amenable to correct
within the computer as was the case for the elevation error. However, because
of the relatively small magnitude of the error, a correction factor for it is not
used in the present A-EDF system.

In the discussion of the elevation angles, consideration was given to the
use of antennas whose patterns may be skewed. A similar analysis was made
as a part of the azimuth study. Figure 3-13 is a plot of the calculated angle
in azimuth as a function of the elevation angle. Note that the deviation of the
calculated angle from the actual angle is greatest near 6 = 0°, (top of the
hemisphere), where it approaches 10° or more. However, when data is
collected near the horizon, the discrepancy decreases to approximately 30.
Although the discrepancy has decreased, it is larger than is acceptable. There-
fore, it was concluded that the use of elements with skewed patterns for the A-EDF
would be unacceptable becaiise of the large discrepancies incurred both in azimuth
and elevation,

3.2.3 Consideration of Antenna Number and Location

The above calculations employed 17 antennas equally distributed over the
surface of the hemisphere. A second distribution consisted of 26 antennas
located on a icosahedron as shown in Fig. 3-14 and discussed by Sengupta, et al
(1966). The icosahedron distribution has the advantage of achieving a uniform
coverage of antennas over the surface of the hemisphere. Data from a 26
element icosahedron distribution exhibited little advantage over the 17 element

~design. . Figure 3-15 is a plot of the azimuth error as a function of the elevation
angle for the icosahedron distribution. The data shown in Fig. 3-15 was calcu-
lated in increments of 5° for the azimuth angle. A later set of data was collected
at 1° increments and when compared with the 17 element data it exhibited little
-improvement in system operation,

£

The maximum error for the 17 element system with cosine pattern distri-
bution occurs at 0 = 80° and midway between elements in the (f plane. A plot of
the discrepancy as a function of § for 0 = 80° is shown in Fig. 3-16. The maxi-
mum discrepancy here is 0. 86°. 1t may be shown that the discrepancy can
either be increased or decreased by respectively decreasing or increasing the
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FIG. 3-14: SPHERICAL ARRAY. X's MARK ELEMENTS UTILIZED
FOR ICOSAHEDRON DIRECTION FINDING CALC ULATIONS
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number of elements. Increasing the number of elements would improve both
the accuracy and sensitivity but would further complicate the data processing
requirement (computer and associated hardware) thus increasing the costs.
For these reasons, the 17 element system was employed for the exploratory
A-EDF model.

3.3 Typical Results Obtained From the Feasibility Azimuth -
Elevation System Model

A brief description of the free space data collected from the A-EDF is
presented below along with a description and the results of the fly-by tests.

3.3.1 Free Space Test Data

Free space data for the A-EDF system was collected with the antenna
oriented such that constant azimuth angle ({§ = 90° or 270°) calculations were
made-as the elevation angle was varied through 180°. The coordinate system
of Fig. 3-2 has been employed. A typical set of azimuth data is shown graphi-
cally in Fig. 3-17. This graph shows the system calculated azimuth information
on the vertical axis as a funciion of elevation angle (of the horizontal ams) at a
frequency of 1.6 GHz. Ideally the azimuth data should read either 90° or 270°
depending upon which side of the hemisphere (east or west) data is being
collected. It will be observed that the data near the pole position of the hemi-
sphere (i.e., data looking straight above the hemisphere, 6 = 0°) is of least
accuracy. However, since the elevation data is accurate to within + 59, the
ambiguity in the polar region is less than O 5 percent of a steradian. A cause
for the errors near the polar region (6=0 ) is imperfections associated with
radiation patterns of the antenna.

‘One will also observe that there is an increase in the error near the
horizon (at elevation angles of + 90°). This error is caused because of the
inaccuracy in the positioning of the antenna system with respect to the illum-
inating-antenna. The cause for the error in the elevation data is due to the
non-symmetry in the location of antennas in the 6 plane of the antenna system,
i.e, antenna elements are only employed in the upper hemisphere of a
spherical surface. Therefore, since the data employed to calculate the ele-
vation angle are from a non-symmetrical system, the errors noted above are
expected-as noted in 3.2, 1.

For the purposes of comparison the theoretically computed elevation

angle versus the actual elevation angle assuming a cosine antenna pattern
for the individual elements is shown in Fig. 3-18. Referring to Fig. 3-18,

40



System Calculated Azimuth Data in Degrees (¢P)

370

350

330

310

290

270

280

260

240

220

200

180

X—xX 0-0

1084-1-F

190 100

170

150

130

110

90

True Elevation Angle in Degrees (GT)

FIG. 3-17: AZIMUTH ANGLE AS GENERATED BY THE DF SYSTEM
AS A FUNCTION OF THE TRUE ELEVATION ANGLE FOR
g =90° 0—o0 AND §f = 270° y—yx .

41



1084-1-F

90 e /1
o 80 - /
E il
o
5> / ,/
o E / ./
f‘é g:, 40 - // /
82 V. /
7 e
P m- /}
: -
)
0 20 40 60 80 90

True Elevation Angle in Degrees (GT)

FIG. 3-18: THEORETICAL CALCULATED ELEVATION ANGLE
versus TRUE ELEVATION ANGLE (Assuming a
Cosine Element Pattern with Elements Placed at
6 = 40° and 80°).

42



1084-1-F

it is' to be noted that the data varies in a piecewise linear fashion such that the
correction factor to be inserted in the computer is relatively simple. Referring
now to the elevation data in Figs. 3-19 through 3-22, it will be observed that

the system generated data agrees well with the theoretical data of Fig. 3-18.

To gain some insight as to the performance of the A-EDF system as a
function of frequency, the orientation of the illuminating antenna was held fixed
(with respect to the azimuth - elevation system) and the data of Fig. 3-23 and
3-24 was collected. The cause for the errors apparent in Figs. 3-23 and 3-24
are related to the symmetry associated with the antenna element patterns both
as a function of frequency and orientation.

The above data has been collected employing a CW source. In addition,
tests have been made employing pulse data. In these tests a pulse width of
approximately 4 microseconds duration and a repetition rate of 1000 pulses
per second was used. This data agreed well with the CW data presented above.

3.3.2 Fly-By Test Results

The fly-by series of tests were designed to evaluate the effect of ground
reflections on the A-EDF system performance under dynamic environmental
conditions. To conduct these tests, the A-EDF system was installed at the
University of Michigan's NIKE-AJAX radar site. A photograph of the radar
site and sketch of the A-EDF system installation appear in Figs. 3-25 and
3-26 respectively.

A 1,6 KHz CW source was installed in a DC-3 aircraft, and the aircraft
tracked simultaneously by the A-EDF system and the NIKE-AJAX radar. The
aircraft maneuvered in a random fashion around the vicinity of the test site at
an altitude of approximately 10, 000 feet and ranges from two to ten miles. The
NIKE-AJAX radar coordinates were correlated with the A-EDF system by the
use of a data multiplex switch which read the radar coordinates into the A-EDF
system computer. This data was then printed out on the A-EDF system teletype.
The data multiplex switch and voltage scaling networks are described in the
Appendix,

The results of the fly-by tests appear. in Table 3-4. For the 60 data
samples collected, the average azimuth error and standard deviations were
respectively 1.55 and 5.9°. If the error distribution were normal (Gaussian),
the average error would be zero. Assuming the distribution is normal, one
would expect the error on 68 per cent of the data points to lie within the standard
deviation. Of the data collected, 77 per cent of the points were within + 6°,
suggesting that the assumption of a Gaussian distribution is acceptable and
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FIG. 3-22: SYSTEM GENERATED ELEVATION ANGLE versus
TRUE ELEVATION ANGLE (Frequency = 1.6 GHz).
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TABLE 3-4 (a)

Results of Fly-By Tests

Sample  A-EDF  Radar A‘; A-EDF Radar A‘;:
Azimuth (degrees) Elevation (degrees)
1 204 208 -4 51 65 -14
2 269 267 +2 21 31 -10
3 172 173 -1 69 61 +8
4 32 40 -6 30 21 +9
5 173 172 +1 54 61 -7
6 289 287 +2 40 44 -4
7 164 159 +5 40 29 +11
8 195 195 0 57 64 -7
9 274 282 -8 46 61 -15
10 307 316 -9 36 37 -1
11 198 201 -3 59 58 +1
12 329 ;319 +10 31 30 +1
13 331 325 +6 42 38 +4
14 16 10 +6 42 30 +12
15 12 8 +4 42 27 +15
16 18 23 -5 15 17 -2
17 50 46 +4 22 11 +11
18 276 278 -2 25 24 +1
19 285 284 +1 18 23 -5
20 353 347 +6 28 30 -2
21 16 7 +9 40 29 +11
22 14 7 +7 33 34 -1
23 218 228 -10 33 31 +2
24 318 329 -11 40 38 +2
25 338 331 +7 49 50 -1
26 325 329 -2 40 49 -9
27 352 349 +3 52 65 -13
28 352 351 +1 57 63 -6
29 41 35 -6 54 66 -8
30 43 38 +5 62 66 -4
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continued TABLE 3-4 (a)
Results of Fly-By Tests
sample ~ A-EDF Radar A A-EDF  Radar A‘;:
Azimuth (degrees) Elevation (degrees)

31 58 60 -2 55 56 -1
32 71 65 +6 54 58 +4
33 75 72 +3 62 58 +4
34 106 107 -1 62 58 +4
35 144 144 0 64 68 -4
36 198 188 +10 55 54 +1
37 266 266 0 21 26 -5
38 344 335 +9 15 19 -4
39 67 68 -1 1 2 -1
40 151 141 +10 7 8 -1
41 200 191 +9 31 33 -2
42 5 16 -11 34 24 +10
43 84 77 +7 51 36 +15
44 154 154 0 43 44 -1
45 14 17 -3 39 24 +15
46 25 22 +3 43 30 +13
47 15 10 +5 45 49 -4
43 14 23 -9 37 30 +7
49 322 317 +5 18 10 +8
50 317 310 +7 19 23 -4
ol 325 315 +10 31 31 0
52 333 325 +8 36 37 -1
a3 331 327 +4 36 40 -4
54 325 331 -6 40 43 -3
55 7 11 -4 52 61 -9
56 35 31 +4 31 17 +15
57 176 175 +1 60 99 +1
58 183 181 +2 69 63 +6
99 194 197 -3 66 71 -5
60 196 197 -1 71 72 -1
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TABLE 3-4 (b)

Summary of Statistical Results
Average Azimuth Error
N AA

- n=1 o
A =——— =+
N 1,55

Azimuth Standard Deviation

N 2 71/2
(A An>
nzl

0}
TA" N -1 =09

Average Elevation Error

A =2 =y .530
Elevation Standard Deviation

(AE )2 1/2

n= _ 0
O'E- N -1 =7.5

N
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conservative. The average elevation error and standard deviations were
respectively 0. 53° and 7.5°. Seventy-two percent of the elevation data points
collected had an error of less or equal to 8°. The error distribution is slightly
skewed from the normal, but conforms well to the results predicted by assuming
a normal distribution. It should also be noted that the radar data presented in
Table 3-4 has associated with it a random uncertainty of + 1° due to the pro-
cessing of the data through the multiplexer and scaling amplifier.

Referring to Figs. 3-25 and 3-26 one can easily see that the possibility of
multiple signal paths is high. An example is diagrammed in Fig. 3-27. Due to
the irregular nature of the positions and geometries of the reflecting objects
and the irregular flight paths of the aircraft, little correlation exists between
a specific azimuth or elevation angle and the error experienced at that angle.

It is highly improbable that the contribution of the reflections to the A-EDF
system output can be quantiatively evaluated from these tests.

A second known source of uncertainty is the low signal to noise ratio of
the signals received during these tests. Knowing the output power of the air-
borne source, the transmitting and receiving antenna gains, and the signal path
attenuation, one can calculate the magnitude of the received signal. With the
aid of the path length versus attenuation graph in Fig. 3-28, the computations
indicated above are performed in Table 3-5. The results of the computations,
which are graphed in Fig. 3-29, indicate that for a range of two miles, the signal
power into the receiver is a maximum of -65dBm. Previous experience with the
A-EDF system has indicated that a minimum signal power of -70dBm into the
receiver (Micro-Tel) is necessary for a 6dB signal to noise ratio into the memory
voltmeter, which is the very minimum signal to noise ratio for meaningful system
operation. An input signal of -55dBm is the minimum desirable input level. The
signals received during these tests were seldom more than the absolute minimum
required for system operation, and could at times be observed receding into the
noise. It should also be noted that the signal levels in Fig. 3-29 are somewhat
optimistic since the airborne antenna was a monopole, vertically polarized with
respect to the wings of the aircraft and exhibited somewhat less than 0dB gain
at elevation angles near the zenith. As a result of these tests, the computer
program has been modified to reject data below a minimum signal to noise
ratio selected by the operator.

55



1084-1-F

A
%

% Generator Pad

¢, 000

A-EDF System Array

A-EDF System Van

Tracking
Radar Van

Tracking Radar

FIG. 3-27: EXAMPLE OF MULTIPLE PATH REFLECTION.
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TABLE 3-5
Computations for Received Power

P =P +G +G +N
r t t r T

where
Pr = Received Power (dBm)

Pt = Transmitted Power (dBm) =+ 36dBm (4 watts)

Nr = Path Loss (dB)

G, = Receiving Antenna Gain (dB) = +3dB above a linearly
polarized isotrope

G, = Transmitting Antenna Gain (dB) = +0 to -10dB above a
linearly polariZed isotrope

such that

P _=39dBm+N_.
r r
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SYSTEM ERROR ANALYSIS

Previous chapters of this report have described the performance of the
A-EDF system. In this chapter we will examine the system to determine the
limiting factors that may be associated with the system bearing accuracy. This
analysis will indicate those components which require further work for an
improvement in system accuracy.

4.1 A-EDF Errors

The limitations on the determination of any physical phenomena are the
degree with which the phenomena can be described in terms of measurable
quantities and the precision with which the necessary measurements can be
made. In this instance, the energy distribution that should appear across the
A-EDF system array from a far-field source in a free space environment can
be accurately predicted from electromagnetic theory. However, there are
limitations to the precision with which the amplitude distribution over the
hemispherical surface can be measured. The following investigation will
assume that the amplitude distribution can be predicted to any desired degree
of precision and concentrate on the system performance degradation due to
measurement inaccuracies. The justification for the previous assumption is
that an approximate free space environment can be obtained by employing a
carefully designed antenna range as in the first set of system measurements
described in the preceding chapter.

This investigation has been performed by synthesizing a mathematical
model of the system components (e.g., receiver, amplifier, etc). This model
has also been used to predict the precision with which the free space amplitude
distribution is represented at the computer input terminals.

A real receiver's output can be closely approximated by an ideal receiver
in series with a noise voltage source. Since this model is to be used for pre-
dicting the rms signal variation into the computer, the deviations in receiver
linearity will be included as system noise, although, strictly speaking, it is not.
Similarly, the broadband amplifier and memory voltmeter are modeled as ideal
elements with equivalent noise voltage sources.

The entire system including equivalent noise sources is diagrammed in
Fig. 4-1. Linearity specifications are normally written by specifying the
maximum deviation over the entire operating range while equipment noise is
specified in rms volts. To make these two specifications compatible for this
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analysis, the linearity deviations are assumed to exhibit a Gaussian distribution
about the truly linear behavior, and the maximum deviation is chosen as twice
the standard deviation. The rms variation is then set equal to the standard
deviation (Beers, 1957). While this method of converting may seem somewhat
arbitrary, it does simplify the error analysis and provides a first order approx-
imation to the system performance. The generators labeled o represent gain
variations (i.e., linearity) and are controlled sources, while the 8 generators
are constant noise voltages.

S, is the noiseless input level required by the amplifier to produce a
10v output assuming the amplifier is a noiselss device, i.e, it generates no
noise. When a signal is incident on the antennas, the output to the A/D con-
verter may be expressed as

VA/D:A{n S, (1ia’1)(1ia2)+31} (1ia’3>i32i33 (4.1)

where 0<n<1 is thatfraction of the maximum useable signal

n = S 2
0 .
which is actually present.

Representative error values for the equipment used in the A-EDF system
are given in Table 4-1. Substituting these values into (4. 1),

Va/p S 10M8 (1£.2)% .40 (A 20dB) (4.2)
vV, =1001S (1+.2)+1.65 (A = 40dB) (4.3)
A/D N8, (tr.20x 1. ~

Notice from (4.2) and (4. 3} that in each case there is a minimum error of 20
percent due to equipment non-linearities. Of this 20 percent, 16 percent is
produced by the antennas and switch., That is, the largest contribution to the
system non-linearity is the sum of the o, @, and o, terms. Of this sum,
the contribution from the antenna and switchalone is'1.5dB or 0.16 v/v out
of a total of 0.20 v/v. A second error contribution that becomes large as the
input signal diminishes is random noise. Two major noise sources are:

1) receiver noise, which is amplified by the video amplifier and becomes the
limiting factor at low signal levels, and 2) memory voltmeter which contributes
over one-third of the total noise when the video amplifier is adjusted for 20dB
gain. The error predicted by (4.2) and (4. 3) is plotted in Fig. 4-2, for video
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TABLE 4-1

Equipment Noise Performance

Equipment Manufacturers
Specification

Equivalent Noise

Antennas and

Switch
Receiver + .25dB Linearity
4dB NF at 75 MHz
Amplifier + .9dB Linearity
2.5 mv Noise
(20dB gain)
4.0 mv Noise
(40dB gain)
Voltmeter + 3 percent full scale
A/D Converter .015 percent full scale
Computer

)
hexd

* Based on test results.
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a2 = ,1dB
Bl = 25 mv
oy = . 25dB

B2 = 2.5 mv (20dB gain)
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amplifier gains of 20dB and 40dB. The ordinate, S/ So» is the fraction of the
maximum useable voitage that is present at the amplifier input terminals.

The abscissa is the ratio of the rms deviation to the nominal signal level. Thus
the actual deviation at any one instant in time will be within the rms deviation
predicted approximately 70 percent of the time.

We have also attempted to relate the rms signal deviation at the com-
puter input to the variations in bearing angle predicted by the computer. The
computations performed by the computer are not simple. S/S o Will in general
differ for each antenna and bearing determination. Also, the illumination
distribution is a unique function of the bearing angle, suggesting that for a
given maximum S/ SO the error will be different for different bearing angles.

To obtain an estimate for the magnitudes of the deviations that can be
expected, a computer program was written to generate the exact voltages that
would be obtained from each antenna for a given bearing angle. These voltages
were then allowed to vary up to 10 percent from the calculated values, and a
new bearing angle, which included the effect of the variations, was calculated.
Figure 4-3 shows the maximim azimuthal variations encountered for five
azimuthal samples at elevation angles of 30° and 60° respectively. The maxi-
mum elevation variations for the full azimuth coverage are also indicated. For
the 100 points calculated, only 3 have a deviation exceeding 3° from the nommal
value. It is well to note that the maximum elevation deviation is less than 2°.
These data suggest that the accuracy of the system can be substantially improved
if the computer input voltage variations can be more rigidly constrained. Voltage
variations of less than 10 percent necessarily require that the antenna element
gains be matched to within 1dB. It is recognized that the + 10 percent voltage
variations ailowed in thig analysis may not be realistic for the antennas at low
illumination levels. However, if one antenna is receiving sufficient energy
the low signal antennas will contribute little to the bearing determination and
greater deviations can be tolerated without adversely affecting the bearing error.

4.2 System Specifications

There are a variety of methods for describing the bearing accuracy of an
A-EDF system. One approach (the description given in the specifications
section of this contract) is to specify that the calculated bearing be accurate
to + (' degrees in azimuth and + 6' degrees in elevation. For the purposes of
this study §' degrees is +2° and 6' + 5°,

The (' and 6' values may also be used to provide a measure of system
resolution. System-resolution is defined as the precision with which an RF
source may be located within the confines of a hemisphere (27 steradians).
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We will further define system-resolution in percentile as

wi
A percent = 100 —
m
where Y' = solid angle of uncertainty
6, (0
or w'=f ZIZSinGdOdQ
61 ‘ ¢1
where 0, - 6, =2 IG'I, ¢2=¢1=2I¢'|

Employing this definition it can be shown that the A~EDF system resolution

is poorest (A = 0.2 percent) at the horizon (6 = 900) and best (&' = .01 percent)
at the z enith (6 =0 ). Therefore, it is apparent that the system-resolution
varies as a function of elevation angle. A plot of the variation, for the A -EDF
system is shown in Fig. 4-4. From the system-error analysis discussed above
it may be concluded that a variable system-resolution may be unrealistic and in
place of it a constant system-resolution would be more desirable.

A system-resolution of 0. 2 percent appears to be within the present
state-of-the-art of the equipment used in the A-EDF system. Assuming a
system-resolution (A' ) of 0. 2 percent and a constant elevation ambiguity
(0") of + 50, the azimuth ambiguity as a function of elevation angle is shown
in Fig. 4-5. It is to be noted that maintaining a constant system-resolution
is equivalent to ensuring that the solid angle y' of ambiguity associated with
the A-EDF system also remains constant as is the case for precision gun
laying radars.
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CONCLUSIONS AND RECOMMENDATIONS

The Azimuth and Elevation Direction Finding system constructed as
part of the present study demonstrates successfully the feasibility of employ-
ing the vector summation process for azimuth and elevation direction finding.
Although the data presented in Chapter III does not exhibit the accuracy
specified in the contract, the error analysis in Chapter IV and the results
obtained from the free space measurements shows that the system has the
capability of meeting the specifications. Improved performance will require
improved components, e.g., the antenna elements and the memory voltmeter.

The fabrication of the quadrafilar balun network was completed and the
phase data was not as well controlled as desired. However, it is felt that with
some additional effort, the balun may be optimized to operate in accordance
with the design criteria. It is recommended that this effort (optimization of
the balun network) be continued, so as to obtain the proper amplitude and phase
characteristics required for the quadrafilar spiral.

As noted in Chapter I, some preliminary radiation patterns recorded
for the quadrafilar spiral were unsatisiactory. The cause for the poor pattern
characteristics is the improper phase distribution associated with the balun,
and the wrap angle of the spiral and perhaps irregularities in the winding of the
spiral elements, The present quadrafilar spiral was hand-made and errors
undoubtedly exist because of the manner in which the elements were wound.
Therefore, it is recommended that the study of the quadrafilar spiral configur-
ation be continued so as to also optimize the element degign, thus enhancing
accuracy of the direction finder system. As a part of the optimization of the
elements, consideration should be given to the cone angle and material,
element conductor and wrap angies. Although several investigators are working
with the multifilar spiral configuration, no satisfactory antennas are available
commercially at this time.

Future studies associated with the vector summation technique should give
consideration to the following areas: 1) frequency bandwidth, 2) antenna elements,
3) high-gain antenna elements, and 4) memory voltmeter replacement,

In future systems the bandwidth requirement must be carefully evaluated.
It is questionable whether or not it is feasible to construct an operational system
for field use covering a bandwidth of 5:1 similar to that attempted with the
exploratory model. The chief difficulty in designing for such a wide bandwidth
is the employment of antenna elements that satisfy the criteria of uniform
radiation patterns as a function of frequency and antenna orientation. During
this program a study was conducted to determine the feasibility of constructing
a quadrafilar spiral which might better fit the needs of the A-EDF system. This
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proved to be a difficult problem because of the tight tolerance involved in the
construction of the quadrafilar balun and antenna elements., For the immediate
future, it is felt that azimuth-elevation systems should be limited to an octave
bandwidth (2:1 frequency band). It is recommended that a system operating
over an octave bandwidth and employing circularly polarized horn antennas be
considered for a developmental model,

The error analysis of Chapter IV showed that the antenna elements were
one of the chief limiting factors associated with the exploratory model. Through
the use of the horn antenna one should be able to achieve higher gain elements,
thus improving the operating characteristics of the system. The use of higher
gain elements will require that the computer be reprogrammed to incorporate
the new pattern characteristics. Further, it will be necessary to increase
the memory capacity of the present system to store the high gain element
patterns.

During future follow-on work consideration must be given to replacing
the memory voltmeter presently employed in the exploratory azimuth-elevation
model, From Chapter IV it can be seen that the memory voltmeter is the
second major source of error in the system. At the present time the memory
voltmeter lacks the ability to convert the analog data into the 12 bit accuracy
the A/D converter is capable of receiving.

A further enhancement can be achieved by operating the system over a
(< 2:1) narrower frequency band. With such a bandwidth one could replace
the electromechanical switch presently used with a diode switch which would
permit high speed (nanosecond) electronic switching. This should be an
advantage when interrogating ground-based radar systems. After development,
the diode switch should be more rugged and less costly.

In summary, the two principal limiting factors in the present system
are the antenna elements because of their poor pattern characteristics and
the memory voltmeter due to its lack of ability to convert the analog data into
the required 12 bit format of the A/D converter. It is felt the sponsor will
gain appreciation for the system as he works with it. Further, the vector
summation concept is not limited to azimuth and elevation direction finders
but also is applicable to present direction finders, e.g., Wullenweber arrays
now in operation.
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APPENDIX

Soon after the development of the A-EDF system, it was deemed desirable
to determine the system's applicability to airborne targets. This initiated a series
of experiments in which a radio frequency source was installed in an airplane, and
the source tracked by the direction finding system while the aircraft was simul-
taneously skin tracked by radar. The two tracking systems were interfaced by a
unit which allowed the teletype printer associated with the direction finding system
to print out the target coordinates as determined by the radar as well as the DF
information. This provided an excellent correlation in time between the two data
sets, and greatly simplified the evaluation of the data. This Appendix is a descrip-
tion of the interface equipment.

The design objectives were to create a switching arrangement which would
interrupt the DF's normal operation at judiciously chosen intervals just long enough
to read the target coordinates from the radar into the DF system computer, and
then resume normal operation, The time between samples of the radar information
should not be so frequent so as to provide an abundance of redundant data nor
interfere with the normal DF function, but should be frequent enough to allow the
target's path to be accurately plotted and provide adequate comparison between
the results of the two systems. Since the target was slow moving and the A-EDF
system required oniy about 60 ms per sample, a rate of one radar sample per 65
data samples was adequate.

Figure A-1 is a simplified diagram of the multiplex switch., Referring to
Fig. A-1 input data samples are counted until the count reaches 64. At this time
the counter enables a gate which switches clock pulses into a stepping switch.
The switch is arranged so that the normal signal channel is normally closed.
When the clock pulses arrive, the target coordinates from the radar are sequentially
switched to the output, after which the system is reset. The clock also provides
an interrupt to the computer to interrupt the normal mode of operation.

The entire switch is shown schematically in Fig. A-2. The 1 PPR and
17PPR inputs are pulses generated by a pulse generator associated with the
A-EDF system array. The switch operation is as follows: Each time a pulse is
received on the 1PPR channel, it is amplified by Q{, used to operate the normal
computer interrupt channel via Q9, and counted. Similarly, pulses on the 17PPR
channel are amplified by Q4 and pass through Gy, which is normally conducting,
to Qg, which operates a second normal interrupt channel. Once 64 pulses have
been received on the 1PPR channel, the counter output disables G; and the 17PPR
pulses are rerouted through Gy to the stepping switch and Qg. The pulses cause
FFg and FFg to change state gating on, in sequence, Gy, Gg, and Gg. This
switches the multiplex switch from the normal signal input to the target X, Y,
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and Z coordinates from the radar. Q 5 acts as a delay, providing a delay of one
pulse width from the time the switching sequence is initiated to the time a data
channel is sampled by the computer. G, insures one of the radar coordinates
is indeed being inputed before the special computer interrupt, I, is signaled.
Finally, after the Z coordinate information has been sampled, FF;( enables

a high fan out gate, Gg, to reset the entire system.

The construction techniques were straightforward. The multiplexer was
divided into three sections: pulse receiver, counter, and stepping switch.
Printed circuit boards were fabricated for the sections, and the interconnections
were made by conventional wiring. A .001 capacitor was shunted across the Q
output of FFg to ground at the point marked by an X on the schematic to delay
the leading edge of the pulse into Gg. Once the switch was made to operate
successfully, no further adjustments were necessary during the tests,

This completes the muitiplex description. The other equipment necessary
to support its operation include a 5 volt supply for the logic elements and plus
and minus 12 volt supplies for the multiplex switch itself. Also, since the radar
outputs were not directly compatible with the A-EDF system inputs, scaling
networks were required to interface the two systems,

The outputs from the radar are voltages which are directly proportional
to the targets X, Y, and Z coordinates. These voltages range in value from
-100 to +100v. Since the maximum voltage accepted by the A-EDF system
memory voltmeter is +10v, linear voltage scaling is necessary to interface the
two units. To minimize the load on the radar's high impedance source, active
scaling networks were chosen, Figure A-3 is a schematic of the network em-
ployed for the X and Y coordinate channels. The active device is an integrated
circuit operational amplifier, in this case an RCA CA3033. The external feed-
back capacitors are chosen to limit the closed loop gain bandwidth product to
the few Hertz. The DC closed loop gain is nomirally . 2.

The network is calibrated by adjusting Ry, for Ov output with no input.
Gain adjustment is provided by Rg. The Z coordinate network is identical
except that the feedback resistance R_ is 9.1M and the input resistor, R
is 3.6M, providing a nomiral gain of 2,

in?

Care was taken to insure the unif was shielded from excess electrical
and thermal gradients and electronically regulated supplies were employed.
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FIG. A-3: RADAR COORDINATE SCALING NETWORK.
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